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The traditional Mediterranean diet (MD) is characterized by a high phenolic-rich food intake, including in particular vegetables
and fruits, but also legumes, whole grain cereals, nuts, and extra virgin olive oil. Evidence for beneficial effects of polyphenols in
humans depends on the amount consumed and on their bioavailability. Here, we evaluated the association between the estimated
polyphenol intake by fruits and vegetables food source and serum biochemical parameters in healthy adolescents, recruited into
the DIMENU research project. Categorizing adolescents into three groups according to their estimated total polyphenol intake, we
found that adolescents who declared high consumption of polyphenols had a higher adherence to the MD and had a better serum
lipid profile than adolescents consuming low amounts of polyphenols. Moreover, using human HepG2 liver cells treated with oleic
acid as an in vitro model for studying lipid accumulation, we showed that intracellular lipid accumulation is alleviated by serum
from adolescents consuming a polyphenol-rich diet following MD recommendations. Our data underline the importance of
promoting adherence to the typical MD foods as a superior strategy to prevent metabolic and chronic diseases and to ensure a
better quality of life among adolescents.

1. Introduction

It is well recognized that nutrition plays an important role in
health status; particularly, a high plant-based diet rich in fruits
and vegetables may provide protective effects against many
noncommunicable diseases (NCDs), such as cardiovascular
diseases, type 2 diabetes, and some types of cancer [1–3]. In
the past 10 years, a rise in interest in fruit and vegetable con-
sumption has been motivated by their content of polyphenols
[4]. Fruits like apples, grapes, pears, and berries typically have

high amounts of polyphenols (200–300mg per 100 g); also,
vegetables, such as broccoli, carrots, and cabbages, contain a
similar polyphenol content in fresh mass (100-300mg per
100 g) [5, 6]. Apart from fruits and vegetables, other dietary
sources of these phytochemicals include chocolate, tea, nuts,
and olive oil as well as to a lesser extent dry legumes and whole
grains [7]. Polyphenols are a very heterogeneous and wide-
spread group of compounds, with more than 8000 different
molecules characterized by the presence of one or more aro-
matic rings bearing hydroxyl groups [8]. Dietary polyphenols
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are divided into four classes: flavonoids, phenolic acids, stil-
benes, and lignans, which can exist in a glycosidic form (glyco-
sides of flavonoids, lignans, and stilbenes) or as esters
(phenolic acids esterified to polyols such as quinic acid) [9].
Flavonoids can be classified into six subclasses based on the
specific heterocyclic ring involved: flavonols, flavones, isofla-
vones, flavanones, anthocyanins, and flavanols (catechins
and proanthocyanidins). In addition, two classes of phenolic
acids can be distinguished into benzoic acid derivatives and
cinnamic acid derivatives [7, 10, 11]. The most common phe-
nolic acids are caffeic acid and ferulic acid, which are themajor
phenolic compounds in coffee and cereals, respectively. The
best-studied stilbene is resveratrol in grapes, grape products,
and red wine [10, 12].

These bioactive compounds are responsible for some
sensory and health properties of foods, such as bitterness,
astringency, and antioxidant ability. However, the consider-
able diversity of their structures makes polyphenols different
from other antioxidants. Furthermore, the conjugation reac-
tions with methyl, sulfate, or glucuronide groups as well as
the nature and amounts of metabolites formed by the gut
microflora may influence their absorption and their bio-
availability [6, 13, 14]. In addition, the intake of these com-
pounds and their food sources are highly variable and are
linked with dietary patterns, sex, socioeconomic factors,
and the native foods of each region.

Many studies, including epidemiologic cohort and case-
control studies, as well as preclinical studies, have shown that
the regular consumption of polyphenol-rich foods may reduce
the incidence of obesity, metabolic syndrome, and liver
disorders [15]. For example, polyphenols like catechins, resver-
atrol, and curcumin have been found to inhibit lipogenesis and
enhance energy expenditure, leading to weight loss and antio-
besogenic effects in different cell, animal, and human studies
[16, 17]. Moreover, in human interventional trials, it has been
widely demonstrated that polyphenols exert antioxidant and
anti-inflammatory effects, preventing the progression of the
metabolic syndrome [18].

Nonalcoholic fatty liver disease (NAFLD) is the most com-
mon chronic disease that may lead to severe pathologic condi-
tions such as cirrhosis and hepatocellular carcinoma [19].
Adults as well as children with fatty liver display abnormal
glucose and lipid metabolism [20]. The early events of NAFLD,
studied in animals and in cell models of hepatic steatosis,
including human hepatoblastoma HepG2 cell line [21], are
triglyceride accumulation in the liver and insulin resistance,
which is considerably affected by different causes such as
hyperenergetic diets, sedentary lifestyle, and genetic factors.
Fat accumulation in the liver is associated with lipotoxic hepa-
tocellular injury due to elevated free fatty acids, free cholesterol,
and other lipid metabolites. Thus, mitochondrial dysfunction
with oxidative stress and endoplasmic reticulum stress-
associated mechanisms are activated [22]. Currently, there is
no agreement with respect to the pharmacological treatment
of NAFLD, but lifestyle interventions based on exercise and a
balanced diet for quality and quantity are considered the cor-
nerstone of the NAFLD management [23].

The Mediterranean diet (MD), which is characterized by
a high intake of vegetables, fruits, whole grain cereals,

legumes, low-fat dairy, and extra virgin olive oil, has been
suggested to decrease the risk of many NCDs, including liver
disorders [24–27]. It is worth noting that the optimal adher-
ence to the MD has been associated with the reduced risk of
development and progression of NAFLD, due to the nutra-
ceutical effects of bioactive compounds such as fibers,
omega-3 fatty acids, vitamins, and polyphenols [28, 29].
Despite the promising evidence about the possible role of
polyphenols in NCDs [30, 31], data regarding their con-
sumption at the population level is not strong enough to rec-
ommend dietary intake levels [32]. Identifying an optimal
polyphenol consumption is particularly relevant in the
young population. Indeed, a healthy dietary pattern based
on the consumption of polyphenol-based foods in adoles-
cence might prevent the development of several NCD in
adulthood. In order to estimate the dietary intake of poly-
phenols, several web databases have been developed, among
which the web-based Phenol-Explorer database is the most
comprehensive electronic tool on polyphenol contents.
Indeed, Phenol-Explorer database, using information on
food composition, metabolism, and pharmacokinetics of
polyphenols, retrieves a reliable estimation on the polyphe-
nol content from dietary sources [11, 33, 34].

The aim of this study was to estimate polyphenol intake
from fruits and vegetables food source documented in a 24-
hour dietary recall, by using the Phenol-Explorer database,
in healthy adolescents. According to their estimated total poly-
phenol intake, adolescents were categorized into three differ-
ent groups in order to evaluate the impact of polyphenol
intake on serum metabolic profile. Furthermore, the potential
properties of serum from adolescents were also investigated
using an in vitro cell culture model of lipid accumulation.

2. Materials and Methods

2.1. Study Population. The population sample was recruited
into the DIMENU research project (Mediterranean Diet
and Swimming-Calabria FESR-FSE 2014-2020, prot.
52243/2017), in which adolescents were enrolled by the Cas-
trolibero Institute of Education (Cosenza, Italy) and by
sports associations of the Calabria region, Italy [35–38]. As
part of the DIMENU project, in the current study, we inves-
tigated the total population of 56 subjects (31 girls and 25
boys) aged between 14 and 17 years. The exclusion criteria
from the study included health problems, drug use, supple-
ment intake, any type of restrictive diet (i.e., low calorie,
low carb, and low fat content) and cognitive, physical, or
motor limitation. Ethical approval was obtained by the
Ethics Committee of the University of Calabria, Italy (#
5727/2018) to conduct this study.

2.2. Anthropometric Parameters and Physical Activity
Intensity Levels. In all participants, anthropometric data were
collected using a validated protocol [39], in particular by
measuring height and bodyweight; the body mass index
(BMI) was calculated as previously reported [38]. Physical
activity levels, based on the WHO recommendations [40],
were classified according to the metabolic equivalents
(METs), particularly physical inactivity (<3 metabolic
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equivalents (METs), moderate PA (3 to 6 METs), and
vigorous-intensity PA (>6 METs), using a questionnaire that
we have described elsewhere [38].

2.3. Adherence to the Mediterranean Diet by KIDMED Test
and Dietary Assessment by 24 h Recall. The KIDMED test
was used to assess the adherence to the MD, providing a
score ranging from <0 to ≤12 according to the 16-point
questions (12 positive and 4 negative items) [41]. Nutrition-
ists collected daily meals from each subject through an in-
depth interview of the 24-hour recall which investigated
detailed data about food preparation methods, ingredients
used, and amounts of each food consumed in reference to
a common size container (e.g., bowls, cups, and glasses).
The dietary survey was carried out the day before the inter-
view and planned excluding the investigation of the food
intake referring to the weekend. A photographic manual of
portion sizes was used to visually estimate food amounts.
Nutrient intakes were calculated by multiplying the portion
weight by its nutrient content. Specific software MetaDieta
software version 4.2.1. (Meteda s.r.l., Roma, Italy), which
includes the Italian database, was used to analyze the energy
and nutrient content of food intake.

2.4. Biochemical and Hormonal Measurements. After a 12-
hour overnight fasting, venous blood samples were collected
and centrifuged in order to obtain serum. The biochemical
parameters were analyzed by a Konelab 20i chemistry analyzer
(Thermo Electron Corporation, Vantaa, Finland) according to
standard procedures. Serum C-reactive protein (CRP) levels
were determined by immunonephelometry (GOLDSITE
Diagnostics, Inc., Shenzhen, China). Serum insulin levels were
detected with an enzyme-linked immunosorbent assay
(ELISA) kit (NovaTec Immundiagnostica GmbH, Dietzen-
bach, Germany) following the manufacturer’s instructions.
The lowest detectable concentration of insulin was 0.25μIU/
mL at a 95% confidence limit; the intra-assay variability was
within ≤5%. Homeostasis model assessment for estimating
insulin resistance (HOMA-IR) which was calculated as the
product of fasting glucose concentration (mg/dL) and fasting
insulin concentration was divided by 405. Erythrocyte sedi-
mentation rate (ESR) was measured by the Wintrobe method.

2.5. Phenol-Explorer Database. Phenol-Explorer is an
updated comprehensive database for natural polyphenols
including food synthesis, processing, and humans’ polyphe-
nol metabolites (http://phenol-explorer.eu-version3.6). The
last version of Phenol-Explorer database provides data on
502 polyphenol compounds in 452 plant-based foods
collected from 638 scientific peer-reviewed articles and
divided in the main polyphenol classes [42–44]. The
Phenol-Explorer 3.6 database reports data that also consider
the effects of cooking and food processing on polyphenol
content. The data from total polyphenols in the database
was expressed as total phenolics, which was determined by
using the Folin-Ciocalteu assay; the value of the individual
polyphenols was evaluated by chromatography [44, 45].
The only exception to the use of this method was for determi-
nation of total anthocyanins, using the pH differential

method [46]. Caution should be taken when comparing
retention factors obtained by different methods, as polyphe-
nols degraded during food cooking or processing may no
longer be detectable by HPLC, but still keep an absorbance
or ability to reduce the Folin reagent [44]. Total polyphenol
content was calculated as the sum of the contents of individ-
ual compounds expressed in mg/100 g food fresh weight [45].

2.6. Estimation of Dietary Polyphenol Intake. The calculation
of polyphenol intake was derived from matching the dietary
assessment by 24 h recall and food (fruits and vegetables)
data in the Phenol-Explorer database. The fruit and vegetable
intakes were calculated (in g) by following the portions sizes
reported by each subject. An advanced search was carried out
in the Phenol-Explorer database to retrieve mean content
values for total polyphenols contained in the foods obtained.
Total polyphenol intake was calculated as the sum of all
individual polyphenol intakes from all food sources reported
[13, 33, 34, 45].

2.7. Antioxidant Ability Assessed in Serum

2.7.1. FRAP Assay. The ferric reducing antioxidant power
(FRAP) method measures the change in absorbance that
occurs when the TPTZ (2,4,6-tris-pyridyl-S-triazine) (–
Fe(III)) complex is reduced to the TPTZ-Fe2+ form in the
presence of antioxidant compounds [47]. Briefly, the FRAP
reagent was prepared by mixing 10mM tris-pyridyl-S-tri-
azine (TPTZ) solution in 40mM HCl plus 20mM FeCl3
and 0.25M sodium acetate buffer (pH3.6) in a volume ratio
of 1 : 1 : 10. The acetate buffer used in the FRAP assay was
prepared by dissolving 1.90 g/L of sodium acetate in water
and adjusted to pH3.6 with 16.0mL/L glacial acetic acid.
An aliquot (6μL) of serum from adolescents stratified in
three groups according to their polyphenol intake was mixed
with 140μL of FRAP reagent and 0.06μL of H2O. The absor-
bance of the reaction mixture was measured at 593 nm in
Multiskan SkyHigh (Thermo Fisher Scientific, Waltham,
MA, USA). A solution of FeSO4 (1mM) was used to obtain
the calibration curve. 2,4,6-Tris-pyridyl-S-triazine (TPTZ),
FeCl3, FeSO4, glacial acetic acid, and oleic acid were pur-
chased from Sigma-Aldrich (Milan, Italy).

2.7.2. DPPH Assay. The 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Sigma-Aldrich) assay is based on the reduction of
the purple DPPH• to 1,1-diphenyl-2-picryl hydrazine by
antioxidant compounds [48]. Serum aliquots (100μL) were
mixed with 100μL of methanol, incubated for 2min, and
then centrifuged (10min, 48°C, 9500= g). Supernatant sam-
ples were immediately tested for the DPPH radical scaveng-
ing activity. Briefly, 10μL of serum sample was mixed with
100μL of a 0.1mM DPPH solution in absolute methanol
and incubated in darkness at room temperature for 30min.
The absorbance was read at 520nm in Multiskan SkyHigh
(Thermo Fisher Scientific). The sample absorbance was com-
pared with the absorbance of a control containing only meth-
anol and DPPH solution. The percentage of DPPH inhibition
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was calculated using the following equation:

%IDPPH = 1 − As
A0

� �� �
∗ 100, ð1Þ

where As is the absorbance of sample and A0 is the DPPH
solution absorbance.

2.8. Cell Culture and Experimental Treatments. Human
hepatocellular carcinoma HepG2 cells were obtained from
American Type Culture Collection (ATCC, USA) and
authenticated and stored according to the supplier’s instruc-
tion. HepG2 cells were cultured in Eagle’s Minimum Essen-
tial Medium (EMEM) (ATCC) and supplemented with 10%
fetal bovine serum (FBS, Life Technologies) and 1%
penicillin-streptomycin (Sigma-Aldrich) at 37°C in a humid-
ified 5% CO2 atmosphere. For staining of lipid droplets with
Oil Red O, 140,000 HepG2 cells were seeded in 24-multi-
well dishes for 24 hours. Subsequently, the cells were pre-
treated for 1 hour in serum-free medium with 10% of pooled
serum of all adolescents as control and pooled serum from
adolescents with low, medium, and high polyphenol intake
before exposure of 0.1mM oleic acid (OA) for 24 hours.

2.9. MTT Assay. HepG2 cells were seeded in a 24-well plate
and exposed to different concentration (0.1-1mM) of OA
for 24 hours. Cell viability was determined with the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay,
as previously described [49]. The results were expressed as a
percentage of viable cells in comparison to the control (taken
as 100%).

2.10. Staining of Lipid Droplets with Oil Red O. After incuba-
tion with oleic acid, HepG2 cells were washed with PBS and
fixed with 4% paraformaldehyde for 30 minutes at room
temperature. Then, the cells were stained with Oil Red O
(Bio Optica, Milan, Italy) as described in the manufacturer’s
protocol and observed under a light microscope (Olympus).
To quantify Oil Red O content, the cells were treated with
100% isopropanol and lipid accumulation was evaluated at
510nm in Multiskan SkyHigh (Thermo Fisher Scientific).

2.11. Statistical Analysis. Data were reported as the mean and
standard deviation (SD) or standard error of mean (SEM) as
indicated. Table 1 shows the average values and SD of total
cholesterol, low-density lipoprotein (LDL), and triglycerides
(TG) along with the effect size, the corresponding 95% confi-
dence intervals, and the p values, evaluated by equivalence test,
between low and high polyphenol intake groups. Statistical
differences between groups were evaluated by using paramet-
ric tests (one-way ANOVA and Student’s t-test). The correla-
tion between variables was evaluated by Spearman’s
correlation test. Statistical significance was set at p < 0:05.

3. Results

3.1. Characteristics of Participants and Total Polyphenol
Intake. The general characteristics of the study population
are presented in Table 2. A total of 56 adolescents with a
mean age of 15.87 (±1.04) years old were included in the

final analysis, specifically 31 girls and 25 boys. Normal mean
values of BMI were found in our population (22:96 ± 3:33).
We also reported the data on the three intensity levels of
the physical activity of participants, according to the guide-
lines established by the WHO [39]. In addition, the
KIDMED test revealed a score < 4:52 (1st tertile), within
4.52-7.38 (2nd tertile) and >9.52 (3rd tertile) and a mean
score of 7.14 (±2.23), indicating an average adherence to
the Mediterranean diet (MD) in our adolescents. The mean
daily intake of total polyphenols was estimated at 434.46
(±514.27) mg/day, consisting of approximately 49% of flavo-
noids, 39% of phenolic acids, and 12% of other polyphenols.
No differences were observed in the general characteristics
according to sex (data not shown).

3.2. Total Polyphenol Intake Associates with Mediterranean
Diet Adherence in Adolescents. Previous studies showed that
the polyphenol intake is positively associated with the adher-
ence to the Mediterranean diet in an adult Italian population
[50], but there is no adequate data about this correlation in
healthy adolescents. Testing the association between the
total estimated polyphenol intake and the adherence to the
MD in all adolescents, we found a significant linear increas-
ing association (r = 0:411 and p = 0:001). We did not find
any difference in the polyphenol intake according to sex,
physical activity, or BMI (data not shown).

3.3. Mediterranean Diet Adherence and Dietary and Food
Intakes of Adolescents Stratified according to Their
Estimated Total Polyphenol Intake. Based on daily total poly-
phenol intake, we classified the study participants into the
low, moderate, and high polyphenol intake groups
(Table 3). We found that adolescents allocated in the highest
tertile of total polyphenol consumption had significantly
higher adherence to the MD than participants from the low-
est tertile (8:21 ± 1:84 vs. 6:15 ± 2:22, p = 0:01).

Using a 24-hour dietary recall method, we evaluated the
mean daily intakes of energy, macronutrients, andmicronutri-
ents in our adolescents grouped according to the estimated
total polyphenol intake. As shown in Table 4, no statistically
significant differences were found among the three groups in
absolute intakes of energy andmost macronutrients. However,
we observed that adolescents with high polyphenols’ con-
sumption showed greater intakes of omega-3 fatty acids and
soluble and insoluble dietary fibers than those with low poly-
phenols’ consumption group. The same differences were
revealed after energy adjustment (data not shown). As regard-
ing the intakes of micronutrients, the mean levels of vitamin
B5, B6, B8, B12, K, phosphorus, magnesium, selenium, potas-
sium, and copper were increased in high compared to low
consumers. Similarly, vitamins and minerals, except phospho-
rus and copper, displayed the significant differences after
energy adjustment (data not shown). In addition, intake of
water was greater in high than low and moderate polyphenol
intake groups. Interestingly, the dietary total antioxidant
capacity evaluated by the Oxygen Radical Absorbance Capac-
ity (ORAC) showed increased total ORAC in adolescents with
high compared with low intake group.
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3.4. Antioxidant Activity of Serum Samples from Adolescents
Classified according to their Estimated Total Polyphenol
Consumption. Polyphenols have been largely studied for
their effects on human health due to their potential antioxi-
dant properties, which decrease the risk of several diseases,
including metabolic disorders and cardiovascular and liver
diseases [29, 51, 52]. Based on our results showing that the
dietary total ORAC increased in high polyphenol con-
sumers, we evaluated the potential antioxidant properties
of serum samples from the adolescents enrolled in this study.
We found that serum from high consumers displayed a sig-
nificantly enhanced ferric reducing antioxidant activity than
that from adolescents consuming moderate and low
amounts of polyphenols (Figure 1(a)). Consistent with these
results, we also observed that pooled serum from adolescents

consuming high amounts of polyphenols exhibited a higher
percentage of inhibition against DPPH compared to the
moderate and low polyphenol consumers (Figure 1(b)).

3.5. Biochemical, Metabolic, and Inflammatory Serum Profile
from Adolescents Classified according to Their Estimated
Total Polyphenol Intake. Serum levels of general, metabolic,
and inflammatory biomarkers in subjects classified accord-
ing to the tertiles of total polyphenols’ consumption were
evaluated, since no significant association between total
polyphenol intake and serum biomarkers data was observed
in all adolescents (Table 5). Although normal values of cir-
culating biomarkers were found in our population sample,
we observed significantly reduced serum levels of triglycer-
ides (TG), total cholesterol, and low-density lipoprotein

Table 1: The differences of total cholesterol, low-density lipoprotein cholesterol, and triglycerides values between low and high polyphenol
intake (PI) groups.

Biomarkers Average values and SD (mg/dL) Effect size (mg/dL) 95% confidence interval (mg/dL) p values

Total cholesterol
Low PI: 163:2 ± 37:1
High PI: 140:3 ± 20:6 22.9 3.0-42.9 0.025

LDL
Low PI: 93:3 ± 27:5
High PI: 74:9 ± 17:1 18.4 3.1-33.5 0.020

TG
Low PI: 112:1 ± 109:7
High PI: 55:6 ± 15:3 56.5 3.2-109.7 0.039

LDL: low-density lipoprotein; TG: triglycerides; PI: polyphenol intake; SD: standard deviation.

Table 2: General characteristics of all participants.

Total population (number of subjects) 56

Girls/boys (numbers) 31/25

Age (years) 15:87 ± 1:04
BMI (kg/m2) 22:96 ± 3:33
BMI (kg/m2) percentiles 73:51 ± 20:81
Physical activity intensity levels (number of subjects)

Sedentary 14

Moderate 21

Vigorous 21

KIDMED score 7:14 ± 2:23
Total polyphenol intake (mean mg/day) 434:46 ± 514:27
Flavonoids (%) 49

Phenolic acids (%) 39

Other polyphenols (%) 12

BMI: body mass index. Data are expressed as mean ± SD.

Table 3: KIDMED score in adolescents grouped according to their total estimated total polyphenol consumption.

Total polyphenol intake (mg/day)

Low (n = 19) Moderate (n = 18) High (n = 19) p value

<210 210-460 >460 ∗0.32 ¥ 0.0001 § 0.0002

KIDMED score 6:15 ± 2:22 7:05 ± 2:23 8:21 ± 1:84 ∗0.40 ¥ 0.01 § 0.23
∗: low vs. moderate; ¥: low vs. high; §: moderate vs. high. Data are expressed asmean ± SD. Statistical differences were evaluated by a one-way ANOVA test. In
bold are reported statistically significant values.
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Table 4: Energy and nutrient intakes from 24-hour recall in adolescents stratified with respect to the total polyphenol intake.

Total polyphenol intake

Low Moderate High p value

Primary energy sources

Total energy (kcal) 1656:10 ± 426:74 1713:22 ± 517:21 1567:47 ± 408:86 ∗ 0.92 ¥ 0.82 § 0.59

Total energy (kJ) 6929:144 ± 1785:48 7168:12 ± 2164:01 6558:31 ± 1710:67 ∗ 0.92 ¥ 0.82 § 0.59

Total fat (g) 79:80 ± 20:78 77:49 ± 26:05 71:33 ± 33:74 ∗ 0.96 ¥ 0.61 § 0.77

Total carbohydrate (g) 162:46 ± 81:63 180:12 ± 76:34 146:68 ± 49:93 ∗ 0.73 ¥ 0.77 § 0.33

Total protein (g) 65:01 ± 20:66 71:36 ± 28:08 77:19 ± 21:75 ∗ 1 ¥ 0.44 § 0.45

Animal protein (g) 37:63 ± 23:88 39:78 ± 23:52 49:60 ± 30:68 ∗ 0.97 ¥ 0.35 § 0.50

Vegetable protein (g) 22:03 ± 10:04 23:66 ± 11:35 20:41 ± 8:10 ∗ 0.87 ¥ 0.87 § 0.58

Fats

SFA (g) 22:60 ± 11:33 20:03 ± 8:71 17:46 ± 10:90 ∗ 0.73 ¥ 0.29 § 0.73

MUFA (g) 39:32 ± 14:09 40:48 ± 14:10 34:99 ± 20:80 ∗ 0.95 ¥ 0.70 § 0.60

PUFA (g) 6:90 ± 2:56 8:20 ± 2:91 9:42 ± 6:27 ∗ 0.62 ¥ 0.17 § 0.66

Vegetable fats (g) 46:95 ± 9:81 47:37 ± 18:85 41:24 ± 16:76 ∗ 0.99 ¥ 0.51 § 0.47

Animal fats (g) 24:84 ± 22:19 21.91± 14.76 29:59 ± 30:18 ∗ 0.92 ¥ 0.81 § 0.58

Omega-3 fatty acids (g) 0:84 ± 0:30 1:05 ± 0:55 1:57 ± 1:21 ∗ 0.75 ¥ 0.02 § 0.12

Omega-6 fatty acids (g) 6:16 ± 2:10 6:45 ± 2:46 7:39 ± 5:42 ∗ 0.97 ¥ 0.57 § 0.72

EPA (g) 0:05 ± 0:11 0:10 ± 0:20 0:16 ± 0:26 ∗ 0.78 ¥ 0.23 § 0.58

DHA (g) 0:08 ± 0:18 0:13 ± 0:28 0:44 ± 0:94 ∗ 0.96 ¥ 0.15 § 0.26

PUFA : SFA ratio 0:23 ± 0:21 0:22 ± 0:10 0:34 ± 0:24 ∗ 0.99 ¥ 0.20 § 0.18

Cholesterol (mg) 182:10 ± 122:05 182:33 ± 119:99 249.63± 199.50 ∗ 1 ¥ 0.36 § 0.38

Carbohydrates

Starch (g) 96:80 ± 53:65 110:69 ± 62:37 79:80 ± 42:41 ∗ 0.71 ¥ 0.59 § 0.19

Soluble sugars (g) 48:43 ± 36:01 51:71 ± 23:75 60:48 ± 20:79 ∗ 0.93 ¥ 0.38 § 0.60

Glycemic index 60:50 ± 19:55 63:51 ± 18:10 53:70 ± 7:96 ∗ 0.84 ¥ 0.40 § 0.16

Glycemic load 88:50 ± 66:71 93:57 ± 60:09 65:17 ± 27:00 ∗ 0.96 ¥ 0.38 § 0.25

Fibers

Total dietary fiber 12:95 ± 4:46 15:19 ± 6:51 15:21 ± 4:93 ∗ 0.42 ¥ 0.40 § 1

Soluble dietary fiber 1:70 ± 1:14 2:47 ± 1:38 2:91 ± 1:50 ∗ 0.20 ¥ 0.02 § 0.59

Insoluble dietary fiber 4:54 ± 2:46 7:75 ± 3:80 8:18 ± 4:15 ∗0.02 ¥ 0.007 § 0.93

Vitamins

Vitamin A eq. retinol (μg) 974:91 ± 717:13 1044:16 ± 624:45 1274:02 ± 686:88 ∗ 0.95 ¥ 0.38 § 0.56

Vitamin B1 (mg) 1:15 ± 1:67 0:76 ± 0:29 0:87 ± 0:31 ∗ 0.47 ¥ 0.66 § 0.95

Vitamin B2 (mg) 1:03 ± 0:47 1:17 ± 0:43 1:25 ± 0:55 ∗ 0.67 ¥ 0.38 § 0.88

Vitamin B3 (mg) 15:79 ± 7:92 14:81 ± 7:73 17:65 ± 8:00 ∗ 0.92 ¥ 0.75 § 0.52

Vitamin B5 (mg) 1:88 ± 1:49 2:43 ± 1:87 3:26 ± 1:70 ∗ 0.59 ¥ 0.04 § 0.30

Vitamin B6 (mg) 1:45 ± 0:62 1:61 ± 0:60 2:06 ± 0:55 ∗ 0.69 ¥ 0.008 § 0.06

Vitamin B8 (μg) 8:13 ± 5:93 12:34 ± 9:60 18:27 ± 13:97 ∗ 0.43 ¥ 0.01 § 0.20

Folic acid (μg) 228:15 ± 100:30 250:29 ± 114:85 222:56 ± 91:12 ∗ 0.79 ¥ 0.98 § 0.69

Vitamin B12 (μg) 1:98 ± 1:69 3:48 ± 3:13 4:41 ± 2:30 ∗ 0.16 ¥ 0.01 § 0.48

Vitamin C (mg) 124:66 ± 176:75 98:81 ± 48:80 132:91 ± 83:16 ∗ 0.78 ¥ 0.97 § 0.64

Vitamin K (μg) 1:33 ± 2:49 2:69 ± 4:26 6:11 ± 8:82 ∗ 0.76 ¥ 0.04 § 0.19

Vitamin D (μg) 1:42 ± 1:80 1:66 ± 1:72 3:24 ± 4:91 ∗ 0.97 ¥ 0.21 § 0.30

Vitamin E (mg) 12:67 ± 1:95 13:29 ± 4:34 13:16 ± 3:67 ∗ 0.87 ¥ 0.87 § 0.58
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(LDL) along with ESR values in adolescents who declared
high consumption of polyphenols.

3.6. Effects of Serum from Adolescents with Different Estimated
Polyphenol Intake against Oleic Acid-Induced Lipid
Accumulation in Human HepG2 Liver Cells. In order to inves-
tigate the properties of the serum from adolescents with differ-
ent polyphenols’ consumption in the prevention of the liver
damage, we used human hepatocyte-derived cell line HepG2
exposed to oleic acid (OA), as the main alternative in vitro
model for studying lipid accumulation. First, in order to eval-
uate the effects of OA on HepG2 cell viability, MTT assay was
performed. We observed that OA at 0.1mM did not display
any cell toxicity (data not shown). Thus, we pretreated the cells
with 10% of pooled serum from all adolescents as control and

pooled serum from adolescents with low, moderate, and high
polyphenol intake, and we induced lipid accumulation with
OA 0.1mM for 24 hours (Figure 2(a)). Interestingly, serum
from high polyphenol consumers reduced lipid accumulation
compared to adolescents with low or moderate polyphenol
intakes, as revealed by the quantification of intracellular lipid
content, addressing the role of polyphenol-rich diet in the pre-
vention of lipid accumulation (Figure 2(b)).

4. Discussion

In this study, we evidenced that serum from adolescents who
declared a high intake of polyphenols displays antioxidant
properties and protects against in vitro hepatic lipid accu-
mulation, supporting the idea that a polyphenol-rich diet

Table 4: Continued.

Total ORAC (μmol TE) 3844:89 ± 2347:86 4908:39 ± 2772:36 7862:79 ± 7217:15 ∗ 0.77 ¥ 0.03 § 0.14

Minerals

Calcium (mg) 412:11 ± 196:85 560:11 ± 257:10 630:17 ± 296:5 ∗ 0.87 ¥ 0.87 § 0.58

Phosphorus (mg) 738:68 ± 341:02 948:54 ± 397:10 1014:03 ± 296:91 ∗ 0.17 ¥ 0.04 § 0.83

Iodium (μg) 69:80 ± 142:01 69:22 ± 81:78 95:53 ± 76:28 ∗ 0.99 ¥ 0.73 § 0.73

Sodium (mg) 1356:37 ± 1161:84 1000:35 ± 859:83 1180:03 ± 1087:92 ∗ 0.56 ¥ 0.82 § 0.86

Iron (mg) 7:32 ± 2:10 7:92 ± 2:85 8:95 ± 3:36 ∗ 0.80 ¥ 0.19 § 0.51

Magnesium (mg) 134:95 ± 81:02 226:42 ± 155:94 223:36 ± 71:31 ∗0.04 ¥ 0.04 § 0.99

Selenium (μg) 16:09 ± 12:34 37:98 ± 44:53 67:91 ± 60:71 ∗ 0.31 ¥ 0.002 § 0.11

Potassium (mg) 2086:14 ± 717:62 2609:25 ± 939:23 2743:79 ± 460:26 ∗ 0.08 ¥ 0.02 § 0.84

Zinc (mg) 8:39 ± 5:22 8:13 ± 3:03 9:81 ± 4:23 ∗ 0.98 ¥ 0.56 § 0.46

Copper (mg) 0:61 ± 0:39 0:86 ± 0:57 1:19 ± 0:90 ∗ 0.49 ¥ 0.02 § 0.27

Water (g) 722:58 ± 348:85 783:53 ± 230:44 1096:57 ± 522:33 ∗ 0.88 ¥ 0.01 § 0.05

SFA: saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid;
ORAC: Oxygen Radical Absorbance Capacity; eq.: equivalent. ∗: low vs. moderate; ¥: low vs high; §: moderate vs. high. Statistical differences were
evaluated by a one-way ANOVA test. In bold are reported statistically significant values.
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Figure 1: Antioxidant capacity assessed by ferric reducing ability (FRAP) assay (a) and percentage of inhibition against DPPH (b) in the
pool of serum from adolescents with low, moderate, and high polyphenol intake (low, moderate, and high). The bar graphs showed the
mean ± SEM of 3 independent experiments. ∗p < 0:05, ∗∗p < 0:005, and ∗∗∗p < 0:001.
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may have an important role in the prevention of metabolic
and chronic diseases. Firstly, fruits and vegetables reported
in 24-hour dietary recalls and the Phenol-Explorer database
were matched, and the estimated total polyphenol intake in
our population was calculated. Among adolescents enrolled
in our study, the estimated intake of polyphenols was a mean
of 434.46mg/day, consisting of 49% of flavonoids, 39% of
phenolic acids, and 13% of other polyphenols. These results
are in agreement with the data described in the HELENA
study investigating the dietary intake of polyphenols in
European adolescents [53]. Analyzing the relationship
between the estimated total polyphenol intake and the gen-
eral characteristics of our population, we did not find any
significant correlation between the consumption of polyphe-
nols and sex, physical activity, or BMI. Interestingly, we
evidenced a significant linear positive association between
total polyphenol intake and the adherence to the MD. In
particular, stratifying the adolescents into three groups based
on their polyphenol intake (low, moderate, and high),
KIDMED score revealed an optimal adherence to the MD
(8:21 ± 1:84) in high polyphenols’ consumers, suggesting
that the health benefits of the MD could be related to the
high intake of fruits and vegetables. Other authors have
reported a linear correlation between MD and the intake of
polyphenols [42, 50]. Nowadays, the MD is considered one
of the healthiest eating patterns, due to high consumption
of fruits and vegetables, which represent the main food
sources of polyphenols, along with a high intake of legumes,
nuts and whole grains, low-fat dairy, a moderate intake of
fish, and reduced consumption of meat [54], thus providing
a balanced intake of macro- and micronutrients. Analyzing
the dietary intake assessment by 24-hour recall interview,

the primary energy sources in foods did not reflect the opti-
mal proportions of daily intakes even though total energy
intake is in the range of the suggested dietary intake allow-
ances in our population according to the total polyphenol
intake, suggesting a same quantitative dietary pattern among
adolescents. However, in spite of the unchanged total energy
intakes, we found qualitative differences in several nutrients
among the three groups, which levels are in the average of
the recommended allowances. In particular, the intakes of
soluble and insoluble fibers and omega-3 fatty acids along
with several vitamins and minerals significantly increased
in high compared to low polyphenols’ consumers, showing
a good eating behavior and a better compliance with the
MD pyramid recommendations. It is worth noting that in
our adolescents, the primary energy sources in foods did
not reflect the optimal proportions of daily intakes. The
MD emphasizes eating foods like vegetables and fruits
because of their elevated micronutrient content, in terms of
vitamins, minerals, and phytochemicals, which are able to
elicit different beneficial effects, including antioxidant
properties. In our population, total antioxidant capacity
from the diet evaluated by ORAC values resulted increased
in adolescents who consume high amounts of polyphenols.
These data correlated with the antioxidant power of the
serum samples of our adolescents, measured by conven-
tional total antioxidant assay methods. Those methods,
based on the radical scavenging activity and redox potential
of antioxidants, displayed in high polyphenol intake group
an overall serum antioxidant capacity and predicted the
body’s antioxidant status. Another favorable effect of poly-
phenols is related to their ability in ameliorating lipid/lipo-
protein metabolism and alleviating hyperlipidemia [55].

Table 5: Serum biomarkers in adolescents stratified with respect to the estimated total polyphenol intake.

Total polyphenol intake
Low Moderate High p value

Serum biomarkers

Glucose (mg/dL) 80:79 ± 8:30 78:22 ± 7:53 78:21 ± 5:53 ∗ 0.53 ¥ 0.51 § 1

Insulin (mU/L) 10:38 ± 6:68 10:50 ± 6:85 8:73 ± 6:26 ∗ 1 ¥ 0.69 § 0.67

HOMA-IR 2:09 ± 1:16 2:04 ± 1:36 1:69 ± 1:23 ∗ 0.99 ¥ 0.60 § 0.68

TG (mg/dL) 112:05 ± 109:72 67:33 ± 31:91 55:63 ± 15:28 ∗ 0.11 ¥ 0.03 § 0.86

Total cholesterol (mg/dL) 163:21 ± 37:06 154:11 ± 27:44 140:26 ± 20:56 ∗ 0.61 ¥ 0.05 § 0.33

LDL (mg/dL) 93:26 ± 27:54 91:89 ± 22:76 74:95 ± 17:06 ∗ 0.98 ¥ 0.04 § 0.07

HDL (mg/dL) 47:47 ± 10:13 48:89 ± 12:90 54:26 ± 10:66 ∗ 0.92 ¥ 0.16 § 0.32

Creatinine (mg/dL) 0:92 ± 0:11 0:87 ± 0:12 0:87 ± 0:12 ∗ 0.45 ¥ 0.42 § 1

Urea nitrogen (mg/dL) 28:74 ± 5:69 28:28 ± 6:05 31:53 ± 6:68 ∗ 0.97 ¥ 0.35 § 0.25

Uric acid (mg/dL) 4:90 ± 1:16 4:88 ± 1:80 5:08 ± 1:56 ∗ 1 ¥ 0.93 § 0.91

Total bilirubin (mg/dL) 0:99 ± 0:62 0:88 ± 0:37 1:21 ± 0:75 ∗ 0.85 ¥ 0.49 § 0.22

Direct bilirubin (mg/dL) 0:27 ± 0:09 0:24 ± 0:07 0:29 ± 0:11 ∗ 0.64 ¥ 0.75 § 0.25

ESR (mm/h) 18:74 ± 7:06 24:72 ± 16:22 13:58 ± 7:95 ∗ 0.24 ¥ 0.33 § 0.01

CRP (mg/L) 1:27 ± 0:81 1:23 ± 0:64 1:12 ± 0:53 ∗ 0.98 ¥ 0.77 § 0.87

HOMA-IR: Homeostasis model assessment for estimating insulin resistance; TG: triglyceride; LDL: low-density lipoprotein; HDL: high-density lipoprotein;
ESR: erythrocyte sedimentation rate; CRP: serum C-reactive protein. ∗: low vs. moderate; ¥: low vs. high; §: moderate vs. high. Statistical differences were
evaluated by a one-way ANOVA test. In bold are reported statistically significant values.
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Figure 2: Lipid accumulation in human HepG2 liver cells treated with oleic acid in the presence of serum from adolescents. (a) HepG2 cells
were pretreated with the pool of serum from all adolescents (total) or with the pool of serum from low, moderate, and high polyphenols’
consumers (10% v/v), followed by the treatment with oleic acid (OA) 0.1mM for 24 hours. Lipid accumulation was observed by Oil Red
O staining. (b) HepG2 cells were treated with isopropanol, and the quantification of intracellular lipid accumulation was measured at
510 nm. The bar graphs showed the mean ± SEM of 3 independent experiments, each performed in triplicate. ∗p < 0:05, ∗∗p < 0:005, and
∗∗∗∗p < 0:0001.
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Figure 3: Graphical representation of the main results of our study.
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However, although the common consumption of polyphenol-
rich diet would maintain or improve the lipid profile of healthy
participants [56–59], further studies are needed to clarify the
preventive actions of these phytochemicals in healthy individ-
uals. In addition, a crucial aspect that has to be investigated is
to distinguish the specific effects of polyphenols versus those
of many prohealth components (e.g., vitamins, fibers, andmin-
erals) present in fruits and vegetables. Although we failed to
observe a significant association between total polyphenol
intake and serum biomarkers in all adolescents, maybe due to
the small sample investigated, our data revealed a better lipid
profile, in terms of reduced serum concentration of TG, total
cholesterol, and LDL in healthy adolescents with high polyphe-
nol intake. An imbalance between lipid acquisition and lipid
disposal leads to a hepatic fat accumulation, which is of pivotal
importance in the development of NAFLD, and it is also a risk
factor for many other chronic metabolic diseases. Using an
in vitro model of lipid accumulation represented by the OA-
induced human HepG2 liver cells, we showed that intracellular
lipid accumulation is alleviated by serum from adolescents
consuming a polyphenol-rich diet and following MD recom-
mendations. Although we cannot unravel whether polyphenol
intake caused the lipid biomarkers or whether the lipid bio-
markers led to changes in the diet in our study, we may
speculate the benefits of healthy eating pattern in the complex
pathology of NAFLD. Collectively, our findings are graphically
reported in Figure 3.

This study includes some limitations, such as the relatively
small sample size, particularly when the total sample was
divided into the three groups, as well as the lack of direct
methods to measure polyphenol serum levels. However, data
from clinical setting together with experimental cell model
strengthen the importance of improving healthy dietary habits
in adolescents in an attempt to achieve clinical health outcomes.

5. Conclusions

Although further studies and deeper knowledge about poly-
phenol intakes and several prohealth components from the
MD pattern might be helpful for planning targeted preven-
tion strategies at an early age, we support and encourage
the Mediterranean eating style for the prevalent fruit and
vegetable consumption which should represent a protective
choice against the development of NCDs, including NAFLD.
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Inflammatory bowel disease (IBD) is a complex inflammatory disorder characterized by chronic and spontaneously relapsing
inflammation of the gastrointestinal tract. IBD includes two idiopathic disorders: Crohn’s disease (CD) and ulcerative colitis
(UC). In particular, UC causes inflammation and ulceration of the colon and rectum. There is no cure for UC. The
pharmacological treatment is aimed at controlling and/or reducing the inflammatory process and promoting disease remission.
The present study investigated the possible protective effects of soluble dietary fiber (SDF) isolated from yellow passion fruit
peel in the dextran sulfate sodium- (DSS-) induced colitis model in mice, induced by 5% of DSS. The animals were treated
with SDF (10, 30, or 100mg/kg (po)), and the disease activity index was monitored. Colon tissues were collected, measured,
and prepared for oxidative stress, inflammation, and histology analysis. SDF improved body weight loss, colon length, and
disease activity index and prevented colonic oxidative stress by regulating GSH levels and SOD activity. Furthermore, SDF
reduced colonic MPO activity, TNF-α, and IL-1β levels and increased IL-10 and IL-6 levels. As observed by histological
analysis, SDF treatment preserved the colonic tissue, the mucus barrier, and reduced inflammatory cell infiltration. Although
this is a preliminary study, taken together, our data indicate that SDF may improve the course of DSS-UC. More studies are
needed to explore and understand how SDF promotes this protection.

1. Introduction

Inflammatory bowel disease (IBD) is a general term used to
describe chronic inflammatory conditions affecting the gastro-
intestinal tract, including Crohn’s disease (CD) and ulcerative
colitis (UC) [1]. IBD is a complex heterogeneous autoimmune

disease that presents as a remarkable characteristic of a defect
in the protective epithelial intestinal barrier and deregulated
immune activation [2]. Although the etiopathogenesis is not
fully understood, it is known that IBD stems from an autoim-
mune background with a strong influence of genetic factors
and dysregulated host immunological responses [3], the gut
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microbiome [3, 4], and exposure to environmental triggers,
such as ultraprocessed food intake [5] and psychological
stress [6].

The incidence and prevalence of UC have increased world-
wide [7], affecting patients of all age groups, particularly
between the ages of 15–25 and 50–70 years [7–9]. The clinical
presentation of UC includes anemia, weight loss, fever, watery
and/or bloody diarrhea, and abdominal pain, which together
contribute to an extreme decrease in the patient’s quality of life,
especially for those with active disease [7, 10]. UC is idiopathic,
defined as a chronic, relapsing, and remitting inflammatory dis-
ease of the colon, and its diagnosis is based on endoscopic, his-
tological, and laboratory evaluation [7]. The treatment must be
adapted to the disease activity (mild, moderate, or severe) and
the extent of the colon lesion [11]. Therapies use immunosup-
pressive and corticosteroid drugs [12], aminosalicylates [13],
andmonoclonal antibodies, such as anti-TNF-α [14] and integ-
rin inhibitors [15]. Themain purpose is to induce andmaintain
remission with the long-term goals of preventing disability,
colectomy, and colorectal cancer [16]. However, in addition
to the high cost, low efficacy, and side effects, the success of
the treatment also depends on several other factors, such as
patient adherence and dose optimization [17]. Therefore, vari-
ous new therapeutic strategies with natural compounds have
been studied for UC treatment [18].

Many studies have reported that dietary fibers (nondigesti-
ble polysaccharides) ameliorate intestinal barrier function
through the improvement of gastrointestinal flora diversity
[19–22] and reduction of intestinal barrier defects and inflam-
mation [23]. Our research group has been dedicated to studying
the polysaccharides obtained from biomass residues from the
yellow passion fruit (Passiflora edulis f. flavicarpa), an unex-
plored coproduct of the juice industry. In addition to the
already known nutritional value (vitamin B3, iron, calcium,
and phosphorus) [24], the consumption of passion fruit offers
several beneficial therapeutic effects, including antioxidant,
anti-inflammatory [25], hypoglycemic, and vasorelaxant [26].
It has also been observed that soluble dietary fibers frompassion
fruit peel flour presented an antigastric ulcer effect in vivo [27].
Therefore, our study is aimed at investigating whether soluble
dietary fiber (SDF) from yellow passion fruit peel (P. edulis f.
flavicarpa) could improve the course of ulcerative colitis
induced by DSS in mice, by reducing the inflammatory process
and promoting tissue healing.

2. Methods

2.1. Soluble Dietary Fiber Extraction. Soluble dietary fiber
(SDF) was obtained from yellow passion fruit (Passiflora
edulis f. flavicarpa) peel. Briefly, the fruits were washed,
and the peel was separated from the pulp, cut into small
pieces, and then dried at 50°C. The dried matter was made
into flour and stored at room temperature until analysis as
previously described [27]. SDF’s relative molecular weight
was 53 kDa; it is composed of 92% of GalA with high methyl
esterified homogalacturonan [27].

2.2. Animals. All experimental protocols were approved by
the Animal Use Ethics Committee of the Instituto de Pesquisa

Pelé Pequeno Príncipe (number 055-2020). All procedures
followed the Guide for the Care and Use of Laboratory Ani-
mals (8th edition, National Research Council, 2011) and the
Brazilian National Council for the Control of Animal Experi-
mentation. Female Swiss mice (20–30g), aged between 4 and
5 weeks, were provided by the Animal Facility of Instituto Car-
los Chagas, Fiocruz, Curitiba, PR, and kept in plastic cages
(maximum 12 animals per cage), covered by a layer of wood
shavings. Animals were housed and fed in a controlled envi-
ronment at a temperature of 25 ± 2°C and a 12h light/dark
cycle and acclimatized for at least 1 week before the experi-
ments. Wood shavings and the environmental enrichment
were changed every three days, and the animals were main-
tained with ad libitum access to standard laboratory chow
and water. For the ulcerative colitis induction protocol, the
animals were randomized, matched for weight, and identified
according to their group.

2.3. Dextran Sodium Sulfate (DSS) Colitis Model. Acute
ulcerative colitis was induced by 5% of DSS (dextran sodium
sulfate, molecular weight: 40,000, Cayman Chemical Com-
pany), given to animals in drinking water for 5 consecutive
days. On days 6 to 8, the DSS was replaced by normal drink-
ing water. The disease’s clinical course was monitored daily
throughout the experimental protocol period, and weight
loss, change in stool consistency, and rectal bleeding were
scored (disease activity index (DAI)). On day 8, all animals
were euthanized, and the colons were removed, measured,
and stored for further analysis.

2.4. Pharmacological Treatments and Disease Activity Index
(DAI). The experimental protocol and treatment are illus-
trated in Figure 1. Mice were divided into the following treat-
ment groups: (i) control group that received only drinking
water (control: water, 1mL/kg (po)); (ii) DSS group, treated
with vehicle and given DSS in drinking water (DSS: water,
1mL/kg (po)); and (iii) SDF group, treated with SDF and
given DSS in drinking water (SDF: 10, 30, or 100mg/kg (po)).

The DAI was monitored daily and scored according to
the animal’s body weight changes as follows:

(i) 0: increased or remained within 1% of the baseline

(ii) 1: decreased by 1 to 5%

(iii) 2: decreased by 5 to 10%

(iv) 3: decreased by 10 to 15%

(v) 4: decreased by more than 15%

The stool consistency was scored as follows:

(i) 0: in the absence of diarrhea

(ii) 2: if the stool did not stick to the animal’s anus

(iii) 4: if the animal presented liquid stool

The presence of blood in stool was scored as follows:

(i) 0: if animals did not present blood in stool
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(ii) 2: for moderate blood in stool

(iii) 4: for gross bleeding

At the end of the experimental protocol, the colon tissues
were carefully removed and washed with 0.9% saline. The
lengths were measured, and the tissues were stored at
-80°C for further analysis.

2.5. Tissue Preparation. Animal tissues were homogenized in
PBS (pH7.4) containing protease inhibitor (Sigma FAST™).
The homogenate was analyzed for glutathione (GSH) levels.
The samples were centrifuged at 8,900 rpm at 4°C for 20min.
The supernatant was used to determine the superoxide dis-
mutase (SOD) activity, cytokines, and protein levels. The
pellet was resuspended in phosphate buffer with hexadecyl-
trimethylammonium (HTAB) and used to measure myelo-
peroxidase (MPO) activity.

Cytokine levels (TNF-α, IL-1β, IL-6, and IL-10) were
evaluated using an enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s recommenda-
tions (PeproTech Inc.). The protein concentration was
determined by the method of Bradford (Bradford, 1976),
using the bovine serum albumin standard curve. All results
were read in a spectrophotometer as recommended and
interpolated with their respective standard curves.

2.6. Determination of GSH Levels and SOD Activity. To
determine the GSH levels, 50μL of tissue homogenate was

mixed with 40μL trichloroacetic acid (12.5%) and vortexed
for 10min. The samples were then centrifuged for 15min at
3,000 rpm at 4°C, and aliquots of 10μL of the supernatant were
mixed with Tris buffer (400mM, pH8.9) and 5,5′-dithiobis (2-
nitrobenzoic acid) (DTNB, 10mM). This solution reacts with
GSH to generate a yellow compound (2-nitro-5-thiobenzoic
acid). The reaction absorbance was measured using a spectro-
photometer at 415nm. All values were interpolated into a stan-
dard curve of GSH (0.375–3μg), and the results were expressed
as μg of GSH per mg of protein [28, 29].

Supernatant aliquots of 20μL were added to a buffer
solution containing 200mM Tris HCl-EDTA (pH8.5) and
pyrogallol (1mM) to measure the SOD activity. The samples
were vortex for 1min and incubated for 20min at room
temperature. The reaction was stopped with 1N HCl. All
samples were centrifuged for 4min at 14,000 rpm. The
absorbance was read by a spectrophotometer at 405 nm,
and the amount of SOD that inhibited the pyrogallol oxida-
tion by 50% was defined as one unit (U) of SOD activity (rel-
ative to the control of the test). The enzymatic activity was
expressed as units per milligram of protein (U/mg of pro-
tein) [29].

2.7. Quantification of MPO Activity. The MPO activity was
determined by using the sample pellets. Briefly, the pellets
were resuspended in 1mL of potassium phosphate buffer
(80mM, pH5.4) containing 0.5% hexadecyltrimethylammo-
nium bromide (HTAB). After, the samples were centrifuged
at 9,900 rpm for 20min at 4°C. Then, 30μL of the supernatant

Days 0 1 2 3 4 5 6 7 8

5% DSS Water

Control (water, 1 mL/kg (po))
DSS (water, 1 mL/kg (po))

SDF (10, 30 or 100 mg/kg (po)) 

Body weight change and disease activity index

Experimental groups

Experimental protocol
(DSS)-colitis

Analysis

Figure 1: Experimental protocol for the induction of ulcerative colitis.

Table 1: Histopathological score.

Category Inflammatory cell infiltrate Intestinal histoarchitecture

Criterion Severity Extent
Score
1

Epithelial
changes

Mucosal histoarchitecture
Score
2

Definition

Mild Mucosa 1 Focal erosions — 1

Moderate
Mucosa and
submucosa

2 Erosions Focal ulcerations, goblet cell depletion 2

Marked Transmural 3
Marked
erosions

Extended ulcerations ± granulation tissue ± goblet cell
depletion

3

Sum of scores 1 and 2 0–6

Score 0: normal.
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Figure 2: Continued.
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was mixed with 0.017% of H2O2 and 3,3′,5,5′-tetramethyl-
benzidine (TMB, 18.4mM). The reaction absorbance was
measured at 620nm, with the results expressed as optical den-
sity (OD)/mg of protein [30].

2.8. Determination of Cytokine Levels. Samples were centri-
fuged at 8,900 rpm at 4°C for 20min, and the supernatant
was used to measure cytokine levels; the levels of IL-1β,
TNF-α, IL-10, and IL-6 were evaluated using an enzyme-
linked immunosorbent assay (ELISA) kit according to the
manufacturer’s recommendations (PeproTech). Each cyto-
kine level was extrapolated from a standard curve (pg/mL),
and the results were expressed as pg of each cytokine/mg
of protein.

2.9. Histopathological and Immunohistochemical Assessment.
Colon samples were collected from the same defined regions,
fixed in 10% formalin (neon), and dehydrated sequentially
in ethanol and ether for inclusion and construction of paraf-
fin blocks. The paraffin blocks were sectioned in a micro-
tome (7μm thickness cross-section). Slides containing the
histological sections were deparaffinized and stained with
hematoxylin and eosin (H&E) for histopathological evalua-
tion. H&E-stained colonic tissue sections were blindly
scored by assessing infiltration of the lamina propria with
mononuclear cells, crypt hyperplasia, goblet cell depletion,
and alteration of mucosal histoarchitecture (including epi-
thelial erosion and mucosal ulceration), resulting in scores
of 0 to 6 (Table 1) [31, 32]. Ten microscopic fields from each
mouse, from at least 8 mice per group, were examined using
a light microscope (Olympus® BX43F, Minato-Ku, Japan)
and a 20x objective (and 40x or 100x if necessary to confirm
structure). Slides were also stained for periodic acid Schiff
(PAS) and Alcian Blue (AB), and stained mucin-like glyco-

protein positive pixels were captured and quantified with
the ImageJ® software.

For immunohistochemical evaluation of mucin 1 (MUC-
1), slides containing the histological sections were deparaf-
finized, incubated overnight with primary anti-MUC-1 anti-
bodies (1 : 100, pH9) (rabbit polyclonal to MUC1 IgG,
1 : 100, Abcam), and revealed with 2, 3, diamino-benzidine
complex + hydrogen peroxide substrate. Positive pixels were
captured and quantified with the ImageJ® software.

2.10. Statistical Analysis. The Shapiro-Wilk test was used to
assess the normality of the data. Statistical analysis was per-
formed using Kruskal-Wallis, followed by Dunn’s posttest
for nonparametric data. The results were expressed as a
median with interquartile ranges. One-way ANOVA or
two-way ANOVA followed by Bonferroni’s multiple com-
parisons posttest for multivariable analyses was applied to
compare differences between multiple groups that presented
parametric data. The results were expressed asmeans ± SEM
. Differences with p < 0:05 were considered statistically sig-
nificant. All analysis was conducted using the GraphPad
Prism software (GraphPad Software).

3. Results

3.1. SDF Treatment Alleviated DSS-Induced Colitis. The ani-
mals were treated orally once a day with SDF (10, 30, and
100mg/kg) or vehicle (water, 1mL/kg), from day 1 to day
7 (Figure 1) to assess the potential effect of SDF in the
DSS-induced colitis model. The body weight change and
DAI were evaluated according to the experimental protocol.
At the end of the experiment (day 8), the animals were
euthanized; the colons were collected, measured, and stored
for further analysis.
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Figure 2: Effect of SDF on the (a) body weight change from day 1 to 8, (b) body weight change on day 8, (c) disease activity index from day 1
to 8, and (d) disease activity index on day 8. Animals received 5% of DSS in drinking water for 5 consecutive days followed by 2 days of
water. Mice were orally treated, once a day, with vehicle (control or DSS groups: water, 1mL/kg) or SDF (10, 30, or 100mg/kg) for 7
days. Results are expressed as mean ± S:E:M: or median with interquartile ranges and analyzed using two-way ANOVA followed by
Bonferroni’s multiple comparisons test, or Kruskal–Wallis followed by Dunn’s, respectively. #p < 0:05, compared to control group; ∗p < 0:05,
compared to the DSS group.
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The animals that received DSS in drinking water and were
treated with vehicle started to lose weight on day 5 (-4.29%,
p < 0:0017), continuing up to day 8 (-16.53%, p < 0:0001)
(Figures 2(a) and 2(b)) when compared to healthy mice (con-
trol group).

Furthermore, the DSS group presented an increased DAI
(days 4, 5, 6, 7, and 8; p = 0:0221, p < 0:0001, p < 0:000,
p < 0:0001, and p < 0:0001, respectively) (Figures 2(c) and
2(d)), as well as a reduced colon length (by 17%), when com-
pared to the control group (median: 9.75 cm) (Figure 3).

The SDF treatment significantly prevented body weight
loss (day 8, SDF 30mg/kg: 86%; day 8, SDF 100mg/kg:

95%, p < 0:0001 and p < 0:0001, respectively) (Figures 2(a)
and 2(b)) and DAI development (day 8, median SDF 30mg/
kg: 2.5; and day 8, median SDF 100mg/kg: 1.0, p < 0:0001
and p < 0:0001, respectively) when compared to the DSS group
(median: 8.00) (Figures 2(c) and 2(d)). The treatment with SDF
also prevented the reduction in colon length (SDF 30mg/kg:
12%, p < 0:05; and SDF 100mg/kg: 25%, p < 0:001) when com-
pared to the DSS group (median: 8.0 cm) (Figure 3).

The SDF doses of 30 and 100mg/kg prevented weight loss
and the development of DAI when compared to the control
group. Therefore, we decided to work only with the highest
dose tested (100mg/kg) in the subsequent experiments,
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considering that the DSS-induced ulcerative colitis model is a
very aggressive inflammatory model.

3.2. SDF Decreased Colonic Oxidative Stress. The inflamma-
tory damage induced by DSS brought about the infiltration
of neutrophils and macrophages, generating excessive
amounts of reactive oxygen species with a subsequent increase
in oxidative stress [33]. Therefore, we measured the GSH
levels and SOD activity to quantify these parameters.

The animals in the DSS group showed reduced GSH levels
(median: 137.1μg/g of protein) and increased SOD activity
(0:53 ± 0:02U/mg of protein) compared to the control group
(median GSH: 218.3μg/g of protein; median SOD: 0:38 ±
0:00U/mg of protein) (p = 0:0324 and p < 0:0001, respectively).
The SDF treatment restored the GSH (median: 221.5μg/g of
protein) and SOD activity (0:45 ± 0:01U/mg of protein) com-
pared to the DSS group (p = 0:0129 and p = 0:0135, respec-
tively) (Figures 4(a) and 4(b)).

3.3. SDF Regulated Colonic MPO Activity and Cytokine
Secretion. Colon tissue damage in the DSS-induced ulcerative
colitis model is directly linked to increased vascular perme-
ability followed by tissue edema, increased cellular infiltration,
such as neutrophils and macrophages, and a consequent
increase in mucosal cytokine production [30]. Therefore, we
measured colonic pro- and anti-inflammatory cytokines to
explore whether SDF treatment could alleviate DSS colitis by
regulating inflammation.

We did not observe significant differences in MPO activ-
ity between the DSS group (median: 0.20mg of protein) and
the control group (median: 0.15mg of protein) (p = 0:1076).
On the other hand, SDF treatment decreased the MPO activ-
ity (median: 0.09) (p = 0:0101) compared to the DSS group
(Figure 5(a)).

An increase in tissue cytokines, including the proinflam-
matory cytokines IL-1β and TNF-α, and a decrease in tissue
IL-10 and IL-6 were observed in mice that received DSS and
were treated with vehicle (IL-1β: 5420 ± 583:9pg/mg of

protein; TNF-α: 5841 ± 356:5pg/mg of protein; IL-10:
4217 ± 525:6pg/mg of protein; IL-6: 2264 ± 265:4pg/mg
of protein), compared to the control group (IL-1β: 3598
± 383:1pg/mg of protein; TNF-α: 2746 ± 520:7pg/mg of
protein; IL-10: 9778 ± 1012pg/mg of protein; IL-6: 6706
± 499:2pg/mg of protein) (p < 0:05, p < 0:0001, p < 0:001,
and p < 0:0001, respectively). In the SDF group, these
cytokines were significantly decreased (IL-1β: 3843 ±
248:3pg/mg of protein and TNF-α: 3492 ± 230:5pg/mg
of protein) (p < 0:05 and p < 0:01, respectively) and
increased (IL-10: 7102 ± 877:1pg/mg of protein and IL-6:
4746 ± 898:8pg/mg protein) (p < 0:05 and p < 0:05, respec-
tively) compared to the DSS group (Figures 5(b)–5(e)).

3.4. SDF Treatment Improved Microscopic Colon Damage in
Mice. Colonic damage induced by oral administration of DSS
includes the destruction of the intestinal mucosal barrier and
is directly related to the disease progression [33]. Therefore,
the colons were collected at the end of the experiment and
processed for histological analysis. Then, we further evaluated
the protective effect of SDF (100mg/kg). H&E colon staining
(Figure 6) showed that 5% of DSS destroyed the colon tissue,
leading to the formation of extensive ulcerations, edema, and
histopathological changes in the mucosa and submucosa.
SDF (100mg/kg) H&E-stained sections revealed a significant
overall histological improvement, evidenced by a conserved
mucosal architecture. Furthermore, the DSS group showed
an increase in the histopathological score (median: 4) com-
pared to the control group (median: 2) (p < 0:0001). SDF
treatment reduced histopathological damage (median: 3)
compared to the DSS group (p < 0:0001) (Figure 6(a)).

3.5. SDF Treatment Preserved the Mucus Layer. A handful of
studies have already demonstrated that DSS-induced colonic
damage is related to decreased gastric mucus content and secre-
tion [33]. Therefore, we next evaluated if the protective effect of
SDF could be associated with the maintenance of the colon’s
protective mucus barrier. The results show (Figures 7 and 8)
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Figure 4: Effect of SDF on GSH (a) levels and SOD (b) activity. Animals received 5% of DSS in drinking water for 5 consecutive days
followed by 2 days of water. Mice were orally treated, once a day, with vehicle (control or DSS groups: water, 1mL/kg) or SDF (100mg/
kg) for 7 days. Results are expressed as mean ± S:E:M: or median with interquartile ranges and analyzed using one-or two-way ANOVA
followed by Bonferroni’s multiple comparisons test, or Kruskal–Wallis followed by Dunn’s, respectively. #p < 0:05, compared to the
control group; ∗p < 0:05, compared to the DSS group.
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that the administration of DSS induced a decrease in PAS and
AB staining, indicative of neutral mucin and acid mucin-like
glycoproteins (54% and 65%, respectively) (p = 0:0016 and
p < 0:0001, respectively) compared to the control group.
The treatment with SDF (100mg/kg) increased the staining
for PAS and AB by 80% and 155%, respectively (p = 0:046
and p < 0:0005, respectively), compared to the DSS group
(34:71 ± 14:51 pixels/field and 2153 ± 613:7 pixels/field,
respectively) (Figures 7 and 8).

To confirm the previous result, we performed an immuno-
histochemical analysis to determine the expression profile of
the transmembrane mucin MUC-1. Animals with ulcerative
colitis have reduced levels of MUC-1 (95%, p < 0:0001) when
compared to the control group (Figure 9) (95804 ± 12615
pixels/field). The treatment with SDF (100mg/kg) increased
the labeling for MUC-1 by 300% (p = 0:0297) compared to
the DSS group (14031 ± 2730 pixels/field) (Figure 9).

4. Discussion

Many natural products possess therapeutic and medicinal
properties. Bioactive compounds, including polysaccharides
formed by polymers of monosaccharides and characterized
as macromolecules of high molecular weight, offer various
biological activities, such as anti-inflammatory, that could
be utilized to develop new IBD therapies [34]. For the first
time, we show that the polysaccharides extracted from the
yellow passion fruit peel protect mice from ulcerative colitis
progression in the DSS model, ameliorate the mucosal bar-
rier, and prevent DSS-induced inflammation.

Inflammatory bowel disease (IBD) consists of two major
pathological subtypes: Crohn’s disease (CD) and ulcerative
colitis (UC) [1]. UC is described as a complex condition
becoming increasingly critical globally [35]. The pathophys-
iology and underlying disease mechanisms remain unclear;
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Figure 5: Effect of SDF on MPO activity (a) and IL-1β (b), TNF-α (c), IL-10 (d), and IL-6 (e) levels. Animals received 5% of DSS in drinking
water for 5 consecutive days followed by 2 days of water. Mice were orally treated, once a day, with vehicle (control or DSS groups: water,
1mL/kg) or SDF (100mg/kg) for 7 days. Results are expressed as mean ± S:E:M: or median with interquartile ranges and analyzed using
one- or two-way ANOVA followed by Bonferroni’s multiple comparisons test, or Kruskal–Wallis followed by Dunn’s, respectively.
#p < 0:05, compared to the control group; ∗p < 0:05, compared to the DSS group.
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however, a handful of studies reported that the disease is
directly related to genetic susceptibility, and its occurrence
and development have been associated with immune disor-
ders, environmental factors, and mucosal dysfunction [1].
Unfortunately, pharmacological and nonpharmacological
strategies for the treatment of UC do not induce cure but
aim to reduce symptoms and maintain effective clinical
remission [36]. Therefore, the development of safe and effec-
tive treatments with a high capacity to maintain the remis-
sion of IBD patients is necessary.

There are several experimental models for studying inflam-
matory bowel disease. The DSS ulcerative colitis model is the
most widely used due to its simplicity, high degree of unifor-
mity, and reproducibility of the lesions [37, 38]. Administration
of DDS in drinking water induces mucosal damage resulting
from the disruption of the intestinal epithelial monolayer lining,
luminal bacteria, and associated antigen translocation. Addi-
tionally, neutrophils and macrophage infiltration initially medi-
ate oxidative stress and inflammation, contributing to the
observed tissue damage [39, 40]. Animals exhibit marked body
weight loss, altered stool consistency, and hematochezia [38].

Natural products are gaining ground as possible sources
of new options for UC treatment. Several studies have shown
that biomolecules have anti-inflammatory activity and can
control IBD [18]. Polysaccharides isolated from natural
products form one of the main classes of bioactive com-

pounds with therapeutic efficacy [41]. The consumption of
nondigestible dietary fibers can provide health benefits and
appears to reduce the risk of developing several conditions,
including obesity, diabetes mellitus, heart disease, and meta-
bolic syndrome [42, 43]. Interestingly, dietary fibers have
also been associated with reducing the risk of developing
inflammatory bowel disease, maintaining epithelial barrier
integrity, and forming short-chain fatty acids that can
inhibit the transcription of proinflammatory mediators [44].

As expected, DSS induced all the characteristics men-
tioned above in our experiments, including colon shortening.
SDF treatment prevented weight loss and increased disease
scores, including rectal bleeding, which is directly associated
with the prevention of colon shortening [39]. Consequently,
all the other aspects of the disease, including raised fur,
hunched back, and reduced mobility, were improved. Several
other studies have already demonstrated the protective effect
of polysaccharides extracted from natural products in ulcera-
tive colitis models [45–47]. Specifically, fruit polysaccharides
also have such a protective effect. Zou et al. have demonstrated
that Ficus carica polysaccharide attenuated DSS-induced
ulcerative colitis in C57BL/6 mice by maintaining goblet cells
and reducing inflammation [48]. Polysaccharides extracted
from Morinda citrifolia Linn presented anti-inflammatory
action in a mouse acetic acid-induced colitis model, reducing
inflammatory cell infiltration and oxidative stress [49]. Related
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Figure 6: Effect of SDF on histological parameters and histopathological score (a). Hematoxylin and eosin-stained sections of colons, ×20
(bars = 100μm). Animals received 5% of DSS in drinking water for 5 consecutive days followed by 2 days of water. Mice were orally treated,
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oxidative stress and inflammation were quantified to under-
stand the mechanisms of SDF protection further.

Inflammatory cell infiltration and oxidative stress play an
important role in the pathological development, induction,
and progression of ulcerative colitis [50]. As the disease pro-
gresses, the colonic tissue infiltration of leukocytes, neutro-
phils, and macrophages increases, resulting in a consequent
uncontrolled generation of reactive nitrogen and oxygenmetab-
olites that destroy tissue structures, including lipids, proteins,

and DNA [51]. Furthermore, the imbalance between pro-
and anti-inflammatory cytokines contributes to compromised
immune function and tissue damage [52]. For instance, TNF-
α derived from dendritic cells, macrophages, and T cells can
stimulate the production and release of other proinflamma-
tory cytokines [2]. However, the intestine orchestrates a com-
plex and organized system that contains multiple antioxidant
methods of defense and protection mechanisms against
inflammation to protect against damage, maintain intestinal
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Figure 7: Effect of SDF on histochemical staining for neutral mucin-like glycoproteins (PAS) and acid mucin (Alcian Blue). Histochemical
staining of colons for neutral mucin-like glycoproteins (PAS) and acid mucin (Alcian Blue), ×20 (bars = 100 μm). Animals received 5% of
DSS in drinking water for 5 consecutive days followed by 2 days of water. Mice were orally treated, once a day, with vehicle (control or DSS
groups: water, 1mL/kg) or SDF (100mg/kg) for 7 days.
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Figure 8: SDF preserves mucus secretion. Quantification of PAS (a) and Alcian Blue (b). Animals received 5% of DSS in drinking water for
5 consecutive days followed by 2 days of water. Mice were orally treated, once a day, with vehicle (control or DSS groups: water, 1mL/kg) or
SDF (100mg/kg) for 7 days. Results are expressed as mean ± S:E:M: followed by Bonferroni’s multiple comparisons test. #p < 0:05,
compared to the control group; ∗p < 0:05, compared to the DSS group.
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integrity, and ensure general and immune homeostasis [53].
We observed in our experiments that SDF treatment pre-
vented oxidative stress by maintaining GSH levels and SOD
activity. We also observed that SDF treatment prevented the
increase of MPO, TNF-α, and IL-1β and the reduction of IL-
10 and IL-6, suggesting a tissue-protective response and regu-
latory effect on inflammation. Along with preventing the gen-
eral development of the disease, it is also possible to suggest
that SDF ameliorated colonic inflammation in the DSS-
induced ulcerative colitis model.

The inflammatory process observed in the DSS-induced
ulcerative colitis model occurs probably due to the intestinal
epithelium damage and dissemination of proinflammatory
luminal microbial antigens to the underlying tissue [37, 39].
Therefore, reducing the inflammatory process represents an
attractive alternative for the management of ulcerative colitis.
Interestingly, it has been previously demonstrated that SDF
had a protective effect on the stomach mucosa; administering
SDF significantly reduced stomach gastric ulcer lesions in rats.
The authors also showed that this protection might be related
to maintaining GSH levels and gastric mucus secretion, corrob-
orating our data [27]. In addition, it is well-known that the
intestinal inflammatory process is directly related to motility
dysfunction [54]. We observed through DAI that animals
treated with SDF have a lower score of diarrhea when compared
to DSS animals. In fact, fiber consumption may modulate gas-
trointestinal motility either by changes in the microbiota and
fermentation end products or by modulating the bulk flow of
material through the intestine [55–57]. Moreover, cumulative
evidence has shown polysaccharides from different sources
and with different structures regulate intestinal motility,

reduce diarrhea [58–61], and ameliorate constipation in ani-
mals [62–66], adults, and children [67].

Another important factor involved in the pathogenesis of
ulcerative colitis is the permeation of the mucous barrier that
occurs due to the reduction in the production and secretion
of mucins and the stratification of the mucus layers [68].
Mucus barrier abnormalities, such as depleted upper crypt
goblet cells, decreased core mucus components, and decreased
mucin expression, allow bacterial penetration that could stim-
ulate an abnormal immune system response leading to the
development of local tissue inflammation [69]. Tissue inflam-
mation and mucus layer depletion contribute to acute histo-
logical changes, which are directly associated with all the
colitis aspects, including weight loss and diarrhea [37]. Histo-
logical damage, such as modification of normal mucosal his-
toarchitecture and erosions, and tissue cell infiltration are
important changes observed [70, 71]. For this reason, in addi-
tion to microscopic analysis, we also assessed mucus preserva-
tion through PAS and AB staining and the expression profile
of MUC-1. The PAS was employed to stain neutral mucins,
and AB was used to stain acid mucin-like glycoproteins in
the colon tissue; MUC-1 is transmembrane mucin, and the
maintenance of its expression and secretion ensures tissue
protection and corrects cell signaling and immune response
and consequently intestinal homeostasis [69].

The microscopic examination of the colon sections
showed a clear colonic epithelial destruction induced by
DSS, with visible tissue damage. We observed a high histolog-
ical score, which includes cellular infiltration, crypt hyperpla-
sia, epithelial erosion, mucosal ulceration, and goblet cell
depletion. The reduction of goblet cells corroborates the
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Figure 9: SDF preserves MUC-1 expression. Immunohistochemical staining of colons for MUC-1, ×40 (bars = 500μm). Quantification of
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results found for PAS and AB staining andMUC-1 expression.
It is noteworthy that SDF treatment preserved the epithelial
architecture. Histological analyses revealed a reduction in the
histopathological score, composed of a reduction in the sever-
ity and extent of tissue damage, reduction of erosion, and
maintenance of goblet cells. This evidence corroborates the
maintenance of positive labeling indicative of mucin. Thus, it
is possible to hypothesize that SDF treatment reinforces the
protective barrier of the intestinal mucosa, maintaining nor-
mal mucus secretion, and thus, intestinal homeostasis.

Cumulative evidence has shown that natural polysaccha-
rides may reinforce the intestinal protective barrier in several
ways; furthermore, other studies have shown that these mole-
cules can protect the mucus barrier [72, 73]. Interestingly,
chronic or intermittent dietary fiber deficiency can cause ero-
sion of the protective mucus layer, making it thinner andmore
susceptible to pathogens [74]. Strengthening of the epithelial
and mucus barrier can occur, for example, by increased pro-
duction of short-chain fatty acids (SCFAs) [75]. Increasing
the abundance of intestinal Bifidobacterium, Lactobacillus,
and Escherichia coli [75, 76] and inhibiting the growth of
potentially pathogenic bacteria, such as Clostridium, also alle-
viate ulcerative colitis [77]. Some other authors suggest that
polysaccharides reduce the expression of proinflammatory
cytokines and MPO activity [76, 78–80].

Finally, we have presented here the protective role of
SDF for the first time. However, the exact mechanism by
which this polysaccharide extract provides colonic protec-
tion is still not entirely clear. Nondigestible polysaccharides
have complex structures and may show beneficial properties
through direct and indirect mechanisms [81]. The literature
assumes that these molecules can, for example, serve as a
substrate for bacterial fermentation in the large intestine.
This produces SCFAs and other metabolites that interact
with different receptors (G-protein-coupled receptors,
including GPR41, GPR43, and GPR109A) to promote bene-
ficial effects such as increased prostaglandin production and
mucin expression (MUC-1, MUC-2, MUC-3, and MUC-4).
Furthermore, it has been shown that polysaccharides
extracted from natural products can directly inhibit COX
overexpression [82] interact with different mucins through
molecular mucoadhesive interactions [83] or interact with
Toll-like receptors [84–87].

All these mechanisms could contribute to the observed
intestinal protection promoted by SDF. Our results demon-
strate that SDF might prevent the development of ulcerative
colitis through several mechanisms, including colonic muco-
sal protection, decreased oxidative stress, and inflammation,
ultimately resulting in the maintenance of mucus layer and
tissue integrity. Although the exact protection mechanism
has not yet been determined, the presented data indicate that
SDF may represent an interesting option for managing acute
ulcerative colitis. However, more studies are needed to
explore and understand how SDF elicits its beneficial effects.
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Portulaca oleracea Linn. (P. oleracea L.) has recently gained attention as a functional food due to the chemical composition of this
plant regarding bioactive compounds. The special attention to the use of P. oleracea as an ingredient in functional food products is
also due to the promotion of sustainable food. It is an unconventional food plant, and its consumption may contribute to
preserving biodiversity due to its cultivation in a polyculture system. Food sovereignty may be achieved, among other
strategies, with the consumption of unconventional food plants that are more resistant in nature and easily cultivated in small
places. P. oleracea grows spontaneously and may be found in streets and sidewalks, or it may be cultivated with seeds and
cuttings propagation. The culinary versatility of P. oleracea opens up opportunities to explore the development of sustainable,
functional food products. This mini-review shows that functional food products developed from P. oleracea are already
available at the research level, but it is expected that more scientific literature focusing on the development of P. oleracea
functional products with proven anticancer activities may be released in the near future. Polysaccharides, some phenolic
compounds, alkaloids, and cerebrosides are associated with the inhibition and prevention of carcinogenesis through in vitro
and in vivo investigations. The anticancer activities of P. oleracea, its bioactive compounds, and the involved molecular
mechanisms have been reported in the literature. The importance of further elucidating the cancer inhibition mechanisms is in
the interest of forthcoming applications in the development of food products with anticancer properties for implementation in
the human diet.

1. Introduction

The common purslane (P. oleracea L) is a herbaceous succu-
lent annual plant from the Portulacaceae family, native to
the Middle East and India [1, 2]. It may be found on road-
sides, gardens, and cultivated areas in the tropical and sub-
tropical regions [3, 4]. There are various cultivars of P.
oleracea distributed worldwide, mainly with morphological

differences, with the common purslane having green-red
stems, obovate leaves, yellow flowers, and single-layered
petals, while the ornamental purslane produces flowers of
different colors [1]. The stems and leaves have a slightly acid
and salty taste and are usually consumed in salads, soups,
and stews [5, 6]. It is an edible plant in regions of European,
Mediterranean, African, and Asia countries and Australia
[6]. In Brazil, P. oleracea is known as an “unconventional
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food plant”, a term referring to plants that are not part of the
usual consumption of most of the population in a particular
region, country, or even the planet because basic food is very
homogeneous, with the use of few food species [7].

P. oleracea has a high nutritional value and many antiox-
idant properties due to its phenolic compound and omega-3
fatty acid abundance, particularly α-linolenic acid. It is well-
known in traditional Chinese medicine [2]. for its use in
diuretic, febrifuge, antiseptic, antispasmodic, and vermifuge
treatments [8]. Among its various pharmacological proper-
ties are its anti-inflammatory [9], antioxidative [10], reno-
protective [11], neuroprotective [12], hepatoprotective [13],
and muscle-relaxing effects [14].

Anticarcinogenic activities have been reported for P.
oleracea. Investigations were carried out to screen the activ-
ities for antihepatocellular carcinoma [15, 16], colon cancer
[17], glioblastoma multiforme [18], ovarian cancer [19] sar-
coma [20], lung cancer [16], anti-cervical [21], gastric cancer
[22], and pancreatic cancer [23]. P. oleracea contains bioac-
tive compounds with antioxidant properties, act on metasta-
sis and invasion, modulate the immune system, and inhibit
tumor formation [19, 24, 25, 4].

Thus, this mini-review aimed to assemble the anti-
cancer effects of bioactive compounds of P. oleracea, demon-
strating the molecular mechanisms and the potential for the
development of functional food products with anticancer
properties.

2. The Nutritional Value and Bioactive
Compounds of P. Oleracea

Proximate analyses of P. oleracea components including
leaves, seeds, stems, buds, and flowers, have been performed.
Ash, fiber, protein, and fat approximate contents of P. oleracea
leaves as 20.56%, 36.27%, 12.82%, and 3.75%, respectively, are
found on a dry matter basis [26]. P. oleracea also contains
minerals in its leaves with concentration values approximate
such as potassium (3710mg/100 g of dry matter), calcium
(2390mg/100 g), nitrogen (2170mg/100g), magnesium
(580mg/100 g), phosphorus (350mg/100g), sulfur (200mg/
100g), iron (32.4mg/100g), manganese (5.8mg/100g), boron
(2.8mg/100 g), zinc (2mg/100 g), and copper (1.1mg/100g)
[26]. This study showed higher levels of potassium, calcium,
magnesium, phosphorus, and iron when compared to those
of spinach (336mg/100g of dry matter, 98mg/100g, 82mg/
100g, 25mg/100g, and 0.4mg/100g, respectively) [27].

P. oleracea contains high amounts of Omega-3 fatty
acids, as discussed by Siriamornpun and Suttajit [28] that
found higher levels of Omega-3 fatty acids in fresh leaves,
with 523:146 ± 2:29mg/100 g, while, for stems and flowers,
the authors reported 148:87 ± 3:30mg/100 g and 216:17 ±
1:16mg/100 g, respectively. Other plants (analysis of leaves
in dry matter) contain lower levels of Omega-3 fatty acids
than P. oleracea, such as mint (194.9mg/100 g), watercress
(179.6mg/100 g), spinach (129.2mg/100 g), parsley
(124.8mg/100 g), and broccoli (110.3mg/100 g) (analysis of
leaves in dry matter) [29]. Omega-3 fatty acids may have
pharmacological effects such as anti-hyperlipidemic, antimi-
crobial, anti-inflamatory, neuroprotective and nephropro-

tective activities [3, 30, 31, 32, 11]. P. oleracea also contains
high levels of tocopherols, vitamin A, β-carotene and ascor-
bic acid [3, 32–34]. Antimicrobial and antioxidant activities
were related to these compounds [3, 33].

High concentrations of oxalic acid have also been
detected in P. oleracea. The intake of oxalic acid provided
by the diet with P. oleracea may form complexes with min-
erals such as calcium and iron (insoluble salts) or sodium,
magnesium, and potassium (soluble salts), reducing their
bioavailability and possibly leading to the development of
kidney stones through the formation of calcium oxalate
crystals [35]. Thus, consumption of P. oleracea should be
moderated by individuals with a propensity to develop kid-
ney stones. Amounts of 23:45 ± 0:45 g,5:58 ± 0:18 g, and
9:09 ± 0:12 g of total oxalates per kilogram of fresh weight
oxalates were obtained in fresh leaves, stems, and buds,
respectively, with 75.0% being soluble oxalates in the stems
and buds, and only 27.5% in the leaves [36]. The authors
reported a 66.7% reduction (p < 0:001) of soluble oxalates
after cooking the leaves for a short time, discarding the
water, and pickling them with white vinegar [36]. Some
other bioactive compounds from secondary metabolism of
P. oleracea such as flavonoids, alkaloids, terpenoids and their
pharmacological activity can be seen in Table 1.

Flavonoids (a class of phenolic compounds) in P. olera-
cea were associated with anti-fertility, antimicrobial, antiox-
idant and antidiabetic effects [37–40]. Combined effects of
polyunsaturated fatty acids, flavonoids and polysaccharides
on hypoglycaemic, hypolipidaemic and insulin resistance
reducer effects through ingestion of P. oleracea seeds in clin-
ical test with humans were observed [40]. Other phenolic
compounds (Polyphenols and phenolic acids) in P. oleracea
have antioxidant and antimutagenic effects [41–43].

Other bioactive compounds with pharmacological
importance in P. oleracea are alkaloids and terpenes. Anti-
cancer, anti-inflamatory and antioxidant effects were
described for alkaloids found in this plant while hepatopro-
tective, antibacterial, antifungal and anti-hypoxia effects
were described for terpenes of P. oleracea [44–48].

3. Potential Antioxidant of the P. Oleracea

This plant is rich in antioxidants such as vitamin A, tocoph-
erols, ascorbic acid, beta-carotene, and phenolic compounds
[33, 49]. Beta-carotene was found in P. oleracea with content
ranging from 21μg/g to 30μg/g of fresh mass in leaves and
3.6μg/g to 6.5μg/g of fresh mass in stems [50]. The antiox-
idant potential was measured at different growth stages (15,
30, 45, and 60 days) of aerial parts of P. oleracea [49]. The
total phenolic content (TPC) for the young shoots at 15 days
was significantly lower than at 30, 45, and 60 days, while the
ascorbic acid content (AAC) did not show a significant
decrease from the developing to the mature stage. According
to the study, the IC50 value of 1,1-diphenyl-2-picrylhydrazyl
(DPPH) free radical scavenging activity ranged from 1:30
± 0:04mg/ml (60 days) to 1:71 ± 0:04mg/ml (15 days),
while the ascorbic acid equivalent antioxidant content
(AEAC) values ranged from 229:5 ± 7:9mgAA/100 g (15
days) to 319:3 ± 8:7mgAA/100 g (60 days), the TPC varied
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from 174:5 ± 8:5mgGAE/100 g (15 days) to 348:5 ± 7:9mg
GAE/100 g (60 days), the AAC varied from 60:5 ± 2:1mg/
100 g (60 days) to 86:5 ± 3:9mg/100 g (15 days), and the fer-
ric reducing antioxidant power (FRAP) ranged from 1:8 ±
0:1mgGAE/g (15 days) to 4:3 ± 0:1mgGAE/g (60 days).
Thus, mature plants (60 days) of P. oleracea had higher
TPC and antioxidant activities than immature plants.

The dry weights of the samples (leaves, flowers, and
stems) from two different locations were investigated for
potential antioxidant activity by Silva and Carvalho [41],
who found that stems had a higher total phenolic content
and total antioxidant activity than the flowers and leaves.
The oil from seeds, leaves, and stems of P. oleracea were ana-
lyzed and found that the peroxide value was significantly
higher for seed oil and the lowest for stem oil [51]. Further-
more, the highest ascorbic acid content was found for P.
oleracea seed oil (41.67%), followed by leaf oil (32.29%),
and the highest DPPH was obtained for leaf oil (12.55%),
followed by seed oil (2.05%). Values for lettuce
(IC50 = 17:07mg/ml), artichoke (IC50 = 18:14mg/ml), tur-
meric (IC50 = 21:14mg/ml), spinach (IC50 = 22:87mg/ml),
and escarole (IC50 = 32:2mg/ml) were reported by Tiveron
et al. [52], showing that P. oleracea presents the lowest
IC50 necessary to reduce 50% of DPPH free radicals.

4. Functional Food Products and P. Oleracea

The P. oleracea plant may be used as an ingredient in func-
tional food products due to its nutritional value and bioac-
tive compounds that will be incorporated into the
formulations.

The use of the P. oleracea plant as food may not only
enhance the nutrients and bioactive composition of func-
tional products but also influence their sensory and techno-
logical characteristics. Although it is well-known that
sensory acceptance by consumers is essential for a product’s
commercial success on the market, few studies in the litera-
ture have reported the application of P. oleracea in products
and its performance or the sensory profile of such products.

Regarding the technological aspect, the incorporation of
the durum wheat flour with 5% of P. oleracea to bread resulted
in the improvement of the rheological characteristics, an
increase in antioxidant properties, and a decrease in the
Omega-6-to-Omega-3 ratio, which is beneficial for human
health, in addition to improving the sensorial quality [53].

The durum wheat spaghetti fortified with 10% of P. oler-
acea, a potential functional food, was appreciated by con-
sumers. It showed a high concentration of α-linolenic acids
(Omega-3), total phenolic compounds, and antioxidant
properties, so that, considering 100 g of pasta per day, it is
possible to obtain 75mg of essential linoleic acid and 9mg
of linolenic acid, along with a four-fold increase in total phe-
nolic compounds [54]. The Omega-3 fatty acids can also
inhibit carcinogenesis and slow tumor growth, as demon-
strated by in vitro, in vivo, and clinical investigations [55].

The analysis of bread incorporated with four different
concentrations of P. oleracea powder (0%, 5%, 10%, and
15%) showed increasing water absorption capacity, stability
under the mixer, and softening levels as the P. oleracea pow-
der concentration in the samples increased. The protein, fat,
total ash, moisture, and fiber contents also increased along
with the P. oleracea concentrations [56]. However, the bread
with 15% of P. oleracea powder showed a decreased farino-
graph quality number and presented the lowest scores for
sensory properties and color, taste, texture, and overall lik-
ing. The optimized formulation containing 10% of P. olera-
cea powder had the highest acceptance.

P. oleracea has also been used to produce powder mix-
tures with two other plant species, Amaranthus hybridus L.
and Chenopodium berlandieri L. The powder mixtures con-
taining P. oleracea showed more significant contents of phe-
nolic compounds, with an increase in the antioxidant
activity [57].

Another innovative functional product assessed was a
fermented P. oleracea juice added with a selected lactic acid
bacteria. Results demonstrated an increase in total antioxi-
dants, preserved vitamin C, A, and E levels, and increased
contents of vitamin B2 and phenolic compounds. In addi-
tion, decreased levels of pro-inflammatory mediators and

Table 1: Some classes of bioactive compounds from secondary metabolism of P. oleracea and their pharmacological activity.

Compounds Plant structure Form (fresh or dry) Pharmacological activity References

Flavonoids

Aerial part Dry Antifertility [37]

Aerial part Dry Antimicrobial [38]

Leaves Fresh Antioxidant [39]

Seeds Dry Antidiabetic [40]

Polyphenols
Leaf, steam and flower Dry Antioxidant [41]

Whole plant Fresh Antimutagenic [42]

Phenolic acids Aerial parts Dry Antioxidant [43]

Alkaloids

Aerial part Dry Anticancer [44]

Whole plant Fresh Anti-inflamatory [45]

Whole plant Dry Antioxidant [46]

Terpenes
Whole plant Dry Hepatoprotective, antibacterial and antifungal [47]

Aerial part Dry Anti-hypoxia [48]
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reactive oxygen species were observed, with a consequent
increase in the restorative characteristics of the use of P. oleracea
juice for intestinal inflammation and epithelial injury [58].

The combination of yogurt or coconut plant extract or
coconut cream with fresh leaves of P. oleracea reduced the
overall oxalate content by simple dilution. The soluble oxa-
late content decreased from 53.0% to 10.7% when P. oleracea
leaves were added to yogurt. However, the coconut plant
extract and coconut cream had no effect on the percentage
of soluble oxalate content but provided the mixture with
an acceptable flavor [59].

The addition of fresh purslane leaves (ranging from 1%
to 10%, w/w) to tomato sauces resulted in a decrease of total
soluble solids from 9.57°Bx to 9.20°Bx, beneficially impacting
sugar reduction. On the other hand, the amount of protein
significantly increased from 0.12% to 1.83% from the lowest
to the highest concentrations, respectively [60].

5. Bioactive Compounds of P. Oleracea on
Anticancer Activity

P. oleracea presents phytochemicals and nutrients associated
with anticarcinogenic properties. The 12% reduction in the
activity of the mutagenic nitrosation mixture may be attrib-
uted to the ascorbic acid (vitamin C), α and β-carotene,
chlorophyll, and polyphenols of the P. oleracea extract
obtained through a standard juice extractor [42].

Phenolic compounds such as kaempferol and apigenin
from a hydroethanolic extract of P. oleracea have effects
in vitro against human glioma cells, and homoisoflavonoids
showed in vitro selective cytotoxic activity for SF-268, NCI-
H460, and SGC-7901 cell lines, as shown Table 2 [18, 61].

Polysaccharides from P. oleracea act on free radicals
through the antioxidant mechanism, modulating the
immune system, which may be preventive and therapeutic

Intestinal

Liver

Gastric

Enhance IL-2, IL-4
and TNF-𝛼.

TIMP-2 and nm23-H1

Suppression in the
protein expression of

MTA1, RhoA,
Rac1/Cdc42, MMP-2,

but not RhoC and MMP-9.

Inhibition in the mRNA
expression of MTA1,
MMP-2, and MMP-9.

Protection against
MNNG-induced

oxidative injury by
enhancing SOD, CAT

and GSH-Px.

Leaves Seeds

Cervical

Number of white blood cell (WBC),
CD4+ T–, the ratio of CD4+/CD8+,

IL-12 and TLR-4.

IL-10 and Hela cell proliferation.

Ovarian

Inhibit the (RBC) hemolysis
spleen, thymocyte T and B
lymphocyte proliferation.

Scavenge superoxide anion,
(DPPH-), nitric oxide and

hydroxyl radicals.

Upregulate the expression of CD80,
CD86, CD83, bax level and
downregulate Bcl-2 level.

Intestinal DC survival.
stimulate the TLR4-
PI3K/AKT-NF-𝜅B
signaling pathway.

P. oleracea

Figure 1: Some possible mechanisms of P. oleracea for anticancer activity.
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in rat ovarian and gastric cancer and mouse cervical cancer
and sarcomas, as shown Table 2 [19–22, 62].

Another bioactivity from P. oleracea is portulacacerebro-
sie A, a cerebroside compound that suppresses the invasion
and metastasis of liver cancer HCCLM3 cells and acts in leu-
cocythemia treatment are show in Table 2 [24, 63].

Polysaccharides showed activity against ovarian cancer by
inhibiting the red blood cell (RBC) hemolysis in the spleen, thy-
mocyte, and T and B lymphocyte proliferation [19]. These com-
pounds also act against cervical cancer through Sub-G1 phase
cell cycle arrest triggering DNA damage, inhibit the growth of
transplantable sarcoma 180, increase the number of white blood
cells (WBC), CD4+ T-, the CD4+/CD8+ ratio, IL-12, and TLR-
4, decrease IL-10 and HeLa cell proliferation, reduce the pro-
duction of cytokine/chemokine and the expression levels of
CD80, CD86, CD83, Bax, and downregulate the Bcl-2 level in
a concentration-dependent manner. In addition, polysaccha-
rides inhibit the protein expression levels of TLR4, myeloid dif-
ferentiation primary response 88 (MyD88), TNF receptor
associated Factor 6 (TRAF6), activator protein-1 (AP-1), and
factor nuclear kappa B (NF-κB) subunit P65 [20, 21, 63, 64].

In gastric cancer, interleukins (IL-2 and IL-4) and TNF-
α were enhanced by polysaccharides that also provide dose-
dependent protection against N-methyl-N’-nitro-N-nitroso-
guanidine (MNNG) induced oxidative injury by enhancing
Superoxide dismutase (SOD), catalase (CAT), and glutathi-
one (GSH-Px) [22]. In addition to acting against ovarian,
gastric, and cervical cancer, polysaccharides also work
against intestinal cancer by stimulating the TLR4-PI3K/
AKT-NF-κB signaling pathway and Anti-NF-κB activity
along with two upstream ROS and NO mechanisms [18,
62], showing the importance of studying these molecules in
P. oleracea matrices.

The cerebroside compound, Portulacerebroside A,
affects leukemia and cervical, liver, esophageal, breast, and
colon cancer and cancer stem cells [16, 24, 63, 65, 66]. Some
mechanisms involved with Portulacerebroside A have
increased RNA expressions and protein levels of Bax/Bcl-2,
caspase-3, and caspase-9, protein expression levels of
TIMP-2 and nm23-H1, inhibition of the mRNA expression
of MTA1, MMP-2, and MMP-9, RhoA, Rac1/Cdc42,
MMP-2, and downregulation of the expression of the
Notch1 and β-catenin genes.

Alkaloids inhibited lung and breast cancer through mod-
erate cytotoxic activities against A549, weak cytotoxic activ-
ities against K562, and low cytotoxic activity against MCF-7
and MDA-MB-435 cells.

Some possible mechanisms of P. oleracea for anticancer
activity are represented in Figure 1. The bioactivity of P.
oleracea and the potential to develop new products from this
underused plant in some regions deserve attention regarding
its valorization as a functional food and its pharmacological
properties. Different anticancer mechanisms of P. oleracea
were explored and reported in this review. Aqueous extracts,
seed oil, and hydroethanolic extracts present cytotoxicity to
cancer cell lines while chloroform extract does not have
cytotoxic activity [67]. Further studies will be needed to
determine anticancer activity in particular food matrices
and beverages.

6. Conclusion

The P. oleracea plant may be promising for developing and
innovating potential functional food products. The high
levels of antioxidants such as phenolic compounds, caroten-
oids, and other nutrients such as minerals and Omega-3
fatty acids are supported by functional food studies.
Research has indicated the anticancer activity of P. oleracea
extracts. Polysaccharides, some phenolic compounds, alka-
loids, and cerebrosides detected in P. oleracea and contained
in aqueous extracts, seed oil, and hydroethanolic extracts are
associated with inhibition and prevention of carcinogenesis.
However, more studies are needed to prove the anticancer
activity of food products containing P. oleracea as an ingre-
dient to promote health benefits to the consumers.
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Dendrobium officinale has a long history of being consumed as a functional food and medicinal herb for preventing and managing
diseases. The phytochemical studies revealed that Dendrobium officinale contained abundant bioactive compounds, such as
bibenzyls, polysaccharides, flavonoids, and alkaloids. The experimental studies showed that Dendrobium officinale and its
bioactive compounds exerted multiple biological properties like antioxidant, anti-inflammatory, and immune-regulatory
activities and showed various health benefits like anticancer, antidiabetes, cardiovascular protective, gastrointestinal
modulatory, hepatoprotective, lung protective, and neuroprotective effects. In this review, we summarize the phytochemical
studies, bioactivities, and the mechanism of actions of Dendrobium officinale, and the safety and current challenges are also
discussed, which might provide new perspectives for its development of drug and functional food as well as clinical applications.

1. Introduction

Dendrobium officinale Kimura et Migo, belonging to the
Dendrobium of Orchidaceae genus, is widely used as a
medicinal and functional food product [1]. It originated
from Nanling Mountains and Yungui Plateau in China,
and its cultivation migrated northward or eastward subse-
quently [2]. Dendrobium officinale was originally used as a
tonic herbal medicine to treat stomach disorders and pro-
mote the secretion of body fluid in Chinese medicine [1].
It also has a long history as a food ingredient in Yunnan
and Zhejiang Province in China, and the main ways of con-
sumption are making instant food, soup, dishes, juices, tea,
and wine. In particular, the dried stem of Dendrobium offici-
nale (Dendrobii officinalis) has been documented in Chinese
Pharmacopoeia for medicinal usage and is officially listed in
“Medicine and Drug Homology,” which indicates that Den-
drobium officinale might be feasible for long-term consump-
tion with high safety [3].

Increasing pharmacological studies have found that Den-
drobium officinale has a high nutritional and medicinal

value, such as antioxidant, immune-regulatory, anti-inflam-
matory, anticancer, antidiabetic, and hepatoprotective activ-
ities [4, 5]. These health benefits are mainly attributed to its
abundant bioactive compounds, such as flavonoids, biben-
zyls, polysaccharides, and alkaloids [6]. As a natural plant
product, Dendrobium officinale poses little toxicity and side
effects to human health, and it could combine with other
herbal medicines in Chinese medicine decoction for the
treatment of diseases. Since the present chemical drugs and
therapy could cause some side effects in patients, it is essen-
tial to develop natural-derived drugs and adjuvant supple-
ments with fewer side effects for patients. Hence,
phytochemicals and herbal therapeutics have gained lots of
attention for investigation in various disease treatments.
Dendrobium officinale might be a promising dietary supple-
ment and functional food in the prevention and manage-
ment of diseases, and its bioactivities and mechanisms of
action are worthy of exploration [7]. This review summa-
rized the updated knowledge of the phytochemical studies,
bioactivities, health benefits, related mechanism of action,
and safety of Dendrobium officinale. The current challenge
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and outlooks of Dendrobium officinale-related research are
also discussed, providing new and critical viewpoints for
developing medicinal and functional food in the future.

2. Phytochemical Studies

2.1. Bioactive Compounds. A large body of studies shows that
Dendrobium officinale contains various bioactive com-
pounds, such as polysaccharides, flavonoids, bibenzyls, and
alkaloids [4, 7–9] (Figure 1). The tissue analysis found that
the stems, leaves, and protocorm-like bodies of Dendrobium
officinale had the highest content of polysaccharides, flavo-
noids, and alkaloids, respectively [10]. Among the bioactive
compounds, polysaccharides are the major medicinal com-
pound that is often utilized to investigate the therapeutic
effects of Dendrobium officinale. It is mainly isolated from
the stems of Dendrobium officinale with a yield rate of over
30% [11]. The chemical analysis showed that the polysaccha-
rides mainly contained mannose and glucose with a struc-
ture of (1⟶ 4)-linked-β-D-mannopyranosyl and β-D-
glucopyranosyl residues [12, 13]. Dendronan® is a new poly-
saccharide O-acetyl-glucomannan isolated from Dendro-
bium officinale with a relatively detailed chemical structure,
and it was identified as the ratio of mannose to glucose
(6.9 : 1) [14]. However, some polysaccharides with large
molecular weight or absence of certain chemical groups
might have low biological activities, and thus, some modifi-
cations could be considered for improving the bioavailability
of polysaccharides from Dendrobium officinale, such as fer-
mentation, degradation, or grafting [15, 16]. Furthermore,
the relationship between structural characteristics and bio-
logical properties of Dendrobium officinale polysaccharides
needs more in-depth investigation.

Additionally, the metabolic profile of Dendrobium offici-
nale found that leaves contained more flavonoids than other
parts, and flavonoids were considered the important anti-
oxidant source [17–19]. A total of 14 major phenolic com-
pounds including 1 quercetin-type flavonol, rutin, and 13
apigenin-type flavones like apigenin 6-C-β-D-glucoside-8-
C-α-L-rhamnoside were identified from the leaves of Den-
drobium officinale. And the major flavonoid compound
was rutin with a content of 1.33 to 2.89mg/g from leaves
[19]. Moreover, naringenin was the flavonoid compound
only found produced in the stems of Dendrobium offici-
nale [10].

Bibenzyl is one of the most active ingredients in Dendro-
bium officinale, and the gigantol and dendrocandin are the
most common bibenzyl compounds from Dendrobium offi-
cinale [4]. The phytochemical study found that the root tis-
sues of Dendrobium officinale contained the highest amount
of bibenzyl, such as erianin and gigantol. And the transcrip-
tomic analysis revealed that cytochrome P450 genes and
other enzymatic genes were functionally associated with
the biosynthesis and accumulation of bibenzyl, which might
help increase the content of bibenzyl for drug production
and industrialization of Dendrobium officinale [20]. Several
bibenzyl compounds have also been found in the leaves of
Dendrobium officinale, such as the new derivate denofficin,

dendrocandin B, 4,4′-dihydroxy-3,5-dimethoxy bibenzyl,
gigantol, and densiflorol [21].

Alkaloids were found abundant in protocorm-like bodies
of Dendrobium officinale, which might be more available for
producing alkaloids than other organs. The study also found
that the enzymes involved in the alkaloid biosynthesis were
strictosidine β-D-glucosidase, geissoschizine synthase, and
vinorine synthase in Dendrobium officinale [10]. Addition-
ally, the key enzyme-encoding genes associated with the
alkaloid biosynthesis had higher activities in the leaves than
that in the stems of Dendrobium officinale [22].

Due to the increasing demand and rare resources of wild
type, there are more and more adulterations of Dendrobium
officinale, and it negatively affects the sustainable utilization
of this medicinal plant and food resource and increases the
potential health risk of using cheaper and poorer products.
The composition of ingredients contributes to the quantita-
tive chemotypic variation and characteristics within differ-
ence [23]. Hence, some methods targeting the specific
compounds of Dendrobium officinale have been developed
for distinguishment. For example, the quantifications of nar-
ingenin, bibenzyls, and the ratios of mannose to glucose of
polysaccharides could be used as key elements to distinguish
from other similar spices [24]. Additionally, the combined
analysis of HPLC fingerprints, HPLC-ESI-MS, and HPTLC
found that violanthin and isoviolanthin were specific com-
ponents for Dendrobium officinale, which could distinguish
it from Dendrobium devonianum [25].

Overall, the phytochemical studies found abundant bio-
active components in Dendrobium officinale, and they are
closely associated with various bioactivities and health bene-
fits. The identification of chemical structures of some major
compounds as well as biosynthesis-related gene encoding
enzymes is important for the exploration and protection of
Dendrobium officinale. On the other hand, the chemical
composition of Dendrobium officinale could be used to dis-
tinguish the plant from different sources. These findings
facilitate a better understanding of the phytochemical varia-
tion of Dendrobium officinale, contributing to better quality
control.

2.2. Influential Factors. The varied growth environment and
origins with different natural resources lead to significant
differences in the yield, quality, and even medicinal values
of Dendrobium officinale. Samples from Zhejiang, Fujian,
Yunnan, and Jiangxi Provinces resulted in different compo-
sitions of the active compounds, of which only the sample
from Yunnan Province had three unique medicinal compo-
nents, and only the sample from Jiangxi Province had no
toxic component [26]. Hence, Dendrobium officinale from
different regions need more investigations for better collec-
tion, protection, and utilization.

The quality and biological activities of Dendrobium offi-
cinale could be influenced by the processing methods and
storage conditions [27–29]. The reduction in the grinding
particle size could result in better physical properties and
higher solubility of protein and polysaccharides, which led
to better bioavailability and stronger antioxidant activity
than crude ground products [27]. In addition, heat might
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cause the decrease and destruction in polysaccharides of
glucomannan-rich and glucan-rich samples, and thus,
lyophilization and torrefaction rather than the traditional
dry method could better retain the polysaccharides and pre-
serve their best nutritional value [6]. Moreover, the extrac-
tion method could affect the rheological and
physicochemical properties of polysaccharides from Dendro-
bium officinale, such as mannanase activity, carbohydrate
content, hydrophobicity, and viscosity [29]. And it further
influences the composition of fractions, including the molec-
ular weights and molar ratios of D-mannose and D-glucose,
leading to different degrees of biological activities [30]. The
freeze-thawing cold-pressing could extract polysaccharides
with high yield, well-preserved form, and strong antioxidant
activity, compared to conventional extraction methods like
hot water extraction, cold-pressing, and ultrasonic-, micro-
wave- and enzyme-assisted hot water extraction [31]. On
the other hand, during the storage, the low temperatures
could induce an increase in polysaccharide content and
higher antioxidant activity than the ambient temperature,
while the starch content was decreased. It indicated that
storing the postharvest Dendrobium officinale at low temper-
atures could lead to higher levels of polysaccharides and lon-
ger shelf-life [32].

In short, the quality and bioactivities of Dendrobium offi-
cinale are susceptible to many factors like processing

methods, extraction methods, and storage conditions, and
thus, it is necessary to choose proper procedures to control
and increase the quality of raw material and products of
Dendrobium officinale.

3. Bioactive Properties

3.1. Antioxidant Activity. The excessive production of reac-
tive oxygen species (ROS) could disrupt the balance of the
antioxidant defense system and cause oxidative stress which
works as a component of many diseases, including cardio-
vascular diseases, Alzheimer’s diseases, and cancer. Dendro-
bium officinale and its bioactive components showed potent
antioxidant activity and attenuated oxidative stress-induced
injuries. The polysaccharides (250 and 500μg/mL) from
Dendrobium officinale could protect the human gastric
mucosal epithelial cells against H2O2-induced apoptosis by
decreasing the level of ROS and improving the nuclei mor-
phology. Additionally, the animal model further confirmed
that polysaccharides attenuated the gastric mucosal injury
and reduced the oxidative stress-induced apoptosis by
downregulating the ratio of Bcl-2-associated X (Bax)/B-cell
lymphoma-2 (Bcl-2) protein expression in gastric mucosa
[33]. Moreover, Dendrobium officinale could activate nuclear
factor erythroid 2-related factor 2 (Nrf2) signaling and the
antioxidant enzymes to mitigate the damage induced by

HO

OH

OH

OH

OH

OH

OH

OH

HO

O

O

O
O

OO

OH

OH

H3C

CH3

O

O

HO

HO

HO

OH

OH

OH

OH

O

O

OO

OH

OH
OH

HO

HO

HO

HO

HO

OH OH

OH

O

O

O

O

H

H

Rutin Gigantol Vicenin-2

2

a

2

a

3

a

2

a

3

a

3

a

𝛽-D-glucopyranosyl (1→4)-linked-𝛽-D-mannopyranosyl

4
M 1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M
1

4M1
4M1

4M1
4G

1
4G

1

CH2OH

H H

H H

H

HO OH

OH

O

Dendrobium

officinale

CH2OH CH2OH

H H H

H H

HH

HH

HO HOOH OH
O

O

OO

O

Kaempferol-3-O-𝛽-D-glucoside

M: 𝛽-D-mannopyranose; G: 𝛽-D-glucopyranose; a: O-acetyl group

DendronanⓇ

OH

Figure 1: The chemical structures of several compounds found in different parts of Dendrobium officinale.

3Oxidative Medicine and Cellular Longevity



ROS. The treatment of polysaccharides at a high dose of
9.6 g/kg could protect against the precancerous lesions of
gastric cancer (PLGC) in rats by activating the Nrf2 pathway
and its downstream antioxidant enzymes like heme oxygen-
ase 1 (HO-1) and NAD(P)H: quinone oxidoreductase-1
(NQO-1). The treatment also reduced the levels of 8-
hydroxy-deoxyguanosine (8-OHdG) which was one of the
predominant biomarkers of free radical-induced oxidative
stress [34, 35]. In addition, polysaccharides could reduce
oxidative stress-induced injuries by elevating the activity of
the antioxidant enzyme superoxide dismutase (SOD) and
decreasing the level of malonaldehyde (MDA), a product
of polyunsaturated fatty acid peroxidation, in rats with type
2 diabetes treated at the dose of 20, 40, 80 and 160mg/kg
b.w. [36]. Like other natural products, Dendrobium officinale
could also work as a dietary antioxidant supplement. How-
ever, its induction of antioxidant defenses may fail to reach
effective concentration and the significant effects on human
study. More importantly, some progression of diseases
might be attributed to oxidative stress as the secondary con-
tributor instead of the primary cause, and thus, the antioxi-
dant properties of Dendrobium officinale may not pose a
significant influence on the diseases [37].

3.2. Anti-inflammatory Activity. Chronic inflammation is a
vital risk factor for various diseases such as diabetes, cancer,
and cardiovascular diseases, and thus, the effective inhibition
of inflammation facilitates the control and prevention of
many chronic diseases. The in vivo and in vitro studies
revealed that Dendrobium officinale and its bioactive com-
pounds could inhibit inflammation by modulating inflam-
matory cytokines and related mediators. Sjogren’s
syndrome is a chronic autoimmune disorder of the affected
glands with lymphocytic infiltration and dysfunction of
aquaporin 5 (AQP5). A clinical study was conducted with
16 female patients with the deficient secretion of saliva,
and they randomly received the extracts at the dose of
0.5 g/5mL three times daily for one week. The results
revealed that the treatment improved the function of glands
by regulating the expression of AQP5 in labial glands and
increasing saliva secretion [38]. The mouse model with Sjog-
ren’s syndrome further demonstrated the underlying mech-
anism that Dendrobium officinale polysaccharides (20mg/
mL) could reduce the expression of proinflammatory cyto-
kines like tumor necrosis factor-alpha (TNF-α),
interleukin-1 beta (IL-1β), and IL-6, which attenuated the
immune-mediated inflammation and maintained the bal-
ance of inflammatory cytokines [39]. Additionally, the pre-
treatment of polysaccharides at the dose of 1μg/mL could
inhibit the TNF-α-induced apoptosis of human salivary
gland cell line A-253 cells, indicating its potential of protect-
ing the salivary glands and ameliorating Sjogren’s syndrome
[40]. Polysaccharides (1.5 g/kg) reduced brain inflammation
and seizures, which were mainly involved in inhibiting the
expressions of IL-1β and TNF-α as well as mitogen-
activated protein kinase (MAPK) signaling pathways in
pentetrazol-induced epileptic rats [41]. Moreover, the poly-
saccharides isolated from the leaves could also mitigate the
inflammation in LPS-stimulated THP-1 cells, and it could

protect the cells against cytotoxicity and reduce the forma-
tion of ROS, which may be associated with the inhibition
of TLR-4, myeloid differentiation factor (MyD88), and
tumor necrosis factor receptor-associated factor-6 (TRAF-
6) [42].

3.3. Immune-regulatory Activity. Dendrobium officinale and
its bioactive compounds have been reported to have the
capability of regulating the immune system via cytokines
and immune cells. For instance, 25μg/mL of the purified
polysaccharides stimulated the immune activities by activat-
ing the extracellular signal-regulated kinases 1/2 (ERK1/2)
and NF-κB signaling pathways in human leukemia mono-
cytic cell line THP-1 cells [43]. In addition, the treatment
of 2,3-O-acetylated-1,4-beta-D-glucomannan (100μg/mL)
could target chemotactic cytokines like chemokine (C-C
motif) ligands 4 (CCL4) and interferon gamma-induced
protein 10 (IP-10) to stimulate the immune response in
THP-1 cells, and these effects were mainly associated with
the activation of NF-κB which was regulated through the
Toll-like receptor 4 (TLR4) signaling pathway [44].

The immune cells are also affected by the treatment of
Dendrobium officinale. The purified polysaccharide with
the main structure of O-acetyl-glucomannan at the dose of
40, 80, and 160mg/kg b.w. promoted the proliferation of
splenocytes; regulated the spleen lymphocyte subsets;
increased the levels of serum immunoglobulin M (IgM),
IgG, and haemolysin; and improved the phagocytotic func-
tion in cyclophosphamide-induced immunosuppressed mice
[45]. Moreover, some subfractions of polysaccharides exhib-
ited immunomodulating activity and enhanced the immune
response by increasing the proliferation of splenocytes and
macrophages, the secretion of cytokines like TNF-α, and
the production of NO as well as phagocytosis [46–48]. In
addition, the treatment of Dendrobium officinale polysac-
charides at the dose of 1μg/mL in Sjogren’s syndrome model
could reduce the abnormal infiltration and apoptosis of lym-
phocytes, attenuate the dysfunction of AQP5, and induce the
translocation of AQP5 by activating M3 muscarinic recep-
tors, which indicated its ability to improve the immunity
[39, 49].

Moreover, the immune-regulatory activity of Dendro-
bium officinale is closely associated with gut microbiota.
The feeding of 0.25% polysaccharides increased the abun-
dance of the gut microbiota Parabacteroides, in which Para-
bacteroides_sp_HGS0025 was positively associated with the
butyrate, IgM, IL-10, and interferon-alpha (IFN-α) in the
intestine and blood of mice. It indicated that polysaccharides
could improve immunity by regulating the intestinal micro-
biota and its metabolites like butyrate [50].

4. Health Benefits

4.1. Anticancer Effects. Dendrobium officinale has therapeu-
tic potential in cancer prevention and treatment. Its poten-
tial mechanism of action is mainly involved in reducing
cancer cell growth and proliferation, triggering apoptosis,
and increasing autophagy. And therefore, the adjuvant use
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of Dendrobium officinale might be utilized as a simple, safe,
but feasible therapy for cancer treatment.

Cancer cells have little apoptosis, and they could shift to
malignant cells for lasting existence, induce tumor metasta-
sis, and increase resistance to anticancer drugs [51]. The
polysaccharides from Dendrobium officinale had the capa-
bility of triggering apoptosis to limit cancer progression.
The apoptosis of cancer cells is mainly mediated by the
antiapoptotic and proapoptotic cytokines and pathways.
The well-known antiapoptotic factors include proteins like
Bcl-2, Bcl-extra large (Bcl-xL), and Mcl-1, while the proa-
poptotic factors involve proteins like Bax, Bcl-2 homolo-
gous antagonist killer (Bak), Bcl-2 interacting killer (Bik),
p53, and caspase-3 [52]. A study found that the polysac-
charide extracted by hot water was effective in dose-
dependently inhibiting the growth of liver hepatocellular
carcinoma cell line HepG2 cells by increasing the ROS
level, decreasing mitochondrial membrane potential, and
inducing apoptosis with the downregulation of antiapopto-
tic protein Bcl-2 and upregulation of proapoptotic protein
Bax expressions [53]. In addition, the polysaccharides
effectively inhibited the proliferation of osteosarcoma
U2OS and Saos-2 cells. It had a synergistic effect with cis-
platin, which increased the cisplatin-induced apoptosis by
upregulating the expression of proapoptotic factors p53,
Bax, and Bak, downregulating the expression of antiapop-
totic factors Bcl-2 and Mcl-1, and increasing the ratios of
cleaved caspase-9 to caspase-9, cleaved caspase-3 to cas-
pase-3, and cleaved poly (ADP-ribose) polymerase (PARP)
to PARP [54]. Moreover, after being degraded into smaller
molecules, the fractions of polysaccharides exerted inhibi-
tory effects on the proliferation of human cervical carci-
noma HeLa cells and induced apoptosis by upregulating
the expression of ERK, Jun N-terminal kinase (JNK), and
p38 [12].

The regulation of the Wnt signaling pathway is also
closely associated with tumorigenesis. PLGC is a major
phase in the progression of gastric cancer, which might be
a potential target for the treatment of gastric cancer. The
polysaccharides prepared from Dendrobium officinale were
found to ameliorate the MNNG-PLGC in rats via the Wnt/
β-catenin pathway, downregulating the expressions of
Wnt2β and glycogen synthase kinase 3 beta (Gsk3β), prolif-
erating cell nuclear antigen (PCNA), and cyclinD1. In addi-
tion, the results of serum endogenous metabolites revealed
that the change in betaine was the most significant, indicat-
ing that betaine may be a key contributor to the anticancer
effects of Dendrobium officinale polysaccharides [55].

Furthermore, mitochondria are considered important in
apoptosis, and a high level of ROS generated from mito-
chondria could induce apoptosis in cancer cells, suggesting
that targeting the mitochondrial function or ROS stimula-
tion might be feasible in cancer cell treatment [56]. An
in vitro study with colon cancer cell line CT26 cells showed
that the polysaccharides isolated from Dendrobium officinale
reduced the proliferation of cells and induced cytotoxic
autophagy as well as mitochondrial dysfunction via the
ROS-AMP-activated protein kinase- (AMPK-) autophagy
pathway [57].

On the other hand, Dendrobium officinale could prevent
the growth of tumors by improving the host function and
responses. For instance, the polysaccharide of Dendrobium
officinale reduced colon tumorigenesis by preserving the
intestinal barrier function and improving immune response
to the tumor microenvironments in mice with colorectal
cancer. The intestinal barrier function was restored by
increasing the expression of zonula occludens-1 (ZO-1)
and occludin, and the immune response was increased to
exert anticancer effects via the tumor infiltrated CD8(+)
cytotoxic T lymphocytes (CTLs) and the expression of pro-
grammed death-1 (PD-1) on CTLs [58].

The potential anticancer activity of Dendrobium offici-
nale could potentiate the efficacy of anticancer agents or che-
motherapy. Its polysaccharides inhibited the growth of
human colorectal cancer HT-29 cells and reduced the metas-
tasis of tumors in the zebrafish model, and the treatment
increased the anticancer efficacy of 5-fluorouracil, which
induced apoptosis via the mitochondrial-dependent intrinsic
apoptotic pathway. These results indicated that Dendrobium
officinale is a potential candidate for colorectal cancer ther-
apy alone or in the combination with chemotherapy medica-
tion [59].

Notably, the molecular weight and structure of com-
pounds in Dendrobium officinale might influence its anti-
cancer activities. A study compared the anticancer
properties of carbohydrates in Dendrobium officinale with
different molecular weights, including monosaccharides, oli-
gosaccharides, and polysaccharides. It was reported that
polysaccharides had better anticancer properties than mono-
saccharides and oligosaccharides, suggesting that the efficacy
of carbohydrate drugs largely depends on the molecular
weight of the cancer treatment [54]. Moreover, the modifica-
tion and use of vehicles could promote bioavailability and
increase the bioactive function of Dendrobium officinale.
The gold nanoparticle synthesized from the extracts of Den-
drobium officinale showed better anticancer effects without
increasing toxicity to the host [60]. In addition to the poly-
saccharides, there are also new derivates from Dendrobium
officinale with significant anticancer activities. A study found
that several new phenanthrene and 9,10-dihydrophenan-
threne derivative compounds showed cytotoxicity against
cancer cell lines, HI-60 and THP-1 cells, and one of the com-
pounds had a most significant effect with IC50 values of
11.96 and 8.92μM, respectively [61].

4.2. Antidiabetic Effects. Diabetes mellitus is a metabolic dis-
order and global health concern with complicated factors.
The rapid development of modern society leads to unhealthy
eating behavior, less physical activities, and overloaded stress
management, which increases the risk of diabetes in adoles-
cents and young adults [62]. In addition, the occurrence of
diabetes increases the risk of complications that are still
costly to be controlled by current drugs, such as diabetic ret-
inopathy and nephropathy [63]. Numerous studies reveal
that many herbal medicines and their bioactive compounds
show significant hypoglycemic effects mainly by regulating
glucose metabolism, improving insulin sensitivity and insu-
lin resistance, and restoring the damaged pancreas [64].
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Dendrobium officinale as a medicinal herbal plant has a long
history of being used to attenuate the symptoms of diabetes
which is also called “Xiaoke” disease in China. The hypogly-
cemic efficacy of Dendrobium officinale makes it a common
ingredient in Xiaoke decoction for type 2 diabetes treat-
ment [65].

Some enzymes are involved in glycemic control, such as
α-glucosidase and α-amylase, and they have been developed
as therapeutic targets for type 2 diabetes prevention and
treatment [66]. Several main antidiabetic compounds were
identified based on the inhibition of α-glucosidase and α-
amylase activities in Dendrobium officinale. The crude
extract of its stems was reported to have IC50 values of
78.1μg/mL on α-glucosidase activity and 116.7μg/mL α-
amylase activity. Moreover, there were six compounds asso-
ciated with α-glucosidase inhibition, such as N-p-
coumaroyltyramine and 3,4,4′-trihydroxy-5-methoxybiben-
zyl. And 3,4-dihydroxy-4′,5-dimethoxybibenzyl was the
only identified compound with α-amylase inhibitory activi-
ties [67]. Type 2 diabetes is tightly related to abnormal
metabolisms, such as hepatic glucose metabolism, insulin
resistance, and low-grade inflammation. Dendrobium offici-
nale polysaccharides could decrease the levels of fasting
blood glucose, insulin, glycated serum protein, and serum
lipid profile and alleviate pancreatic injury as well as the dys-
regulated metabolism of bile acids and amino acids in type 2
diabetic rats [36]. In addition, it could regulate the hepatic
glucose metabolism via the glucagon-mediated signaling
pathways as well as the liver-glycogen structure in HFD/
STZ-induced diabetic mice [68]. Furthermore, the polysac-
charides reduced the fasting blood sugar levels in mice by
increasing insulin in serum and stimulating the glucagon-
like peptide-1 (GLP-1) secretion which is an important hor-
mone regulator in the progression of diabetes. And the
in vitro study showed that the stimulated GLP-1 secretion
may be related to the Ca2+/calmodulin-dependent protein
kinase (CaMK) and p38-MAPK pathways in the murine
enteroendocrine cell line STC-1 cells [69]. Dendrobium offi-
cinale extracts could prevent STZ-induced type 1 diabetes in
mice, which increased the level of liver glycogen and taurine
and upregulated energy and amino acid metabolism [70].

Apart from type 1 and type 2 diabetes, diabetic compli-
cations are also recognized as a severe health concern. Den-
drobium officinale polysaccharides were demonstrated to
ameliorate diabetic cataracts in rats, and it could reduce
the severity of the opacity of the lens by downregulating
the microRNA-125b and MAPK signaling pathways, in
which the level of microRNA-125b was positively correlated
with the levels of ERK1, ERK2, Raf, and Ras [71].

4.3. Gastrointestinal Modulation. In the past two decades,
numerous findings have revealed that the gut microbiota
and its derived microbial products are key influential factors
in the host metabolism, and dysbiosis is tightly linked to a
high risk of many metabolic diseases [72]. The polysaccha-
rides of Dendrobium officinale could regulate the composi-
tion and abundance of gut microbiota and its metabolites
in mice, which increased the beneficial bacterium like Rumi-
nococcus, Eubacterium, Clostridium, Bifidobacterium, Para-

bacteroides, and Akkermansia muciniphila and decreased
the harmful bacteria like Proteobacteria and further modu-
lated the production of butyrate [50]. In addition, Dendro-
bium officinale increased the diversity of intestinal mucosal
flora in mice fed with HFD, which enhanced the abundance
of Ochrobactrum and reduced the abundance of Bifidobac-
terium and Ruminococcus, and it further influenced the
metabolism of carbohydrate, energy, and amino acid as well
as gut microbiota to reduce HFD-induced negative
effects [73].

As the most abundant and common microbial metab-
olites, short-chain fatty acids (SCFAs) play an important
role in the gut and metabolic health. Studies found that
SCFAs mediated the G-protein coupled receptors
(GPCRs), such as GPCR41 and GPCR43, and the regula-
tion of the SCFA-GPCR pathway by Dendrobium officinale
could alleviate metabolic disorders [74, 75]. Moreover, the
enzymatic fragments of polysaccharides could protect
against dextran sulfate sodium- (DSS-) induced colitis by
ameliorating the gut microbiota dysbiosis. The treatment
inhibited the proinflammatory cytokines, restored SCFA
levels, increased GPCR levels, and regulated the gut micro-
biota, which increased the abundance of Bacteroides, Lac-
tobacillus, and Ruminococcaceae and reduced the
abundance of Proteobacteria [74]. On the other hand, the
polysaccharides were found little absorbed and would be
degraded into SCFAs in the large intestine after the oral
administration, and thus, its modulatory effects on gut
microbiota were considered the main contributor to its
bioactivities [76].

Dendrobium officinale could not only alleviate metabolic
disorders via the modulation of intestinal microbiota and
microbial products but also improve gut health to maintain
host homeostasis (Figure 2). An in vitro fermentation study
showed that polysaccharides from Dendrobium officinale
increased the levels of SCFAs which mainly contained the
acetic, propionic, and butyric acids, and it changed the gut
microbiota community and accelerated the metabolic path-
ways of amino acid and fatty acids. The results suggested
that the polysaccharides had probiotic effects improving gas-
trointestinal health [77]. On the other hand, the polysaccha-
rides could ameliorate inflammatory bowel disease by
increasing miR-433-3p in the intestinal small extracellular
vesicle. The increased delivery of miR-433-3p reduced the
inflammation from excessive macrophage activity in the
intestine by inhibiting the MAPK signaling pathway, which
was beneficial for maintaining the intestinal microenviron-
ment [78]. Besides, the O-acetyl-glucomannan extracted
from Dendrobium officinale was found to improve the
colonic microenvironment and benefit colon health in mice,
which increased the content of SCFAs, colonic length, and
fecal moisture and reduced the colonic pH and defecation
time [79]. Furthermore, the ethanol-induced gastric mucosal
injury could be protected by the polysaccharides from Den-
drobium officinale leaves consisting of mannose, galacturo-
nic acid, glucose, galactose, and arabinose, and it could
improve antioxidant capacity and reduce the apoptosis in
human gastric epithelial cell line GES-1 cells via the
AMPK/mTOR signaling pathway [80].
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The gut-liver axis has attracted great attention in the
field of liver diseases since the gut-derived products could
be transported directly to the liver via the portal vein, and
the liver could give feedback via the bile and antibody secre-
tion to the intestine [81]. After the mice were withdrawn
from the high sugar and high-fat diet, Dendrobium officinale
accelerated the liver recovery and inhibited the lipid deposi-
tion as well as inflammatory lesions in the liver, which was
involved in modulating the gut microbiota and suppressing
the activation of LPS-TLR4-associated inflammatory media-
tors in mice with NAFLD [79]. However, little is known
about the underlying mechanism of action, and it is neces-
sary to shift from the descriptive interaction analysis
between the treatment of Dendrobium officinale and gut
microbiota composition to cause-and-effect studies. And
more microbiota-targeted interventions could be conducted
to improve metabolic health in humans.

4.4. Cardiovascular Protection. Cardiovascular diseases
remain a major threat to public health and human life, and
it is caused by various pathological factors such as oxidative
stress and inflammation [82]. It has been reported that Den-
drobium officinale exerted cardiovascular-protective effects
mainly by defending against oxidative stress, reducing the
apoptosis of cardiomyocytes, and suppressing inflammation.
The polysaccharides of Dendrobium officinale protected car-
diomyocytes against oxidative stress-induced apoptosis by
reducing ROS production, restoring mitochondrial mem-
brane potential, regulating apoptosis-related protein, and
increasing the activity of antioxidant enzymes, and these
effects were possibly associated with the regulation of phos-
phoinositide 3-kinases (PI3K)/Akt and MAPK pathways
[82, 83]. Moreover, Dendrobium officinale extracts had pro-

tective potential against diabetic cardiomyopathy in STZ-
induced diabetic mice, which inhibited oxidative stress,
decreased cardiac lipid accumulation as well as deposition
of collagen, downregulated the expression of several proin-
flammatory cytokines, and reduced cardia fibrosis [84]. Fur-
thermore, Dendrobium officinale could ameliorate the
aberrant cardio condition through the regulation of metabo-
lism. In the rat model of unhealthy diet-induced metabolic
hypertension, Dendrobium officinale could alleviate hyper-
tension by reducing lipid abnormalities and improving the
function of gastrointestine as well as vascular endothelial
relaxation, which may be mediated by activating the
SCFA-GPCR 43/41 pathway [75, 85]. Besides, the water-
soluble extracts of Dendrobium officinale alleviated cardiac
injury and fibrosis in HFD/STZ-induced diabetic mice with
a 12-week daily administration, which was potentially impli-
cated in increasing lipid transport, reducing insulin resis-
tance, and inhibiting the EMT signaling pathway [86].

4.5. Liver Protection. Dendrobium officinale could also confer
protection against liver injuries and improve liver functions
against different forms of liver injuries, such as drug-, chem-
ical-, and acute alcohol-induced injuries and nonalcoholic
fatty liver diseases (NAFLD). The polysaccharides from
Dendrobium officinale could attenuate the acetaminophen-
induced hepatotoxicity in mice by reducing the oxidative
stress and activating the Nrf2-Keap1 signaling pathway, in
which the levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), ROS, MDA, and myeloperoxi-
dase (MPO) were decreased; the levels of GSH, CAT, and T-
AOC were increased, and the Nrf2 nuclear translocation was
activated [87]. Additionally, alcoholic liver diseases are char-
acterized by disrupted ethanol metabolism and stimulated

Figure 2: The gastrointestinal modulatory activities of Dendrobium officinale via several pathways.
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oxidative stress. The NIR fluorescence imaging showed that
the polysaccharides from Dendrobium officinale could pro-
tect against acute alcoholic liver injury in vivo by increasing
the antioxidant levels, in which the level of GSH was bal-
anced in the liver [88]. In addition, the alcohol-induced liver
injury could be mitigated by the extracts of the Dendrobium
officinale flower, which was associated with its antioxidant
and anti-inflammatory activities. The flower extracts treat-
ment reduced the serum levels of ALT, AST, TC, and TG
and increased the activities of the antioxidant enzymes. It
was associated with the downregulation of hepatic cyto-
chrome P450 2E1 (CYP2E1) and upregulation of Nrf2,
HO-1, and NQO1. Moreover, it inhibited inflammation by
downregulating TLR-4 and NF-κB p65 [89].

NAFLD is often caused by excessive lipid accumulation
or steatosis due to an unhealthy diet pattern with little or
no alcohol consumption. After the high-sucrose and high-
fat diet was stopped, the 3-week administration of Dendro-
bium officinale could reduce the hepatic lipid accumulation,
regulate the metabolism of fatty acid, and improve the histo-
pathology of the liver in NAFLD mice. It may increase the β-
oxidation and reduce the synthesis, desaturation, and uptake
of fatty acids and alleviate the abnormality of major phos-
pholipids in the liver of mice [90]. Furthermore, the polysac-
charides could also reduce the disturbed hepatic lipid
metabolism involved with the fatty acid, glycerolipid, and
glycerophospholipid, and it restored the metabolism of cer-
amide and bile acids in type 2 diabetic rats [85].

4.6. Lung Protection. Due to climate changes and personal
unhealthy lifestyles, the risk of chronic respiratory disease
and acute lung injury goes high in these decades. Chronic
obstructive pulmonary disease increases airway inflamma-
tion and leads to respiratory dysfunction. Cigarette smoke
is a vital risk factor for the incidence of chronic obstructive
pulmonary disease, and it could induce mucus hypersecre-
tion and viscosity. Both in vitro and in vivo studies found
that Dendrobium officinale polysaccharides attenuated the
cigarette smoke-induced mucus hypersecretion and viscosity
by inhibiting mucus secretory granules and downregulating
the expression of mucin-5AC (MUC5AC) [91]. Moreover,

a randomized, double-blind, and placebo-controlled clinical
trial was conducted on 40 patients with smoking habits and
mild airflow obstruction, and patients randomly received
1.2 g Dendrobium officinale polysaccharides thrice daily.
The treatment of polysaccharides could significantly amelio-
rate lung functions and reduce the serum levels of proin-
flammatory mediators (IL-6, IL-8, CRP, and TNF-α), and
the expression of MUC5AC was decreased, and AQP5 was
increased [92]. Additionally, it could decline cigarette
smoke-induced oxidative stress in the lung and decrease
the number of lymphocytes as well as monocytes in serum,
which reduced the infiltration of inflammatory cells in lung
tissue and inflammation indicators in serum. These effects
might be mediated by inhibiting MAPK and NF-κB signal-
ing pathways [93].

The polysaccharides of Dendrobium officinale attenuated
the bleomycin-induced pulmonary inflammation and fibro-
sis in rats by inhibiting the transforming growth factor-
beta 1- (TGF-β1-) Smad2/3 signaling pathway, and it effec-
tively suppressed the transformation of alveolar epithelial
type II cells into myofibroblasts and reduced the expression
of Smad2/3 and fibronectin in rats [94]. Besides, colitis-
induced secondary lung injury could be attenuated by the
polysaccharides, which reduced inflammation and oxidative
stress. The treatment inhibited the protein expression of
TLR4 and increased the protein expressions of Nrf2, HO-1,
and NQO-1 both in mice and in LPS-stimulated BEAS2B
cells, indicating that TLR4 and Nrf2 signaling pathways
played an important role in it [95].

4.7. Neuroprotection. Dendrobium officinale plays a crucial
role in protecting the nervous system potentially by reducing
neurological damage and improving memory as well as cog-
nitive function. The extracts of Dendrobium officinale
reduced the impaired neurobehaviors and enhanced the
antioxidant capacity in neonatal rats with hypoxic-
ischemic brain damage (HIBD), and it protected against
HIBD by inhibiting neuronal apoptosis and increasing the
expression of neurotrophic factors [96]. Additionally, its
polysaccharides could attenuate learning and memory dis-
abilities in mice, and these effects may be mediated by
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Figure 3: A summary of the health benefits of Dendrobium officinale.
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Table 2: The health benefits and related molecular mechanisms of Dendrobium officinale polysaccharides.

Type of study Object Dosage Effects Potential mechanisms References

Anticancer

In vitro
Colon cancer cell line

CT26 cells
0, 400, and
800μg/mL

Induced mitochondrial
dysfunction and autophagy
Reduced the cell proliferation

↑ ROS-AMPK-autophagy
pathway

[57]

In vitro
Colon cancer cell line

HT-29 cells

25, 50,
100, 200,

and
400μg/mL

Inhibited the proliferation of cells
Induced cell apoptosis

↑ Mitochondria-dependent
intrinsic apoptotic pathway

[59]

In vivo Zebrafish
27.8, 83.3,

and
250μg/mL

Inhibited tumor metastasis NA

In vivo

Male BALB/c mice
with AOM/DSS-
induced colorectal

cancer

50, 100,
and

200mg/kg
b.w.

Alleviated chronic colitis and
colon damage

Reduced the formation and
growth of colon tumor

Restored the intestinal barrier
function

Improved antitumor immune
response in the tumor
microenvironments

↑ ZO-1 and occludin
↑ Metabolic ability of tumor
infiltrated CD8(+) CTLs

↑ PD-1

[58]

In vivo Male Wistar rats
2.4 and
4.8 g/kg
b.w

Inhibited the gastric
carcinogenesis

Exerted the antioxidative effect
Induced cell apoptosis

↑ GSH-Px and IL-2
↑ IL-10

↑ Bax and caspase-3
↓ 8-OHdG and MDA

↓ Activin A, Agrin, IL-1α,
ICAM-1, and TIMP-1

↓ Bcl-2

[119]

In vitro
Liver hepatocellular
carcinoma cell line

HepG2 cells

50, 100,
200, and
400μg/mL

Inhibited cell growth
Induced apoptosis

Altered mitochondrial function

↑ ROS
↑ Bax
↓ Bcl-2

[53]

In vitro

Human
osteosarcoma cell line
U2OS and Saos-2

cells

12.5, 25,
50, 100,
and

200μg/mL

Inhibited the proliferation of cells
Increased cisplatin-induced cell

apoptosis

↑ p53, Bax, and Bak
↑ The ratios of cleaved caspase-
9 to caspase-9, cleaved caspase-
3 to caspase-3, and cleaved

PARP to PARP
↓ Bcl-2 and Mcl-1

[54]

In vitro
Human cervical

carcinoma HeLa cells

25, 50,
100, 200,

and
400μg/mL

Inhibited the proliferation of cells
Induced the apoptosis

↑ ERK, JNK, and p38 [12]

In vivo Male Wistar rats
2.4, 4.8,
and 9.6 g/
kg b.w.

Prevented MNNG-induced PLGC
Reduced liver and kidney damage

↑ Nrf2 signaling pathway
↑ HO-1 and NQO-1

↓ 8-OhdG
[34]

In vivo
Male Sprague-
Dawley rats

2.4, 4.8,
and 9.6 g/
kg b.w.

Inhibited MNNG-induced PLGC
Modulated serum endogenous

metabolites

↓ Wnt2β, Gsk3β, PCNA, and
CyclinD1

[55]

Antidiabetes

In vivo
Streptozotocin-

induced diabetic male
Sprague-Dawley rats

25 and
100mg/kg

b.w. Lowered the fasting blood sugar
levels

Increased serum insulin and GLP-
1 secretion

Ca2+/CaM/CaMKII and MAPK
signaling pathways

[69]

In vitro
Murine

enteroendocrine cell
line STC-1 cells

0, 0.2, 2,
20, 200,
and

2000 μg/
mL
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Table 2: Continued.

In vivo
Streptozotocin-

induced diabetic male
Wistar rats

20, 40, 80,
and

160mg/kg
b.w

Decreased the levels of fasting
blood glucose, insulin, glycated
serum protein, and serum lipid

profile
Alleviated the pancreatic injury

Reduced the oxidative stress injury

↑ SOD
↓ MDA

[36]

In vivo
Male HFD/STZ-
induced diabetic
C57BL/6J mice

100, 200,
and

400mg/kg
b.w.

Promoted hepatic glycogen
synthesis

Reduced the degradation of
hepatic glycogen and hepatic

gluconeogenesis
Reversed the instability of the liver

glycogen structure
Ameliorated hepatic glucose

metabolism

NA [68]

Gastrointestinal protection

In vitro
Human gastric

mucosal epithelial
HFE145 cells

31.25,
62.5, 125,
250, and
500μg/mL

Ameliorated H2O2-induced
apoptosis

Decreased the number of
apoptotic cells in both early and

late apoptosis stages
Improved the nuclei morphology

changes

↑ Bcl-2
↓ ROS, caspase-3, PARP

cleavage, and Bax
↓ NF-κB activation

[33]

In vivo
Male Sprague-
Dawley rats

124 and
248mg/kg

b.w.

Reduced the ethanol-induced
gastric mucosal injury, mucin loss,

and apoptosis
↓ The ratio of Bax to Bcl2

In vivo Female ICR mice
0.5 and
2mg/kg
b.w.

Regulated the small intestinal
immune function

Modulated intestinal mucosal
structures

Influenced the production of
immune cytokine production

NA [16]

In vivo Male BALB/c mice
200mg/kg

b.w.

Improved the diversity of gut
microbiota

Alleviated dextran sulfate sodium-
induced colitis

↑ SCFAs
↑ GPRs

↑ Bacteroides, Lactobacillus, and
Ruminococcaceae

cTNF-α, IL-6, IL-1β
↓ Proteobacteria

[74]

In vivo
Male Sprague-
Dawley rats

100 and
400mg/kg

b.w.

Reduced gastric mucosal injury
score and pathological injury

Increased the antioxidant activity

↑ p-AMPK, LC3β, HO-1, and
Beclin-1
↑ Bcl-2

↓ p-mTOR and p62
↓ Caspase-3 and Bax

[80]

In vitro
Human gastric

epithelial cell line
GES-1 cells

62.5, 125,
and

250μg/mL
Alleviated cell apoptosis

Cardiovascular protection

In vitro H9c2 cardiomyocytes
6.25, 12.5,
and 25 μg/

mL

Increased the survival rate of cells
and antioxidant enzyme activity
Reduced the LDH leakage, lipid

peroxidation damage, ROS
production, and the mitochondrial

membrane potential
Ameliorated H2O2-induced

apoptosis

↑ The ratios of p-Akt to Akt and
p-ERK to ERK

↑ The ratios of Bcl-2 to Bax
↓ The ratios of p-p38 to p38, p-
JNK to JNK, and p-PI3K to

PI3K

[82]
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Table 2: Continued.

Liver protection

In vivo Male Wistar rats

20, 40, 80,
and

160mg/kg
b.w.

Ameliorated the liver metabolism
Balanced the metabolism of
ceramide and bile acids
Reduced oxidative stress,

inflammation, and hepatic lipid
accumulation

NA [85]

In vivo Male ICR mice

50, 100,
and

200mg/kg
b.w.

Attenuated acetaminophen-
induced liver injury

Triggered the dissociation of Nrf2
from Nrf2-Keap1 complex
Promoted the nuclear
translocation of Nrf2

↑ GSH and CAT
↑ GCLC, GCLM, HO-1, and

NQO1
↑ Nrf2-Keap1 signaling

pathway
↓ ALT, AST, ROS, MDA, and

MPO

[87]

In vivo Male C57BL/6J

100, 200,
and

400mg/kg
b.w.

Maintained the balance of GSH
content in liver

Protected against acute alcoholic
liver injury

NA [88]

In vivo Male ICR mice
0.6 g/kg
b.w.

Decreased TG and FA content in
the liver

Reduced C16:0/C14:0 and C18:1/
C18:0 in FAs

Increased C20:4/C20:3 and C22:4/
C22:3 in FAs

Inhibited the saturated FAs
Improved the dysregulated levels
of major phospholipids in the liver

↑ CPT1-α and ACOX1
↓ FAS, SCD-1, and FATP2

[90]

Lung protection

In vivo
Male Sprague-
Dawley rats

200mg/kg
b.w.

Alleviated bleomycin-induced
pulmonary inflammation and

fibrosis
Reduced the transformation of rat
alveolar epithelial type II cells into

myofibroblasts

↓ TGF-β1-Smad2/3 signaling
pathway

↓ Smad2/3, p-Smad2/3,
collagen I, and fibronectin

[94]

In vitro
Human bronchial
epithelial cells

0.01, 0.1,
and 1 μg/

mL Ameliorated the cigarette smoke-
induced mucus hypersecretion and

viscosity

↓ MUC5AC
↓ Mucus secretory granules

[91]

In vivo
Male Sprague-
Dawley rats

50 and
200mg/kg

b.w.

In vitro
Mouse lung epithelial

cells

0.01, 0.1,
and 1 μg/

mL

Ameliorated the lung functions
and inflammation in chronic
obstructive pulmonary disease

↑ AQP5
↓ MUC5AC

[92]
In vivo Sprague-Dawley rats

5, 10, and
20mg/mL

A randomized,
double-blind, and
placebo-controlled
clinical trial

Active cigarette
smokers over 40

years old with mild
airflow obstruction

1.2 g thrice
daily

Neuroprotection

In vivo
Pentetrazol-induced

epileptic male
Sprague-Dawley rats

1.5 g/kg
b.w.

Reduced brain inflammation and
seizures

↓ IL-1 and TNF-α
↓ MAPK signaling pathways

[41]

In vivo
Female Kunming

mice
140mg/kg

b.w.

Ameliorated the learning and
memory disability

Reduced the oxidative stress and
neuroinflammation

↑ Nrf2/HO-1 pathway [97]
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regulating the Nrf2/HO-1 pathway and inhibiting the activa-
tion of astrocytes and microglia in cognitive decline [97].
Moreover, the flower of Dendrobium officinale was found
to attenuate the depression-like behavior in mice with the
increase in sucrose consumption and decrease in immobile
time, which may be mediated by the increased expression
of nerve growth factor (NGF) and brain-derived neuro-
trophic factor (BDNF) in hippocampus. And the regulation
of neurotrophic factor expression was also verified in astro-
cytes through a cAMP-dependent mechanism, plasminogen,
and MMP-9 [98]. However, the capacity to cross the blood-
brain barrier determines the direct action of natural prod-
ucts in the central nervous system. The extracts of Dendro-
bium officinale may contain complex biomacromolecules
that fail to cross the blood-brain barrier, and thus, they
may influence brain functions via some indirect pathways
like the gut-microbiota-brain axis after oral intake [99].

4.8. Other Health Benefits. There are also other bioactivities
and health benefits of Dendrobium officinale. Its polysaccha-
ride has confirmed its antiosteoporosis activity through

increasing osteogenic differentiation of bone marrow mesen-
chymal stem cells (BMSCs) and reducing adipogenic differ-
entiation. The in vitro study revealed that the
polysaccharides restored the H2O2-induced abnormal cell
differentiation, while the in vivo study showed that it
increased the bone mass and reduced the marrow adipose
tissue as well as the oxidative stress in the aged mice, in
which the activation of the Nrf2 antioxidant signaling path-
way was considered the main contributor to these effects
against age-related osteoporosis [100]. It also ameliorated
the ovariectomy- and receptor activator expression of the
NF-κB ligand- (RANKL-) induced osteoporosis by improv-
ing the bone microarchitecture, preventing bone loss, inhi-
biting osteoclastogenesis, and reducing the expression of
osteoclast-specific markers [101].

Moreover, Dendrobium officinale and its bioactive com-
pounds exert potent antifatigue effects. The 4-week treatment
of polysaccharides with glucomannan in size of 730 kDa could
ameliorate the fatigue in mice and reduce the indicators of
fatigue, such as the increased levels of lactic dehydrogenase
(LDH), blood urea nitrogen (BUN), MDA, creatine

Table 2: Continued.

Antiosteoporosis

In vitro
Bone marrow

mesenchymal stem
cells

100, 200,
and

400μg/mL

Enhanced osteogenic
differentiation of BMSCs
Inhibited adipogenic

differentiation

↑ Nrf2 signaling pathway [100]

In vivo
Fifteen-month-old

mice
150mg/kg

b.w.

Increased the bone mass
Reduced the accumulation of
marrow adipose tissue and

oxidative stress
Prevented the age-related

osteoporosis

In vitro RAW264.7 cells
40 and

80μg/mL
Alleviated estradiol deficiency

Maintained calcium and
phosphorus homeostasis

Improved uterine and femoral
physical parameters and bone

microarchitecture
Inhibited osteoclastogenesis and
the expression of some osteoclast-

specific genes

NA [101]
In vivo Female Wistar rats

150, 300,
and

600mg/kg
b.w.

Antiobesity

In vitro
Hepatocytes, C2C12
myoblasts, and 3T3-
L1 preadipocytes

200μg/mL Ameliorated the insulin resistance

↑ PPAR-γ
↑ HDL-C

↓ TG, FFA, TC, and LDL-C
[104]

In vivo
Male C57BL/6 mice
and ob/ob mice

150mg/kg
b.w.

Reduced insulin resistance and
visceral adipose tissue

inflammation
Decreased the HFD-induced liver

lipid accumulation

Laxation

In vivo
Male and female ICR

mice

29, 57, and
114mg/kg

b.w.

Attenuated constipation
Increased the gastrointestinal

transit ratio
Improved the fecal output

characteristics

↑ Motilin, gastrin, acetyl
cholinesterase, and substance P

↓ Somatostatin
[105]

NA: not applicable.
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phosphokinase (CK), and lactic acid (LD) and the decreased
levels of serum SOD/glutathione peroxidase (GSH-Px) and
gastrocnemius glycogen [102]. Also, the extracts attenuated
fatigue and improved fatigue resistance of mice by maintain-
ing the glycogen storage, reducing oxidative stress, and pro-
moting the expression of peroxisome proliferator-activated
receptor-gamma coactivator 1-alpha (PGC-1α) [103].

In addition, Dendrobium officinale showed potential
antiobesity activity. The polysaccharides could reduce pal-
mitic acid-induced insulin resistance in vitro by activating
the expression of peroxisome proliferator-activated
receptor-gamma (PPAR-γ). It also declined the abnormal
lipid metabolism and reduced the inflammation of visceral
adipose tissue in both diets and genetically induced obese
mouse models [104]. Furthermore, both the ultrafine pow-
der and polysaccharides with glucose and mannose (14 : 1)
exerted laxative activity and alleviated constipation by
improving the colonic motility function, increasing gastroin-
testinal transit ratio, and regulating the gut hormones like
motilin, gastrin, acetyl cholinesterase, substance P, and
somatostatin [1, 105].

As mentioned above, a growing body of evidence indi-
cates that as a traditional medicine and food homologous
plant, Dendrobium officinale has diverse biological proper-
ties and health benefits (Figure 3). The bioactivities and
related mechanism of actions of Dendrobium officinale
extracts are shown in Table 1, while that of its polysaccha-
rides is summarized in Table 2.

5. Safety

With the widespread usage and consumption of Dendro-
bium officinale, it is essential to assure its safety and quality
from aspects of cultivation, preparations, and storage.
Although there is a risk for herbal plants to be contaminated
by heavy metals and pesticide residue, it is often safe to con-
sume within a certain dose range [106]. A total of 43 differ-
ent pesticides were found in Dendrobium officinale samples
from three different growing regions, of which dimetho-
morph was the highest one. But the risk assessment demon-
strated that there was no potential exposure risk of pesticides
in Dendrobium officinale to human health in both the long
and short terms [3]. In addition, the analysis of liquid
chromatography-tandem mass spectrometry with 12 pesti-
cides showed that the half-lives of pesticides were 0.9-14.4
days, and trifloxystrobin and fluopyram required the longest
interval to harvest (42 days). The chronic and acute risk
assessment data illustrated that the residues of these 12 pes-
ticides in Dendrobium officinale posed no harmful effect on
human health. The chronic and acute risk quotients of com-
mon pesticides were quite low, indicating that Dendrobium
officinale showed little toxicity as dietary consumption in
the general population [107]. There was little report about
the significant toxicity induced by the consumption of Den-
drobium officinale. On the other hand, the daily intake
should not exceed 12 g according to Chinese Pharmacopoeia
(2020 Edition), and it is not recommended for pregnant and
lactating women and infants. More clinical studies are in

demand for the risk assessment of humans under exposure
to Dendrobium officinale.

In short, Dendrobium officinale is a relatively safe herbal
product with high edibility and various bioactivities. Apart
from controlling the safety and quality during plantation,
processing, and storage, it is still essential to manage the
consumption within an effective but safe dosage and proper
duration for patients as a therapeutical agent or dietary
supplement.

6. Challenges and Outlooks

Although Dendrobium officinale might be a potential candi-
date for dietary supplements in disease treatment, some
challenges are needed to be considered in future work. As
a traditional Chinese herbal medicine, Dendrobium officinale
is often used in combination with other herbal medicines as
complicated formulations. Thus, the relationship between
major active compounds and diseases remains vague, and
the synergistic therapeutic effects of formulations might
complicate the investigation of the mechanism of individual
ingredients [108]. In the last decade, increasing studies have
utilized computational methods to explore this complex
interaction, such as network pharmacology and bioinfor-
matics, which could establish the model of “compound-pro-
tein/gene-disease” via databases to identify the role of certain
compounds in disease treatment and predict the therapeuti-
cal targets [109]. Many studies on traditional Chinese med-
icine have used high-throughput transcriptomic screening
for investigating the molecular effects of herbs or ingredi-
ents, which might help explore novel molecular mechanisms
and support the modernization of herbal medicines and
herb-derived drug discovery [110].

Most studies have concentrated on the crude polysac-
charides of Dendrobium officinale, but their bioactivities
are closely associated with the structure features, molecular
weight, and ratio of components like galactose, glucose,
and mannose [111]. The alkali-soluble polysaccharide from
Dendrobium officinale showed better effects on the prolifer-
ation of lactic acid bacteria and Bifidobacteria during the fer-
mentation than the water-soluble polysaccharide, which is
mainly attributed to its higher level of total sugar, uronic
acid, glucose, and mannose as well as the lower level of sugar
[112]. Hence, more attention should be paid to investiga-
tions of structure-activity relationships of Dendrobium offici-
nale polysaccharides [113]. On the other hand, more efforts
are now being made on the identification and characteriza-
tion of the structural features and compositions of Dendro-
bium officinale polysaccharide fractions, but few of them
have been standardized and developed as individual ingredi-
ents or drugs for extensive pharmacological research, which
might hinder the definition of mechanism and clinical appli-
cation. Additionally, the quality of Dendrobium officinale is
susceptible to multiple factors like the cultivation origin,
processing, and storage procedures. In particular, the pro-
cessing methods are used to extract and purify Dendrobium
officinale, and it might result in the modification of the
chemical structure or degradation of active compounds, neg-
atively affecting their bioavailability.
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Moreover, like most herbal medicines, the pharmacoki-
netic, absorption, distribution, metabolism, and excretion
studies of Dendrobium officinale are rarely documented,
and the present pharmacokinetic studies mainly concen-
trated on several herbal medicines, like curcumin, ginseng,
and ginger [114, 115]. However, these studies are essential
for modern drug development and clinical application. The
effective dose levels, tissue distribution, and metabolites of
Dendrobium officinale are important elements for its bioac-
tivities and action targets, which should be further analyzed
by pharmacokinetic, absorption, distribution, metabolism,
and excretion studies [116].

Although Dendrobium officinale has a long history of
being used as formulations in folk, clinical study about its
individual effects on human health is still scarce and limited.
More detailed and large-scale clinical trials are warranted to
assess its bioactivities and therapeutical effects on different
diseases.

7. Conclusion

Dendrobium officinale has been widely used as a functional
food and herbal medicine for preventing and managing
many disorders. The phytochemical studies showed that
Dendrobium officinale contains abundant bioactive com-
pounds, such as bibenzyls, polysaccharides, flavonoids, and
alkaloids. The experimental investigations revealed that
Dendrobium officinale exerted antioxidant, anti-inflamma-
tory, and immune-regulatory properties. It had a diversity
of pharmaceutical effects like anticancer, antidiabetes, gas-
trointestinal modulatory, cardiovascular protective, hepato-
protective, lung protective, and neuroprotective activities.
Hence, Dendrobium officinale could be considered the
potential agent of adjuvant supplements for disease treat-
ment. However, most studies focused on crude polysaccha-
rides as the major medicinal compound, and few new
components were purified for investigations. Although Den-
drobium officinale has been used for a long time in folk,
detailed and large-scale clinical studies are still warranted
to demonstrate the pharmacological effects and mechanisms
in humans. In addition, more investigations combining dif-
ferent modern technologies are needed for better control of
the quality and safety of Dendrobium officinale.
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Background. Silver nanoparticles (AgNPs) utilization is becoming increasingly popular. The existing investigation evaluates the
ameliorative impact of eugenol (Eug) against the toxic influences of AgNPs on rats’ liver. Methods. Sixty adult male rats were
enrolled equally into control, Eug (100mg kg-1 orally), AgNPs-low dose (1mg kg-1 i.p), AgNPs-high dose (2mg kg-1 i.p), Eug
+AgNPs-low dose (100mg kg−1 orally + 1mg kg−1 i:p), and Eug +AgNPs high dose (100mg kg−1 orally + 2mg kg−1 i:p). All the
groups were treated daily for 30 days, subsequently serum aspartate transaminase (AST), alanine transaminase (ALT), alkaline
phosphatase (ALP), total protein, total albumin, lactate dehydrogenase (LDH), total oxidative capacity (TOC),
malondialdehyde (MDA), tumor necrosis factor-alpha (TNF-α), total antioxidant capacity (TAC), and interleukin 6 (IL-6)
levels were measured; hepatic tissues superoxide dismutase (SOD), catalase (CAT), reduced glutathione (GSH), and glutathione
peroxidase (GPx) levels were evaluated; histopathology and histomorphometry were documented in the liver of all groups; and
Bcl-2, P53, Caspase-3, and TNF-α reactive proteins were also immunohistochemically detected. Results. AgNPs significantly
triggered oxidative stress in hepatic tissues, characterized by elevated levels of AST, ALT, ALP, LDH, TOC, MDA, TNF-α, and
IL-6 correlating with considerable decline in total protein, total albumin, TAC, SOD, CAT, GSH, and GPx. These changes were
paralleled with histopathological alterations remarkable by devastation of the ordinary hepatic structure, with decrease in the
numbers of normal hepatocytes, elevation in the numbers of necrotic hepatocytes, periportal and centrilobular inflammatory
cells, deteriorated Kupffer cells, and dilated/congested central and portal veins. Alongside, a marked diminution in Bcl-2
immunoreactivity and a significant elevation in P53, Caspase-3, and TNF-α immunoreactivities were recorded.
Supplementation of AgNPs-treated animals with Eug reversed most of the biochemical, histopathological, and
immunohistochemical changes. Conclusion. This study proposed that Eug has an ameliorative effect against AgNPs-induced
hepatotoxicity.

1. Introduction

Nanoparticles (NPs) are materials with a particle magnitude
ranging from 1 to 100nm that may be of natural inception or
can be created by human industrial activities. Owing to their
size, surface charge, and surface area, NPs possess unique
physicochemical characteristics [1]. There is an expanding
demand for using NPs in drug and medical services, mate-
rials science, industrial and household applications, electron-
ics, energy harvesting, and mechanical industries [2].

Silver nanoparticles (AgNPs) attracted immense
research attention worldwide consequent to their eminent

physical, chemical, and biological advantages. AgNPs are
utilized as antimicrobial substances in many industries like
biomedicine [3], cosmetics [4], food packaging [5], textile
coating [6], and water disinfection [7]. AgNPs are also
employed in many other fields, such as molecular imaging
[8], drug delivery, and anticancer therapeutics [9].

The expanding utilization of nanomaterials in our daily
life increases environmental worries. AgNPs can either pur-
posely or unpurposely enter the human body via inhalation,
drinking, ingestion, skin uptake, or intravenous injection
[2]. Inside the body, AgNPs can translocate and accumulate
in different tissues, including the liver, heart, lungs, kidneys,
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and nervous tissues, where they interfere with the metabolic
pathways inside the cells and exert adverse effects and toxic-
ity [10]. The liver is a prime accumulation site of circulatory
AgNPs, which cause cellular injury and toxic effects on
it [11].

The mechanisms underlying AgNPs-induced cytotoxic-
ity and genotoxicity are unclear. The liberation of silver ions
and formation of reactive oxygen species (ROS) are pro-
posed to be the possible reasons for the toxic impacts of
AgNPs [12]. The increased intracellular ROS levels induce
oxidative stress and subsequent lipid peroxidation and cellu-
lar macromolecular damage, which eventually leads to cell
death [13].

Numerous investigations have emphasized the antioxi-
dant potential of phytochemicals [14]. Eugenol (Eug; 1-
allyl-4-hydroxy-3-methoxybenzene [C10H12O2]) is a pheno-
lic phytochemical abundantly present in clove, cinnamon,
and basil and is used as a flavoring substance in foods and
cosmetics and as a preservative in foods [15]. Eug has several
pharmacological activities, including antimicrobial [16],
antioxidant [17], anti-inflammatory [18], and anticancer
[19] efficiencies.

According to the current literature, very rare and non-
specific studies on the protective impact of Eug in reduc-
ing AgNPs-induced hepatotoxicity in male rats have been
done. Thus, the present study’s objective was to elucidate
Eug’s potential ameliorative effect against AgNPs-induced
hepatotoxicity in male rats employing biochemical, histo-
logical, histomorphometrical, and immunohistochemical
approaches.

2. Materials and Methods

2.1. Chemicals Used. Silver nitrate (AgNO3, 99%), gelatin,
and eugenol (Eug, 99%) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Additional reagents and chemicals
used were of high analytical grade and pureness.

2.2. Synthesis of AgNPs. AgNPs were synthesized using
AgNO3 and gelatin via the microwave method according
to [20]. 16.987 g of AgNO3 was dissolved in 100mL of
deionized distilled water for 20min. Next, 1 g of gelatin sol-
uble in deionized distilled water was added to AgNPs. The
solution was stirred at 60°C for 24 h on a direct hot plate
and then subjected to microwave irradiation at 700 watts
for 5min. All samples were naturally chilled at room tem-
perature, and carefully covered and capped.

2.3. Physicochemical Characterization of AgNPs. Ultraviolet-
visible (UV-VIS) spectroscopy (JASCO V-550 UV/VIS
double-beam spectrophotometer, Tokyo, Japan) was used
for the primary characterization of the synthesized AgNPs
and to monitor their synthesis and stability. The crystallinity
of AgNPs was characterized using an X-ray diffractometer
(XRD) employing CuKα radiation. The sample was scanned
over a 2Ɵ range of 10°-80°. The chemical state and elemental
composition were measured via X-ray photoelectron spec-
troscopy (XPS). The morphology of NPs was investigated
by scanning electron microscopy (SEM) operating at

20 kV. Transmission electron microscopy (TEM) was per-
formed to monitor the size and morphological stability of
AgNPs [21]. AgNPs samples from the stock suspensions
were sonicated in nanopure water for 30min at room tem-
perature. Then, a drop from the dilute specimen solution
was dropped onto an amorphous carbon-coated copper grid
and air dried, generating a monolayer. The particle diame-
ters of the synthesized AgNPs were assessed using the soft-
ware image analysis program over various shots of TEM
photomicrographs for the intended specimen [22] at the
Central Laboratory, Faculty of Agriculture, Cairo University,
Egypt.

2.4. Experimental Animals. Sixty males of albino rats (Rattus
norvegicus) of nearly equal age and weighing 180-200 g were
obtained from the Schistosoma Biological Supply Program,
Theodor Bilharz Research Institute, El-Giza, Egypt. The rats
were kept in clean plastic crates supplied with wood shavings
and fed a regular rodent pellet diet, besides water ad libitum
at room temperature (25 ± 2°C), with a 12/12-h light-dark
period and 55 ± 5% relative humidity. Before experimenta-
tion, all rats were allowed to adapt for a week. This study
was in compliance with the international standards for ani-
mal laboratory treatment set by the local Institutional Ani-
mal Ethics Committee of Ain Shams University for the use
and treatment of animals.

2.5. Experimental Design. The rats were put into six groups,
each with 10 animals. They were treated daily at 9 a.m. for
30 days as follows:

Control group: healthy rats intraperitoneally (i.p.)
injected with 1mL deionized distilled water (vehicle for
AgNPs) and orally received 1mL corn oil (vehicle for Eug)
by oral gavage.

Eug-treated group: rats were orally given Eug
(100mgkg−1 body weight) suspended in 1mL of corn oil
by oral gavage. This dose was calculated according to the
dose used in previous rat studies [23].

AgNPs-low-dose-treated group: rats were i.p. treated
with AgNPs (1mgkg−1 body weight) dissolved in 1 mL of
deionized distilled water.

AgNPs-high-dose-treated group: rats were i.p. treated
with AgNPs (2mgkg−1 body weight) dissolved in 1 mL of
deionized distilled water.

The low and high doses of AgNPs were selected based on
those used in previous investigations [2].

Eug+AgNPs-low-dose-treated group: rats were orally
given Eug (100mgkg−1 body weight) paralleled with i.p.
injection of AgNPs-low dose (1mgkg−1 body weight).

Eug+AgNPs-high-dose-treated group: rats were orally
given Eug (100mgkg−1 body weight) paralleled with i.p.
injection of AgNPs-high dose (2mgkg−1 body weight).

2.6. Collection of Sera and Tissue Samples. At the end of all
treatments, the rats were fasted nightly, and in the following
morning, they were anesthetized with light ether anesthesia.
Using cardiac puncture, samples of blood were obtained and
centrifuged for 10 minutes at 1500× g and 4°C to get sera
that were promptly preserved at −80°C until usage. The
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livers of dissected rats were segregated out and instantly
rinsed with ice-cold 0.9% NaCl physiological saline, and
then they were kept frozen at −80°C for additional biochem-
ical investigations, while the other liver specimens were
excised and prepared for the histological, histomorphome-
trical, and immunohistochemical studies.

2.7. Preparation of Liver Homogenates. Using Ultra Turrax
tissue homogenizer, specimens from the liver were homoge-
nized in pH7.4 ice-cold phosphate-buffered saline (PBS) to
obtain a 10% solution (w/v). 0.16mg/mL heparin was added
to PBS to eliminate any erythrocytes and clots. The obtained
homogenate was centrifuged for 15min at 9000× g and 4°C,
and then the clear supernatant was separated and preserved
frozen at -80°C for subsequent biochemical assays. Hepatic
protein content in every sample was determined using the
previously reported procedures [24] which used bovine
serum albumin as a standard.

2.8. Biochemical Assessment

2.8.1. Liver Function Biomarkers. Colorimetric assay kits
specific for liver function biomarkers (aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), alkaline
phosphatase (ALP), lactate dehydrogenase (LDH), total pro-
tein, and total albumin) were purchased from EGY-CHEM
for lab technology (BioMed, Germany) and used in conjunc-
tion with UV-VIS spectrophotometer (Shimadzu, Kyoto,
Japan). Measuring the activities of AST, ALT, and ALP were
based on protocols previously described by [25], while activ-
ity of LDH was depended on the protocol of [26]. Serum
total protein and albumin levels were determined using the
methods outlined by [27, 28], respectively.

2.8.2. Oxidative Stress Biomarkers in Sera. Total antioxidant
capacity (TAC) and total oxidant capacity (TOC) were esti-
mated in sera utilizing colorimetric assay kits manufactured
by Biomedica Medizinprodukte GmbH, Germany, following
the procedures formerly described by [29, 30], respectively.

2.8.3. Oxidative Stress Biomarkers in Liver Tissues. Levels of
lipid peroxidation (LPO) were assessed depending on the
production of thiobarbituric acid reactive substances
(TBARS) and expressed as the extent of malondialdehyde
(MDA) formation using a colorimetric assay kit (Biodiagnos-
tic, Egypt) according to [31].

The effectiveness of antioxidants in the liver tissues
including superoxide dismutase (SOD), catalase (CAT),
reduced glutathione (GSH), and glutathione peroxidase
(GPx) were assayed using commercially accessible colorimet-

ric kits (Biodiagnostic, Egypt) utilizing a UV-VIS spectro-
photometer (Shimadzu, Kyoto, Japan). The protocol
previously published by [32] was applied to estimate the
effectiveness of SOD, whereas CAT activity was assayed by
H2O2 consumption according to the method proposed by
[33], while the techniques previously depicted by [34, 35]
were used for measuring the activities of GSH and GPx,
respectively.

2.8.4. Proinflammatory Markers in Liver Tissues. Two proin-
flammatory cytokines, tumor necrosis factor-alpha (TNF-α)
and interleukin 6 (IL-6), had been assessed in the liver tis-
sues. TNF-α levels were measured using a commercially
accessible enzyme-linked immunosorbent assay (ELISA) kits
(catalog number: CSB-E11987r, Cusabio Biotech Co., Ltd.)
following the manufacturer’s protocol. Meanwhile, the con-
centration of IL-6 had been assessed using the Rat IL-6
Quantikine ELISA Kit subsequent to the instructions
described by the manufacturer (R&D Systems, Inc., Minne-
apolis, USA).

2.9. Histological Preparation. Samples of the liver of both
control and treated animals were cut into tiny portions that
instantly fixed for 24h in 10% buffered formalin solution;
after that they were proceeded for the routine protocol of
paraffin sectioning previously described by [36]. 4-6-μm-
thick paraffin sections were stained with Ehrlich’s hematox-
ylin and eosin (H&E), dehydrated in a set of graded ethyl
alcohol concentrations, cleared in xylene, mounted in
DPX, and examined and photographed using compound
light microscope (Olympus CX 31) provided with a Panaso-
nic CD-220 camera.

2.10. Histomorphometrical Estimation. Six random fields
from H&E-stained liver sections of all animal groups were
selected and histomorphometrically analyzed using a com-
puted image analysis system (Leica QWin, 500 Software,
Germany) in the Department of Oral and Dental Pathology,
Faculty of Dental Medicine, Al-Azhar University. The num-
bers of normal hepatocytes, necrotic hepatocytes, deterio-
rated Kupffer cells, and infiltrating inflammatory cells in
the periportal areas (portal inflammation) and in the centri-
lobular zones (centrilobular inflammation) were estimated.
In addition, the numbers of dilated/congested central and
portal veins were recorded.

2.11. Immunohistochemical Preparation. Immunohisto-
chemical localization of Bcl-2, P53, Caspase-3, and TNF-α
reactive proteins was performed according to the standard
Avidin-Biotin Complex (ABC) protocol [37]. 5-μm-thick

Table 1: The utilized antibodies in the immunohistochemical investigation.

Antibody Code Clone Antigen retrieval Dilution Sources Company

Bcl-2 MA5-11757 100/D5 PBS, pH 7.4 with 0.2% BSA 1 : 50 Mouse/IgG1, kappa
Thermo Fisher Scientific

(USA)

P53 MA5-12557 DO-7 PBS, pH 7.4 1 : 100-1 : 200 Mouse/IgG2b, kappa Thermo Fisher Scientific

Caspase-3 MA5-11516 3CSP01 (7.1.44) PBS, pH 7.4, with 0.2% BSA 1 : 50-1 : 100 Mouse/IgG2a Thermo Fisher Scientific

TNF-α MA5-23720 28401 PBS with 5% trehalose 8-25 μg/mL Mouse/IgG1 Thermo Fisher Scientific
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buffered formalin-fixed and paraffin-embedded hepatic tis-
sue sectors were deparaffinized, rehydrated, and washed for
10min in PBS. Endogenous peroxidase efficacy was
obstructed with 3% hydrogen peroxide. After that, slides
were incubated for 1–2h at room temperature with the con-
venient dilution of the primary antibodies as represented in
Table 1, followed in a refrigerator nightly at 4°C. Subse-
quently, they were rinsed in PBS, incubated for 10min with
biotinylated goat antipolyvalent, and then incubated for 1 h
with ABC. Next, the sections were rinsed in PBS and incu-
bated in diaminobenzidine tetrahydrochloride (pH7.2) with
10mL H2O2 for 7–9min forward by PBS. Finally, sections
were counterstained with Mayer’s hematoxylin, dehydrated,
cleared, and covered by cover slips. Negative control slides in
the absence of primary antibodies were included for each
parameter. The antibodies and all reagents were utilized in
concurrence with the manufacturer’s directives and
recommendations.

2.12. Image Analysis. The quantification of immunoreacti-
vity of active Bcl-2, P53, Caspase-3, and TNF-α proteins
was assessed using the image analysis to estimate the per-

centage of positive immunostained cells related to the num-
ber of all cells assessed for each parameter [38]. The cells
were regarded as positive if there was cytoplasmic and/or
membranous brown coloration. A computational image
analysis system (Leica QWin 500, Germany) at the Depart-
ment of Oral and Dental Pathology, Faculty of Girls’ Dental
Medicine, Al-Azhar University, was used to process the
images. For each parameter, six randomly selected high-
power fields (×200) were captured in each slide with a stan-
dard measuring frame of an area 11434.9mm2. The image
analyzer was initially adjusted automatically to transform
the image analyzer program’s measurement units (pixels)
into real micrometer units. For statistical analysis, mean per-
centages of immunoreactive regions were calculated for all
samples in each group.

2.13. Statistical Analysis. The biochemical, histomorphome-
trical, and immunohistochemical data recorded in the cur-
rent investigation were tabulated and statistically analyzed.
The values of six samples/group for all experimental animal
sets were expressed as mean ± standard error of mean
(SEM). Statistical differences among rats’ groups were esti-
mated using one-way analysis of variance (ANOVA) subse-
quent by Tukey post hoc test utilizing the IBM SPSS
Statistics for Windows, version 22 (IBM Corp., Armonk,
N.Y., USA). Statistical significance was considered when a
P value was less than 0.05.

3. Results

3.1. Physicochemical Characterization of Prepared AgNPs

3.1.1. UV–VIS Spectroscopy. The formation of AgNPs was
confirmed by using UV–VIS spectrophotometer. At room
temperature, the UV-VIS spectrum of AgNPs showed peak
single-band absorption (surface plasmon resonance (SPR))
1.8 at a wavelength of 413nm using 1 g of gelatin via the
microwave method marked in Figure 1.

3.1.2. X-Ray Diffraction (XRD) Analysis. The crystal struc-
ture of AgNPs was characterized by XRD (Figure 2). The
results showed prominent peaks at 2Ɵ=37.0, 44.6, 63.1,
and 76.2, which were assigned to Ag (111), (200), (220),
and (311) planes, respectively. These observed planes indi-
cate that AgNPs had a face-centered cube structure and
good crystallinity [39, 40]. The observed values agree with
the reference of face-centered cubic structure from the Joint
Committee of Powder Diffraction Standard (JCPDS No 03-
065-2871). The additional peaks detected in the sample were
attributed to the presence of AgNO3 and AgO.

3.1.3. X-Ray Photoelectron Spectroscopy (XPS) Analysis. The
XPS results revealed the presence of Ag, C, N, and O atoms
according to their binding energies, as shown in Figure 3.
There are four peaks in the survey spectra at around
286 eV (C 1 s), 370 eV (Ag 3d), 401 eV (N 1 s), and 534 eV
(O 1 s). The elemental compositions determined from XPS
analysis were 5.08, 80.87, 1.53, and 12.53 atomic % for Ag,
C, N, and O, respectively.
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Figure 1: UV–VIS spectrum of AgNPs showing a maximum
absorption peak at 413 nm wavelength using 1 g of gelatin via the
microwave protocol.
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Figure 2: XRD pattern of biosynthesized AgNPs.
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The high-resolution XPS C1s spectrum of the AgNPs
showed two peaks at 285.7 and 288.9 eV corresponding to
sp3 C–C and C=O/C–O–Ag on the AgNPs surface
(Figure 3(b)). Moreover, the high binding energy of O 1 s
at 532.3 eV was related to metal–OH bonds [41]
(Figure 3(c)). The most noticeable signal in the XPS spec-
trum was that for Ag 3d, which comprises two spin-orbit
peaks at 368.7 (Ag 3d5/2) and 375.1 (Ag 3d3/2) eV separated
by around 6.0 eV (Figure 3(d)), which agree with the previ-
ously reported results [39, 41]. Together, these results illus-
trated the successful preparation of AgNPs.

3.1.4. Surface Morphology. The morphology of the bio-
synthesized AgNPs was observed at 20nm using TEM
(Figure 4(a)). TEM analysis showed that the synthesized
AgNPs were monodispersed, transparent, spherical, and
highly crystalline with a normal small size (7.77-28.4 nm),
smooth surface, well-distribution, and no agglomeration
and were deemed suitable for utilization in this study. The
SEM analysis (Figure 4(b)) of AgNPs showed that the NPs
synthesized were spherical in shape [42], which correlated
with the observed morphology of TEM image. Some aggre-
gated particles of AgNPs were observed in the prepared
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Figure 3: XPS spectra of AgNPs; (a) survey scan and high-resolution spectra of (b) C1s, (c) O1s, and (d) Ag3d.
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Figure 4: (a) TEM photomicrograph of AgNPs showing spherical forms and excellent particle dispersion with sizes ranging from 7.7 nm to
28.4 nm using 1 g of gelatin by the microwave technique (× 250,000). (b) SEM image showing spherical AgNPs embedded with gelatin
obtained at 20 kV electron high tension (EHT).
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Figure 5: Liver function biomarkers: (a) aspartate aminotransferase (AST), (b) alanine aminotransferase (ALT), (c) alkaline phosphatase
(ALP), (d) lactate dehydrogenase (LDH), (e) total protein, and (e) total albumin in the control and treated animal groups. Data are
expressed as Mean ± SEM (n = 6). Columns with different superscript letters are significantly different at the 0.05 level (one-way ANOVA).
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Figure 6: (a) Total antioxidant capacity (TAC) and (b) total oxidant capacity (TOC) in sera of the control and treated animal groups. Data
are expressed as mean ± SEM (n = 6). Columns with different superscript letters are significantly different at the 0.05 level (one-way
ANOVA).

6 Oxidative Medicine and Cellular Longevity



e e

b

a

d
c

0
20
40
60
80

100
120
140

Control Eug AgNPs low
dose

AgNPs high
dose

 Eug + AgNPs
low dose

Eug + AgNPs
high dose

M
D

A
 (n

m
ol

 / 
g.

tis
su

e)

(a)

Control Eug AgNPs low
dose

AgNPs high
dose

 Eug + AgNPs
low dose

Eug + AgNPs
high dose

a a

c

d

b

c

0

2

4

6

8

SO
D

 (U
/g

. t
iss

ue
)

(b)

Control Eug AgNPs low
dose

AgNPs high
dose

 Eug + AgNPs
low dose

Eug + AgNPs
high dose

a a

b

c

a

b

0
20
40
60
80

100
120

CA
T 

(U
/g

. t
iss

ue
)

(c)

Control Eug AgNPs low
dose

AgNPs high
dose

 Eug + AgNPs
low dose

Eug + AgNPs
high dose

a a

b

c

a

b

0
10
20
30
40
50
60
70

G
SH

 (m
m

ol
 /g

.ti
ss

ue
)

(d)

Control Eug AgNPs low
dose

AgNPs high
dose

 Eug + AgNPs
low dose

Eug + AgNPs
high dose

a a

c

d

b

c

0

20

40

60

80

100

G
Px

 (U
/g

. t
iss

ue
)

(e)

Figure 7: Oxidative stress biomarkers: (a) malondialdehyde (MDA), (b) superoxide dismutase (SOD), (c) catalase (CAT), (d) reduced
glutathione (GSH), and (e) glutathione peroxidase (GPx) in the liver tissues of the control and treated animal groups. Data are expressed
as mean ± SEM (n = 6). Columns with different superscript letters are significantly different at the 0.05 level (one-way ANOVA).
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Figure 8: Inflammatory biomarkers: (a) tumor necrosis factor-alpha (TNF-α) and (b) interleukin 6 (IL-6) in the liver tissues of the control
and treated animal groups. Data are expressed asmean ± SEM (n = 6). Columns with different superscript letters are significantly different at
the 0.05 level (one-way ANOVA).
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sample. The size of the silver particles got larger due to
agglomeration of the smaller ones as the bio-organic mole-
cules could stabilize and cap the individual particles [43, 44].

3.2. Biochemical Analysis. To evaluate liver injury, liver func-
tion enzymes (AST, ALT, ALP, and LDH), total protein, and
total albumin levels and oxidant/antioxidant parameters
(TAC and TOC) in sera, as well as antioxidant parameters
(MDA, SOD, CAT, GSH, and GPX) and inflammation
markers (IL-6 and TNF-α) in liver tissues, were evaluated.

The influences of AgNPs toxicity and the protective
effects of Eug on liver function biomarkers of rats are shown
in Figure 5. Eug administration alone did not have signifi-
cant (P > 0:05) effects on the measured liver function indices
in comparison with the control. Meanwhile, treatment of
rats with AgNPs, either the low or high dose, caused marked
increase (P ≤ 0:05) in AST (35.21% and 151.49%), ALT
(145.12% and 439.02%), ALP (48.10% and 94.91%), and
LDH (37.14% and 102.31%) paralleled with a significant
decline (P ≤ 0:05) in total protein (-20.85% and -30.65%)
and albumin (-15.66% and -32.47%) compared with the
values of control animals. Levels of AST, ALT, LDH, total
proteins, and total albumin were restored approximately to

the normal levels in rats treated with AgNPs-low dose in
combination with Eug. While supplementation of Eug to
the rats received the high dose of AgNPs caused modulation
of the liver function parameters compared with the animals
exposed to the high dose of AgNPs, but they were still con-
siderably different (P ≤ 0:05) comparable to the control
values.

Figure 6 represents the serum TAC and TOC levels in
the rats of all groups. The recorded data exhibited a signifi-
cant rise (P ≤ 0:05) in TAC level (16.07%) in Eug-treated
group when contrasted with control group. On contrarily,
nonsignificant decline (P > 0:05) and significant diminution
(P ≤ 0:05) were recorded in TAC levels of the AgNPs-low-
dose-treated rats (-9.19%) and the AgNPs-high-dose-treated
rats (-55.01%), respectively, when contrasted with control
group. Addition of Eug to the rats injected with AgNPs, both
low and high doses, caused modulation of the levels of TAC
relative to that recorded in the animals administered AgNPs
alone; nevertheless, it was significantly different (P ≤ 0:05)
compared with the control values in case of the high dose
AgNPs-treated rats. Regarding TOC, administration of Eug
solely did not produce significant (P > 0:05) effects on the
levels of this parameter when compared with the control
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Figure 9: Centrilobular zones of hepatic tissues stained with H&E revealing (a) well-organized hepatic strands (HS) which expanded around
a narrowed central vein (CV) and segregated by normal blood sinusoids (BS) appeared enveloped by attached endothelial (EC) and Kupffer
(KC) cells in control rats; (b) intact hepatic architecture in Eug-treated rats; (c) dilated and congested central vein (CV) possesses sever
stagnant hemorrhagic blood (SHB) in its lumen, and its surrounded endothelium seemed destructed (yellow arrow), and the hepatic
blood sinusoids (BS) are dilated and congested with stagnant blood (green asterisk), and their Kupffer cells (KC) appeared more rounded
and often pushed into the sinusoidal lumen, as well as hepatocytes showed pyknotic nuclei (Pk), and the others revealed nuclear
karyorrhexis (Kh) in AgNPs-low-dose-treated rats; (d) severely dilated and congested central vein (CV) having stagnant blood masses
(SHB) and infiltrating inflammatory cells (IC) in its lumen and also aggregated in the surrounding connective tissues, besides enlarged
blood sinusoids (BS) with swollen and detached Kupffer cells (KC), disorderly hepatic strands with necrotic hepatocytes having pyknotic
nuclei (Pk) and rather vacuolated cytoplasm (V) in AgNPs-high-dose-treated rats; (e) conspicuous amelioration in the structure of
hepatic strands (HS), blood sinusoids (BS), and central veins (CV) in Eug +AgNPs-low-dose-treated rats; (f) almost intact architecture of
the central vein (CV), blood sinusoids (BS), and hepatocytes with some of them still showing rather nuclear pyknosis (Pk) in Eug
+AgNPs-high-dose-treated rats.
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group, while the incredible rise (P ≤ 0:05) in levels of TOC of
AgNPs-low-dose-treated rats (49.90%) and AgNPs-high-
dose-treated rats (130.98%) was recorded when contrasted
with the control group, whereas treatment of rats with
AgNPs-low dose in combination with Eug returned the
values of TOC to be very close to those of the control ani-
mals (355:5 ± 12:76 vs. 351:5 ± 10:44, P ≥ 0:05), while
administration of Eug to the rats treated with the high dose
of AgNPs caused amelioration of this parameter when con-
trasted with the animals treated to AgNPs alone, and this
value was yet significantly different (P ≤ 0:05) proportional
to the control values.

Levels of MDA, SOD, CAT, GSH, and GPx in hepatic
tissues of the control and treated animal groups were
assessed to monitor the oxidative stress state. Figure 7 dem-
onstrated that administration of Eug alone did not produce
significant (P > 0:05) effects on these oxidative stress indices
compared with the control. Meanwhile, low- and high-dose
AgNPs-treated rats were subjected to oxidative stress which
was confirmed by significant elevation (P ≤ 0:05) in MDA
levels (189.72% and 374.63%) accompanied by marked

decline (P ≤ 0:05) in levels of SOD (-48.07% and -72.54%),
CAT (-42.61% and -64.80%), GSH (-35.63% and -67.69%),
and GPx (-49.39% and -73.67%) in comparison with the
control group. Eug+AgNPs-low-dose and Eug+AgNPs-
high-dose-treated groups showed marked modulation
(P ≤ 0:05) of the evaluated oxidative stress biomarkers com-
pared with the animals subjected to AgNPs-low dose and
AgNPs-high dose; but most of these parameters were signif-
icantly different (P ≤ 0:05) relative to the recorded control
values.

Levels of inflammatory biomarkers (TNF-α and IL-6) in
liver tissues were investigated in all groups, and the within-
group values of these parameters were compared
(Figure 8). Rats received Eug solely displayed nonsignificant
(P > 0:05) changes in the levels of TNF-α and IL-6 when
compared with the control. Meanwhile, treatment of rats
with AgNPs resulted in marked elevation (P ≤ 0:05) in levels
of TNF-α (230.07% and 410.31%) and IL-6 (106.40% and
258.36%) for the low dose and high dose of AgNPs, respec-
tively, compared with those of control animals. Administra-
tion of Eug along with AgNPs (both low or high doses)
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Figure 10: Periportal zones of hepatic tissues stained with H&E revealing (a) regular hepatic architecture with well-organized radiating
hepatic strands (HS) surrounding the portal tract that formed of regular hepatic portal artery (PA), hepatic portal vein (PV), and bile
ductule (BD) in control rats; (b) regular hepatic structure in Eug-treated rats; (c) devastated hepatic portal artery (PA), hepatic portal
vein (PV), and bile ductule (BD) with thickened boundaries, infiltrating inflammatory cells (IC) in the surrounding connective tissues
and inside their lumina, besides necrotic hepatocytes with pyknotic (Pk) or karyolysed (KI) nuclei and blood sinusoids (BS) having
swollen Kupffer cells (KC) pushed in their lumens are obviously noticed in AgNPs-low-dose-treated rats; (d) severely dilated and
congested hepatic portal vein (PV) and portal artery (PA) having stagnant blood masses (SHB) and infiltrating inflammatory cells (IC)
in their lumens and also aggregated outside them, besides deteriorated bile ductules (BD) with thickened and deformed epithelia. Also,
disorderly hepatic strands with necrotic hepatocytes having pyknotic (PK) nuclei are observed in AgNPs-high-dose-treated rats; (e)
conspicuous improvement in the histological structure of the hepatic tissues with intact portal triad and hepatic strands in Eug +AgNPs-
low-dose-treated rats; (f) restoration of the hepatic architecture with few infiltrating inflammatory cells (IC) and hepatocytes with
pyknotic (Pk) nuclei are noticed in Eug +AgNPs-high-dose-treated rats.
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significantly ameliorated these changes and recovered to the
control levels.

3.3. Histological Results. Liver sections of the control and
Eug-treated rats revealed ordinary parenchymal architecture
of the hepatic tissues in both centrilobular (Figures 9(a) and
9(b)) and the periportal (Figures 10(a) and 10(b)) zones,
where well-organized radiating hepatic strands seemed
expanded, surrounding the narrowed central veins and also
around the portal tracts that formed of the regular hepatic
portal veins, hepatic portal arteries, and bile ductules.
Besides, normal blood sinusoids lined with attached endo-
thelial and Kupffer cells were observed, while examination
of the centrilobular (Figure 9(c)) and the periportal
(Figure 10(c)) areas of liver sections of AgNPs-low-dose-
treated rats revealed dilated and congested central veins,
hepatic portal veins, and hepatic portal arteries which
showed thickened and eroded lining membranes sur-
rounded by infiltrating inflammatory cells. Necrotic hepato-
cytes appeared with nuclear pyknosis, karyorrhexis, and
karyolysis. Besides, congested hepatic blood sinusoids with
detached endothelial cells and rounded Kupffer cells
appeared pushed into the sinusoidal lumen were seen. More-
over, the hepatic tissues of AgNPs-high-dose-treated rats
showed massive pathological changes in the centrilobular
(Figure 9(d)) and the periportal (Figure 10(d)) zones, where
the hepatic cords missed their typical arrangement and the
majority of hepatocytes degenerated, having vacuolated
cytoplasm and pyknotic, karyorrhectic, or karyolysed nuclei.
The central veins, hepatic portal veins, and hepatic portal
arteries were disfigured, dilated, and severely congested with
intense masses of hemolyzed blood in their lumina, besides
infiltration of inflammatory lymphocytes around their con-

fines. In certain areas, the endothelial lining of most of these
blood vessels looked corroded and damaged. Furthermore,
the blood sinusoids showed destruction and congestion
and lined with swollen activated Kupffer cells which
appeared separated from their boundaries. Otherwise, Eug
+AgNPs-low-dose-treated rats illustrated remarkable refine-
ment in the hepatic architecture of both centrilobular
(Figure 9(e)) and the periportal (Figure 10(e)) zones, with
most of the hepatocytes and blood sinusoids appeared
well-organized. Also, the central and hepatic portal veins,
as well as the hepatic portal arteries appeared intact. Simi-
larly, Eug+AgNPs-high-dose-treated rats manifested a
nearly well-organized hepatic architecture in the centrilobu-
lar (Figure 9(f)) and periportal (Figure 10(f)) zones.

3.4. Histomorphometrical Results. As illustrated in Table 2,
the hepatic tissues of both AgNPs-low-dose and AgNPs-
high-dose-treated rats manifested a significant decline
(P ≤ 0:05) in the numbers of normal hepatocytes and a con-
siderable rise (P ≤ 0:05) in the numbers of necrotic hepato-
cytes, infiltrating inflammatory cells in the periportal and
centrilobular zones, and deteriorated Kupffer cells. In addi-
tion, the numbers of dilated/congested central and portal
veins were significantly elevated (P ≤ 0:05) compared with
control and Eug-treated rats. Otherwise, Eug+AgNPs-low-
dose- and Eug+AgNPs-high-dose-treated rats showed ame-
lioration of these impaired parameters observed after AgNPs
treatment. Necrotic hepatocytes and infiltrating inflamma-
tory cells significantly (P ≤ 0:05) decreased in the centrilob-
ular and periportal zones of the hepatic tissues of Eug
+AgNPs-low-dose- and Eug+AgNPs-high-dose-treated
rats. Meanwhile, a significant (P ≤ 0:05) elevation in the
numbers of deteriorated Kupffer cells, and dilated/congested

Table 2: Histomorphometrical analysis of the hepatic tissue components in control and treated animal groups.

Parameters
Animal groups

Control Eug
AgNPs-low

dose
AgNPs-high

dose
Eug +AgNPs-low

dose
Eug +AgNPs-high

dose

Number of normal hepatocytes 316 ± 15:3a 300 ± 0a 260 ± 0b 176 ± 0:775c 290 ± 0a 240 ± 0b

% change 0 -5.06% -17.72% -44.30% -8.23% -24.05%

Number of necrotic hepatocytes 5:2 ± 0f 7:2 ± 0e 20:2 ± 0c 63:8 ± 0a 12:6 ± 0d 21:6 ± 0b

% change 0 38.46% 288.46% 1126.92% 142.31% 315.38%

Number of deteriorated Kupffer cells 12 ± 0:316d 14 ± 0d 23:4 ± 0c 58 ± 2:47a 16:2 ± 0d 28:6 ± 0b

% change 0 16.67% 95.00% 383.33% 35.00% 138.33%

Number of periportal inflammatory cells 10:2 ± 0f 12:6 ± 0e 35 ± 0c 80:6 ± 0a 18:2 ± 0d 40:4 ± 0b

% change 0 23.53% 243.14% 690.20% 78.43% 296.08%

Number of centrilobular inflammatory cells 6:8 ± 0d 8:4 ± 0:6d 20:4 ± 0c 41:6 ± 3:89a 12:8 ± 0d 28:6 ± 0b

% change 0 23.53% 200.00% 511.76% 88.24% 320.59%

Number of dilated/congested central veins 0:4 ± 0:245c 0:6 ± 0:245c 2 ± 0b 4:8 ± 0a 1 ± 0c 1:8 ± 0b

% change 0 50.00% 400.00% 1100.00% 150.00% 200.00%

Number of dilated/congested portal veins 0:6 ± 0:245c 0:8 ± 0:2c 2 ± 0b 4:6 ± 0:245a 1:2 ± 0c 2:4 ± 0b

% change 0 33.33% 233.33% 666.67% 100.00% 200.00%

Data are presented as Mean ± SEM and % change (n = 6 in each group). Within the same row, values preceded by different superscript letters differ
significantly at the 0.05 level (one-way ANOVA and the Tukey test). Eug: eugenol; AgNPs: silver nanoparticles.
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central and portal veins, with a marked (P ≤ 0:05) depletion
in the number of normal hepatocytes were recorded in Eug
+AgNPs-low-dose- and Eug+AgNPs-high-dose-treated
rats relative to the control rats but showed modulation of
these parameters compared with rats treated with AgNPs
alone. Eug-treated rats did not show any significant different
in these parameters, except for the number of necrotic hepa-
tocytes and infiltrating inflammatory cells, indicating a sig-
nificant change (P ≤ 0:05) from all other groups.

3.5. Immunohistochemical Results

3.5.1. Bcl-2 Immunoreactivity. Bcl-2 immunoexpression in
hepatic tissues of experimental animal groups is illustrated

in Figures 11(a)–11(g). AgNPs-low-dose-treated rats showed
moderate Bcl-2 immunoreactivity (Figure 11(c)), whereas
AgNPs-high-dose-treated rats revealed weak Bcl-2 immuno-
reactivity (Figure 11(d)) compared with the control
(Figure 11(a)) and Eug-treated rat (Figure 11(b)) groups
which showed strong Bcl-2 immunoreactivity. However,
treatment of rats with Eug paralleled with AgNPs upregu-
lated the immunoexpression of Bcl-2 in both the AgNPs-
low-dose (Figure 11(e)) and AgNPs-high-dose (Figure 11(f
)) groups. Negative control sample revealed negative immu-
noreactivity (Figure 11(g)). As shown in Table 3, Eug-treated
rats did not exhibit significant change (P > 0:05) in the value
of the area percentage of Bcl-2 immunoexpression in com-
parable with that of control rats. Meanwhile, a significant
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Figure 11: Immunohistochemical expression of Bcl-2 in hepatic tissues illustrating (a and b) strong reaction in control and Eug-treated
group, respectively; (c) moderate reactivity in the AgNPs-low-dose-treated group; (d) weak immunostainability in the AgNPs-high-dose-
treated group; (e) strong immunostaining in cotreatment of Eug with AgNPs-low-dose-treated group; (f) moderate immunostainability
in Eug +AgNPs-high-dose-treated group; (g) no staining in negative control.

Table 3: Immunohistochemical image analysis of the area percentage of Bcl-2, P53, Caspase-3, and TNF-α immunoexpression in hepatic
tissues of control and treated animal groups.

Parameters
Animal groups

Control Eug
AgNPs-low

dose
AgNPs-high

dose
Eug +AgNPs-low

dose
Eug +AgNPs-high

dose

Bcl-2 67:8 ± 1:78a 65:1 ± 3:76a 55:6 ± 0bc 42:1 ± 0:51d 62:4 ± 0ab 53:6 ± 0c

% change 0 -3.98% -17.99% -37.91% -7.96% -20.94%

P53 20:8 ± 2:27c 25:8 ± 0:58c 42:8 ± 4:12b 63 ± 3:66a 28:2 ± 0c 45:5 ± 0b

% change 0 24.04% 105.77% 202.88% 35.58% 118.75%

Caspase-3 20:74 ± 2:06c 26 ± 0c 40:4 ± 0b 67:57 ± 2:19a 29 ± 0c 43 ± 0b

% change 0 25.31% 94.71% 225.64% 39.77% 107.24%

TNF-α 22 ± 2:97c 26:6 ± 0:75c 39:8 ± 2:44b 68:6 ± 4:23a 28:6 ± 0c 40:1 ± 0b

% change 0 20.91% 80.91% 211.82% 30.00% 82.27%

Data are presented as Mean ± SEM and % change (n = 6 in each group). Within the same row, values preceded by different superscript letters differ
significantly at the 0.05 level (one-way ANOVA and the Tukey test). Eug: eugenol; AgNPs: silver nanoparticles.
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decline (P ≤ 0:05) in the area percentage of Bcl-2 immu-
noexpression was recorded in the AgNPs-low-dose- and
AgNPs-high-dose-treated groups, which was significantly
(P ≤ 0:05) modulated in the rats cotreated with Eug.

3.5.2. P53 Immunoreactivity. Hepatic tissues of control
(Figure 12(a)) and Eug-treated (Figure 12(b)) rats revealed
weak P53 immunoreactivity, whereas the rats treated with
AgNPs-low dose manifested a moderate P53 immunoreacti-
vity (Figure 12(c)). Furthermore, AgNPs-high-dose-treated
rats exhibited intense positive stainability for P53
(Figure 12(d)). Meanwhile, Eug+AgNPs-low-dose-treated
rats showed mild P53 immunoreactivity (Figure 12(e)),
whereas Eug+AgNPs-high-dose-treated rats illustrated
moderate reaction for P53 immunostaining (Figure 12(f)).
There was no staining in negative control samples
(Figure 12(g)). As revealed in Table 3, Eug-treated rats did
not reveal any significant difference (P > 0:05) in the area
percentage of P53 immunoexpression compared with the
value of control group, whereas a significant elevation
(P ≤ 0:05) in the area percentage of P53 immunoexpression
was recorded in both AgNPs-low-dose and AgNPs-high-
dose-treated groups. However, a significant rise (P ≤ 0:05)
in the area percentage of P53 immunoexpression was
recorded for both Eug+AgNPs-low-dose- and Eug
+AgNPs-high-dose-treated rats relative to the control
group.

3.5.3. Caspase-3 Immunoreactivity. Immunohistochemical
examination of hepatic tissues of the control (Figure 13(a))
and Eug-treated (Figure 13(b)) groups exhibited weak
Caspase-3 immunostainability, while liver sections of
AgNPs-low-dose-treated rats showed strong positive
Caspase-3 immunoreactivity (Figure 13(c)). Hepatic tissues

of AgNPs-high-dose-treated rats manifested an intense
immunostainability for Caspase-3 (Figure 13(d)). Eug coad-
ministered with both AgNPs-low-dose- and AgNPs-high-
dose-treated groups illustrated moderate Caspase-3 immu-
noreactivity (Figures 13(e) and 13(f)), respectively. No stain-
ing was observed in negative control section (Figure 13(g)).
According to Table 3, Eug-treated rats did not show a signif-
icant increase (P > 0:05) in the area percentage of Caspase-3
immunoexpression relative to control rats, while low-dose
and high-dose AgNPs-treated rats evoked a significant
increase (P ≤ 0:05) in the area percentage of Caspase-3
immunoexpression in comparable with control animals.
Concomitant administration of Eug to the rats treated with
low and high doses of AgNPs caused modulation of the area
percentage of Caspase-3 immunoexpression in contrast with
the AgNPs-low- or high-dose-treated groups but still
showed a significant elevation (P ≤ 0:05) compared with
the control group.

3.5.4. TNF-α Immunoreactivity. The liver sections of the
control (Figure 14(a)) and Eug-treated (Figure 14(b)) groups
showed negative TNF-α immunohistochemical reactivity,
whereas the liver sections of AgNPs-low-dose-treated rats
(Figure 14(c)) and AgNPs-high-dose-treated rats
(Figure 14(d)) showed strong positive TNF-α immunostain-
ability. Meanwhile, the hepatic tissues of Eug coadministered
with the AgNPs-low-dose- (Figure 14(e)) or AgNPs-high-
dose-treated (Figure 14(f)) groups illustrated mild TNF-α
immunoreactivity compared with rats treated with low or
high dose of AgNPs alone. Figure 14(g) shows no immu-
noexpression in negative control sample. As revealed in
Table 3, Eug-treated rats did not exhibit significant
(P > 0:05) difference in the area percentage of TNF-α immu-
noexpression compared to control rats, while low- and high-
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Figure 12: Immunohistochemical expression of P53 in hepatic tissues revealing (a and b) weak immunostainability in the control and Eug-
treated groups, respectively; (c) moderate positive immunostainability in the AgNPs-low-dose-treated group; (d) relatively strong positive
immunoreaction in the AgNPs-high-dose-treated group; (e) weak positive affinity for P53 in the Eug +ANPs-low-dose-treated group, (f)
moderate immunoreactivity in the Eug +ANPs-high-dose-treated group; (g) negative immunostaining in negative control.
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dose AgNPs-treated rats evoked a significant rise (P ≤ 0:05)
in the area percentage of TNF-α immunoexpression com-
pared with those of control group. However, accompanying
administration of Eug to low- or high-dose AgNPs-treated
rats showed amendment of TNF-α immunoexpression com-
pared with the rats subjected to AgNPs low or high doses
alone.

4. Discussion

The usage of NPs is becoming increasingly popular in vari-
ous disciplines. Due to their minuscule size and unique
chemical and physical characteristics, AgNPs have become
one of the most commercialized NPs worldwide. While the
use of AgNPs for biological applications is increasing, our
knowledge and understanding of how they affect living cells
and biochemical structures is still lacking [45]. Therefore,
the potential toxicity of AgNPs in different body organs is
an important research area. Regarding AgNPs toxicity, there
are no published studies on the ameliorating role of Eug
against the toxic influences of AgNPs.

Among varied organs, the liver is the principal objective
organ of AgNPs’ effects via all exposure pathways [2, 46, 47].
Thus, the current investigation was aimed to prepare and
characterize AgNPs and to evaluate their toxicity on the bio-
chemical, histological, histomorphometrical, and immuno-
histochemical characteristics of the hepatic tissues of adult
rats. Furthermore, the ameliorative role of Eug in the hepatic
structure and function against AgNPs-induced hepatotoxic-
ity was investigated.

The present results revealed that the microwave tech-
nique reduces AgNPs with variable-rate microwave radia-
tion. The microwave technique speeds up chemical
reactions from days or hours to minutes. With an absor-
bance peak at 413nm, microwave irradiation allows homo-

geneous heating for NPs formation and aids in the
ripening of these nanomaterials without agglomeration
[48]. The sample synthesized at 413nm was used to trigger
hepatotoxicity [2], and it facilitated AgNPs passage into
the hepatocytes.

The current study revealed that the applied doses of
AgNPs significantly increased serum AST, ALT, ALP, and
LDH levels, which are the most indicative markers of struc-
tural deterioration of hepatocytes because these enzymes are
located in the cytoplasm and released into the blood due to
the loss of functional membrane integrity and cellular leak-
age [49]. Additionally, AgNPs induced a significant drop in
serum total protein and albumin levels, indicating a decrease
in protein synthesis and/or an increase in protein catabolism
[50]. Our findings were consistent with previous studies
[51], which showed that an AgNPs overdose might cause
liver deterioration. Administration of Eug alleviated
AgNPs-induced hepatotoxicity, as indicated by significant
decline in AST, ALT, ALP, and LDH levels and marked ele-
vation of total protein and total albumin levels, revealing the
preservation of the functional integrity of hepatocytes. These
findings were consistent with those previously published by
[52], who found that cotreatment of Eug with cadmium con-
siderably improves AST, ALT, ALP, and LDH levels in rats.
Eug has antihepatotoxic activity, making it a suitable dietary
supplement for treating hepatic damage [53].

Free radicals are extremely reactive molecules that origi-
nate as ordinary byproducts of metabolic activities in living
cells. These chemicals include reactive nitrogen (RNS) and
oxygen (ROS) species which can speedily interact with dif-
ferent macromolecules (proteins, carbohydrates, lipids, and
nucleic acids) inside the cells, significantly damaging cellular
structures [54]. Living cells produce endogenous antioxida-
tive factors to buffer such synthesized free radicals, protect-
ing cells from oxidative harm. CAT, SOD, GPx, and GSH
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Figure 13: Immunohistochemical expression of Caspase-3 in hepatic tissues showing (a and b) a weak immunostainability in the control
and Eug-treated groups, respectively, (c) moderate immunoreaction in the AgNPs-low-dose-treated group, (d) strong positive
immunostainability in AgNPs-high-dose-treated group, (e and f) moderate immunoreaction in both Eug +AgNPs-low- and high-dose-
treated groups, (g) no stainability in negative control.

13Oxidative Medicine and Cellular Longevity



are the most prevalent endogenous antioxidant molecules
[55]. When the produced free radicals exceed the cell’s abil-
ity to countervail them with antioxidant molecules, oxidative
stress occurs [56]. MDA is also a key indicator of oxidative
stress in biological systems, and it is formed by ROS-
induced peroxidation of membrane lipids, resulting in mem-
brane damage and degradation [57].

The increased serum TOC level and the decreased TAC
level, along with significantly increased LPO levels, reduced
GSH levels, and decreased efficacy of CAT, SOD, and GPx
in hepatic tissues of rats administered AgNPs, suggest that
LPO is enhanced, causing excess free radical production,
which triggers a chain interaction of direct and indirect bond
formation with cellular molecules, impairing pivotal cellular
activities and potentially leading to significant cell destruc-
tion and death [58]. The mitochondria are essential cellular
targets of AgNPs-induced toxicity because AgNPs affect
mitochondrial membrane permeability and interfere with
their respiratory chain, resulting in ROS generation, necro-
sis, and apoptosis [59]. Previous studies have also revealed
oxidative stress following AgNPs administration, which is
consistent with our findings [2, 46, 60]. However, cotreat-
ment of Eug with AgNPs induces the protective influence
of Eug against the AgNPs-induced adverse alterations in oxi-
dative stress biomarkers. Eug prevents LPO by disrupting
the chain reaction by trapping active oxygen and being
metabolized to a dimer (dieugenol), which prevents LPO at
the level of free radical chain reaction propagation [61].

TNF-α and IL-6 are proinflammatory cytokines that are
involved in immunological retrogradation by mediating tis-
sue inflammation and organ injury [62]. Rats intoxicated
with AgNPs showed significantly elevated hepatic TNF-α
and IL-6 levels, indicating that AgNPs primarily influence
macrophage activities and promote liver injury develop-
ment. Our findings are consistent with earlier researches that

found inflammation in the rat’s liver after AgNPs treatment
[52, 63]. Nuclear factor-kappa B (NF-κB) is a protein com-
plex required for activating the inflammatory cascade that
causes IL-6 and TNF-α transcription [64]. Inflammasomes
are multiprotein complexes that initiate inflammatory reac-
tivity [65]. AgNPs activate both NF-κB transcriptional and
inflammasome paths, indicating the participation of these
paths in the molecular mechanism underlying AgNPs’
inflammatory effects [66]. The current results revealed
marked suppression of the overproduction of the tested
cytokines in the liver tissues of rats treated with Eug con-
comitant with AgNPs-low or AgNPs-high doses. Eug has
long been recognized for its anti-inflammatory properties,
since it inhibits varied inflammation-related signaling routes
containing the NF-κB pathway [52].

The present biochemical outcomes were proved by our
histological, histomorphometrical, and immunohistochemi-
cal observations. Histopathologically, varied alterations
reflecting the hepatotoxic effects of AgNPs, included hepato-
cellular degeneration, lymphocytic infiltration, hepatocytic
necrosis/apoptosis, dilatation/congestion of blood vessels,
and dilation of sinusoidal spaces were the most identified
hepatic abnormalities. In addition, the two applied doses of
AgNPs significantly increased the numbers of necrotic hepa-
tocytes, infiltrating inflammatory cells, deteriorated Kupffer
cells, dilated/congested central and portal veins, besides sig-
nificantly decreasing the numbers of normal hepatic cells,
which are the most indicative signs of hepatic structural
damage. Furthermore, the pathological responses of hepatic
tissues to AgNPs were dose dependent, since the high
AgNPs dose was more efficient compared with the low dose.

The majority of hepatocytes of AgNPs-treated rats man-
ifested severe degeneration distinguished by clear signs of
necrosis. Such degradation could be associated with leakage
of lysosomal hydrolytic enzymes, as well as disruption of
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Figure 14: Immunohistochemical expression of TNF-α in hepatic tissues showing (a and b) negative immunohistochemical reactivity in
control and Eug-treated rats, respectively; (c) moderate immunostainability in the AgNPs-low-dose-treated group; (d) strong
immunostainability in the AgNPs-high-dose-treated group; (e) mild immunostainability in the Eug +AgNPs-low-dose-treated group; (f)
weak immunoreactivity in the Eug +AgNPs-high-dose-treated group; (g) no immunostainability in negative control.
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hepatocyte membrane function, which causes a huge influx
of water and Na+, leading to cytoplasmic degeneration
[67]. Furthermore, necrosis is triggered by an attack on the
cell organelles, particularly the endoplasmic reticulum, mito-
chondria, and nucleus, which disrupts their functions [68].
In this study, necrosis was evidenced by GSH depletion
and diminishing in CAT and SOD activities [2].

The current study’s findings manifested that vascular
congestion was virtually a constant hallmark in hepatic tis-
sues of AgNPs-treated rats, where some of these blood ves-
sels had distorted contours owing to the surrounding
fibrosis. Blood extravasation was also seen. Sinusoidal dilata-
tion has also been elucidated as a result of hepatocyte necro-
sis or injury of the lining sinusoidal endothelial tissue [69].
Furthermore, the prominence and swelling of Kupffer cells
were among the most noticeable AgNPs toxicity. These
lesions are ascribed to the vital role of Kupffer cells in bodily
protective mechanism versus detoxification of AgNPs-
induced hepatic oxidative stress, because Kupffer cells are
the first cells exposed to the hazardous compounds entering
the liver via the portal vein [47, 70].

The hepatic tissues of AgNPs-treated rats showed dis-
persed inflammatory cell infiltration in the centrilobular
and periportal zones, indicating that AgNPs interact with
the interstitial hepatic tissues, causing a variety of immuno-
logical responses [71]. Comparable results were reported by
[2], who confirmed that leukocytosis is found in AgNPs-
treated animals.

The present immunohistochemical findings showed that
AgNPs-mediated cell death is connected with apoptosis,
which was confirmed by significant decline in Bcl-2 immu-
noreactivity and elevation in P53 and Caspase-3 immunore-
activities after low- and high-dose AgNPs treatment. Bcl-2,
an antiapoptotic protein that is overexpressed in many can-
cers, inhibits the intrinsic mitochondria-mediated cell death
process by preventing mitochondrial membrane permeabili-
zation, which causes proapoptotic chemical leakage [72].
Moreover, Bcl-2 gene family controls caspase activation in
the intrinsic apoptosis pathway, which is induced by intra-
cellular harm, such as DNA damage [73]. The activation of
P53 is linked to apoptosis induction and also regulates the
expression of other apoptosis-related proteins [74]. [75]
believed that the stimulation of apoptosis and alteration of
gene expression of the apoptosis-associated genes Bcl-2
and P53 is responsible for cancer cell death induced by bio-
genic metal NPs. Caspase-3 is an apoptotic marker that can
be triggered by both intrinsic and extrinsic apoptotic path-
ways, resulting in DNA breakage [76]. These changes can
be attributed to AgNPs aggregation in tissues [77] or to the
AgNPs’ effect on mitochondrial activity, reducing cell viabil-
ity [46].

Intracellular AgNPs toxicity can be brought on by differ-
ent processes, especially excessive ROS generation. AgNPs
possess unique characteristics that enable them to penetrate
cell membranes and other biological barriers, causing cellu-
lar malfunction or destruction [47]. Oxidative stress
increases intracellular ROS, as confirmed by our biochemical
results. Metal oxide NPs trigger DNA damage and cell death
through ROS generation and oxidative damage [78]. ROS

can trigger cell death via two separate cell death mecha-
nisms, apoptosis and necrosis. ROS also activate caspases,
which are believed to execute apoptosis. These modifications
can eventually lead to organ malfunction or even cancer
[79]. Since biochemical decrease in GPx, CAT, and SOD
essentially results in oxidative stress-induced cell death, such
apoptotic effects could potentially be a consequence of the
AgNPs-induced intercellular oxidative stress [2]. [80] illus-
trated that nanochelating-based AgNPs cause mild apopto-
sis/necrosis in mice, as well as changes in numerous
clinical variables, such as blood parameters and liver
enzymes.

Although TNF-α is released from primary hepatocytes, it
is implicated in the proinflammatory response and cell-to-
cell communication, and its signaling is linked to many
autoimmune and inflammatory diseases. TNF-α is primarily
formed by macrophages in inflammatory tissues, and it is
involved in angiogenesis, wound healing, and tumor forma-
tion [81]. In this study, TNF-α expression was not detected
in normal liver specimens but was overexpressed in liver tis-
sues of AgNPs-treated rats. Our findings are in line with
those of other researchers who found higher TNF-α produc-
tion in chronic liver disease [82].

On the other side, coadministration of Eug alongside
AgNPs attenuated the intensity of the histopathological
and histomorphometrical changes in the hepatic tissues
of rats treated with low and high doses of AgNPs. Also,
concomitant treatment with Eug into rats exposed to
AgNPs modulated the immunohistochemical expression
of Bcl-2, P53, Caspase-3, and TNF-α reactive proteins.
These results are consistent with those reported by [52,
53, 61]. The hepatoprotective efficiency of Eug can be
attributed to its ability to stabilize hepatocyte membranes
by preventing LPO and improving antioxidant enzyme
activity, besides its free radical scavenging and anti-
inflammatory properties.

5. Conclusions

The current investigation established that exposing rats to
AgNPs caused oxidative stress and inflammation, which
resulted in hepatotoxicity. Our results also provide a new
insight into the ameliorative role of Eug supplementation
against AgNPs-induced hepatotoxicity due to its antioxi-
dant, antiapoptotic, and anti-inflammatory properties.
Finally, we suggest using Eug as a preventive agent along
with AgNPs to minimize its hepatotoxicity.
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Bovine lactoferrin (bLf) is a multifunctional protein widely associated with anticancer activity. Prostate cancer is the second most
frequent type of cancer worldwide. This study was aimed at evaluating the influence of bLf on cell viability, cell cycle progression,
reactive oxygen species (ROS) production, and rate of apoptosis in the human prostate cancer cell line (DU-145). MTT assay and
trypan blue exclusion were used to analyze cell viability. Morphological changes were analyzed through optical microscopy after
24 h and 48 h of bLf treatment. FITC-bLf internalization and cellular damage were observed within 24 h by confocal fluorescence
microscopy. Cell cycle analyses were performed by flow cytometry and propidium iodide. For caspases 3/7 activation and reactive
oxygen species production evaluation, cells were live-imaged using the high-throughput system Operetta. The cell viability assays
demonstrated that bLf induces cell death and morphological changes after 24 h and 48 h of treatment compared to control on DU-
145 cells. The bLf internalization was detected in DU-145 cells, G1-phase arrest of the cell cycle, caspase 3/7 activation, and
increased oxidative stress on bLf-treated cells. Our data support that bLf has an important anticancer activity, thus offering
new perspectives in preventing and treating prostate cancer.

1. Introduction

Bovine Lactoferrin (bLf) is found in cattle and is an iron-
bounding protein. bLf is present in several exocrine secre-
tions, such as tears, saliva, milk, and cervical mucus. It has
a molecular mass of approximately 80 kDa [1, 2]. This pro-
tein can be found in two conformational states. The confor-
mational state “apo-” (apo-bLf) represents the protein not
bound to ferric ions, while the conformational state “holo-”

(holo-bLf) represents the protein bound to two ferric ions.
Lf binds to the ferric ion in a very high affinity, approxi-
mately 10-20M of affinity constant (KD), and some of its
physiological functions rely on that iron-binding property.
Holo-bLf has a more compact, stable structure and is less
sensitive to thermal denaturation and proteolysis due to
the iron bond in its structure, compared to apo-bLf [3–5].
bLf has proven to be a great model for studying biological
activities, including iron transport, immunomodulatory,
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anti-inflammatory, antiviral, antioxidant, and antitumor
properties. Due to its multiple biological functions, bLf
structural changes have been widely associated with immune
enhancement and anticarcinogenic properties [1, 4–6].

Currently, great attention has been given initiatives
aimed at preventing cancer. This disease alone is the second
leading cause of death in the United States and a major pub-
lic health problem worldwide. Counting about 19.3 million
new cases of cancer per year worldwide accounting for
nearly 10 million deaths in 2020. The coronavirus disease
2019 (COVID-19) pandemic drastically affected the diagno-
sis and treatment of cancer, which has led to an increase in
mortality rates [7–9].

Robust evidence points out bLf as a promising biomole-
cule in cancer research. For instance, a previous study
reported that treatment with bLf could suppress colon carci-
nogenesis by inducing elevated Fas expression, activation of
caspases 3 and 8, and inductance ion of DNA fragmentation,
which led to apoptosis of cancer cells in rat colon mucosa
[10, 11]. Similarly, other studies demonstrated that bLf
decreased the growth of colon, lung, bladder, and breast can-
cer cells. Induction of apoptosis in colon, lung, stomach, and
breast cancer cells has also been reported [11–19].

Prostate cancer is the leading cancer diagnosis among
men and the third most common diagnosis overall, with
1,414,259 expected cases in 2020, the fifth leading cause of
cancer death in the United States [7, 20].

Recent evidence reported that bLf inhibits proliferation,
induces apoptosis and intracellular acidification, and dis-
turbs lysosomal acidification in the PC-3 prostate cancer cell
line. This work suggests that the bLf mechanism of action is
mediated by the V-ATPase pump in the plasma membrane,
hindering its activity and decreasing acidity, thus limiting
prostate cancer progression and metastasis formation [21].

New treatment options for prostate cancer are being used,
and several recent studies for its treatment are being con-
ducted. However, despite all the advances, the morbidity and
mortality of prostate cancer have increased worldwide [22].
Bioactive compounds have been associated with modifying
specific carcinogenic processes [23]. Therefore, this study is
aimed at evaluating the cytotoxic effects of bLf on its apo-
and holo- forms in the DU-145 cell line of prostate cancer.

2. Materials and Methods

2.1. Standards and Chemicals. All chemicals used in this
work were of analytical grade. The water was distilled and
deionized using a Millipore water purification system.
Bovine lactoferrin was purchased from Life Extension (Flor-
ida, USA). The nitrilotriacetic acid, ferric nitrate, and Dul-
becco’s cell culture medium was obtained from Sigma-
Aldrich Chemical Company (St. Louis, MO). Fetal bovine
serum was purchased from Gibco™, Thermo Fisher Scien-
tific (Waltham, Massachusetts, EUA). Tissue culture flasks
were purchased from Greiner Bio-One International GmbH
(Kremsmünster, Austria).

2.2. Preparation of bLf Forms: Apo-Lactoferrin. Bovine apo-
lactoferrin was prepared from capsules containing 300mg

of protein (Life Extension, USA). Phosphate saline buffer
(PBS) (140mM NaCl, 2.7mM KCl, 10mM Na2HPO4, and
1.8mM KH2PO4 at pH7.4) was used for protein solubiliza-
tion. The capsule contained cellulose, and to separate it from
the protein, four cycles of centrifugation of 10 minutes each
was performed at an angular speed of 7000 rpm (12,052 × g)
at 4°C. Then, apo-bLf was filtered using a sterile nitrocellu-
lose membrane of a 0.22μm pore (Millipore, USA) in an
ESCO biosafety cabin, aliquoted, and frozen at -20°C.
Finally, apo-bLf concentration was measured by an absor-
bance spectrophotometer at a 280nm wavelength, using a
molar extinction coefficient of 1.27 [24, 25].

2.3. Preparation of bLf Forms: Holo-Lactoferrin. Holo-lacto-
ferrin was prepared from apo-bLf [3]. Apo-bLf stock was
diluted in 10mM Tris buffer, 75mM NaCl, and pH7.2. After
dilution, a FeNTA solution (9.9mM ferric nitrate and
8.5mM nitrilotriacetic acid, deionized water) was added in
a 2 : 1 ratio (FeNTA:bLf solution). The pH of the solution
was adjusted to 7.0 and incubated for one hour at 4°C. Sub-
sequently, the sample was dialyzed against a buffer with
25mM Tris, 150mM NaCl pH7.5 at 4°C for 48h. A dialysis
membrane with a cut-off of 10 kDa was used, and the buffer
was changed every 5 h. Then, the holo-bLf was filtered on a
sterile nitrocellulose membrane of a 0.22μm pore (Millipore,
USA) in an ESCO biosafety cabin, aliquoted, and frozen at
-20°C. Finally, the protein concentration was then measured
in a spectrophotometer at a 280 nm wavelength, using the
molar extinction coefficient of 1.51 holo-bLf. The presence
of iron ions was verified using a spectrophotometric absor-
bance reading at 465nm [3, 26, 27].

2.4. Cell Culture. The cell line was obtained from the Neoplas-
tic Biomarkers Group (Nacional Institute of Cancer-INCA),
which certified its identity and quality. The human prostate
carcinoma cell line DU-145 (ATCC-HTB-81) was maintained
routinely in high-glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Sigma, New York, NY, USA), supplemented with a
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin
(PS) (Sigma, New York, NY, USA), pH7.4, under 5% CO2
atmosphere and 37°C. Once the cells reached 80% of conflu-
ence, they were dissociated with a 0.05% trypsin-
ethylenediamine tetraacetic acid (EDTA) and subcultured in
25 or 75cm2 plastic flasks at a 25 × 104 cells/cm2 density, every
two days, following ATCC instructions.

2.5. Cell Viability Assays: MTT Assay. Cell viability was
determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) colorimetric test (Amresco,
USA) [28]. By this test, the quantification of MTT reduction
in formazan characterizes a detection of metabolic activity
that is linked to cell viability. 96-well plates were prepared
using 1:0 × 104 cells/well for this analysis. After 24 h, the
cells were washed, and 100μL of apo- and holo-bLf solution
was added to the wells at concentrations of 2, 4, 8, and
16mg/mL (diluted in the culture medium described above).
As a negative control, DMEM was used. After 24h and 48 h
of incubation, the bLf was removed, the wells were washed,
and a solution of 200μL MTT (Sigma) was added in PBS.
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The plate was incubated for 3 hours at 37°C. After this
period, the plate was analyzed on a spectrophotometer using
absorbance at 570 nm and 650nm. Wells with negative con-
trol were considered 100% in cell viability. Triton X-100
0.1% was used as a 100% death control to normalize calcula-
tions. This experiment was repeated in triplicate with inde-
pendent preparations.

2.6. Cell Viability Assays: Cell Counting with Neubauer
Chamber. The experiment is based on viable cells’ selective
permeability and was not stained by trypan blue since dead
cells undergo changes in the membrane that affect their
selective permeability, thus allowing the blue dye to enter
[29]. The tests were performed by cultivating the cells in
24-well plates and kept with a 500μL of culture medium at
37°C until reaching a 90% confluence. Then, the medium
was removed, and the cells were washed with PBS. The cul-
ture medium was placed in the control, and concentrations
of apo-bLf and holo-bLf 2, 4, 8, and 16mg/mL prepared with
the culture medium were placed in their respective wells.
After treatment for 24h and 48h, the cells were trypsinized
and resuspended in a 200μL of the medium. 10μL of that
suspension was collected and mixed with a 10μL of 0,4%
trypan blue (Gibco) solution in PBS. 10μL was collected
and placed in the Neubauer chamber for cell counting from
the last suspension. Cells in the four outer quadrants were
counted. Live and dead cells were distinguished by staining.
Finally, cell concentration was calculated, and a percentage
graph was made.

2.7. Cell Morphology Analysis. The analysis of cell morphol-
ogy was carried out using images of cells in culture after 24 h
and 48 h of treatment using both forms of bLf. The cells were
placed in a 24-well plate. After reaching a 90% confluence,
the culture medium was removed, and the cells were washed
with warm PBS and incubated with concentrations of 0, 2, 4,
8, and 16mg/mL apo- and holo-bLf for 24h and 48h.
Images were obtained using an EVOS™ optical microscope
(Thermo Fisher) and EVOSTM 20X Objective lens (Plan-
Fluor INF/1.2). Three images per well were obtained, as to
know: center, upper right quadrant, and lower left quadrant
(close to the board’s limit). Experiments were carried out in
triplicate. Images were acquired at an image resolution of
1280 × 960 pixels, 24-bit RGB. By using Image J software
(1.53c), images were first converted to an 8-bit monochrome
image. Then, levels were adjusted to visualize the cell struc-
tures better, regulating the brightness and contrast curve.
Images were calibrated to adapt to the actual pixel size using
the Evos reference bar. Next, the bars were included, and the
images were analyzed.

2.8. Bovine Lactoferrin Cell Internalization Assays. We per-
formed the bLf labeling with fluorescein isothiocyanate
(FITC) for cell internalization assays at a 1 : 10 molar ratio
for one hour at 4°C. For the labeling process, lactoferrin
was incubated in primary phosphate buffer (2.5% Na2H-
PO4.x7H2O and 0.082% NaH2PO4) at pH8. To remove all
free FITC, successive centrifugations using PBS at pH7.4
(5 times) were performed using a Vivaspin filter unit (GE

Health Care, USA) with a cut-off molecular weight of
30 kDa [30]. We proceeded with a sterile filtration of the
labeled apo- and holo-bLf using a 0.22μm syringe-driven fil-
ter unit. The proteins were used on the same day for the
experiments. The cells were plated on a commercial “CELL-
view™ Slide” plate (Greiner Bio-One) to proceed with the
investigations. After an 80% confluence, the cells were
washed with 100μL of PBS and incubated with apo- and
holo-bLf-FITC conjugates (8 and 16mg/mL) diluted in
DMEM 4°C for 15min. Subsequently, to remove unbound
bLf, cells were washed with ice-cold PBS and immediately
incubated with DMEM. After interaction with bLf, cells were
kept under a 5% CO2 atmosphere and 37°C for 24 h. After
treatment, the cells were washed with warm PBS and fixed
with 3.7% paraformaldehyde in PBS for 15 minutes at room
temperature. The study of lactoferrin cellular localization
occurred through Laser Scanning Confocal Fluorescence
Microscopy (LSCFM) using the LSM 510 Meta Confocal
Microscope (Zeiss Inc., Oberkochen) and EC Plan-
Neofluar 40x/1.30 Oil DIC M27 (Zeiss Inc.) objective lens.

2.9. Cell Cycle Analysis. Cell cycle analysis was performed
using propidium iodide staining. The cells were plated on a
6-well plate, and after reaching a 90% confluence, cells were
treated with 1.5mL of apo-bLf and holo-bLf at concentra-
tions of 2, 4, 8, and 16mg/mL. Control cells were kept with
a culture medium only. After 24 h and 48h of bLf treatment,
cells were washed with PBS and dissociated using trypsin.
1 × 105 cells were collected from each treatment and mixed
with cold Vindelov’s solution [31]. After incubation for 15
minutes, protected from light, cell suspensions were ana-
lyzed using a BD FACSAria II cytometer (BD Biosciences).
Twenty thousand events were then analyzed by flow cyt-
ometer on the fluorochrome PI channel (488 nm excitation
laser and long pass filter 556 and band pass filter 616/23
for emission). Data were analyzed using the FlowJo™
v10.7.2 Software (BD Biosciences).

2.10. Analysis of Oxidative Stress and Activation of Apoptosis.
The probe test for the assessment of oxidative stress and
activation of apoptosis was carried out using the Operetta
High-Content Imaging System and two different probe solu-
tions, one containing the dihydroethidium (DHE) reagent
(Thermo Fisher #D1168) and Hoechst 33342 (Thermo
Fisher #H1399), with a final concentration of 5μM and
1μM, respectively. The other solution contained the reagent
CellEvent™ Caspase-3/7 Green Detection Reagent (Thermo
Fisher #C10423) and Hoechst 33342 (Thermo Fisher
#H1399), with a final concentration of 2μM and 1μM.
The cells were placed in a 96-well plate (Greiner Bio-One
#655090). Each well had 2000 to 2500 cells. After 24 h of cell
growth, the plates were treated with 100μL of apo-bLf and
holo-bLf in 2, 4, 8, and 16mg/mL for 24h and 48h. Then,
the medium containing the compounds was removed.
50μL of the probe solutions was added with each solution
in each specific plate, diluted with DMEM culture medium
without phenol red. The plates were incubated at 37°C, 5%
CO2 for 30min, and placed in the Operetta High Content
Imaging System (Perkin Elmer) at 37°C and a 5% CO2.
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The images were obtained with the 20x objective and high
numerical openings (NA) (PerkinElmer, USA). Data were
analyzed using the Harmony 5.1 high-content image analy-
sis software (PerkinElmer, USA). Nine independent fields
were evaluated from wells in triplicate by experimental con-
ditions. The results were demonstrated with a bar graph
showing the positive cells for caspase 3/7 and DHE.

2.11. Statistical Analysis. The results are presented as mean
with the corresponding standard deviation. Data were ana-
lyzed using the statistical software GraphPad Prism (version
6.01, GraphPad Software, San Diego, CA). One-way variance
(ANOVA) using the Bonferroni post hoc test at a confidence
level of 95% was used to test cell viability, cell cycle, and
apoptosis.

2.12. Graphical Scheme. Figure 1 shows the graphical scheme
of the study approach. It contains all the methodologies
used.

3. Results

3.1. bLf Induces Cell Death in the DU-145 Cell Line. The
effect of both forms of bLf (apo-bLf and holo-bLf) on cell
viability was evaluated by two different approaches, MTT
assay and trypan blue exclusion test (Figure 2). The screen-
ing of cytotoxic activity demonstrated that apo-bLf and
holo-bLf reduced DU-145 cell viability using MTT assay.
No differences were detected between the control group
and cells exposed to 2, 4, and 8mg/mL apo-bLf following a
24 h treatment. However, we observed a decrease of 80% in
average viability after a 48 h of apo-bLf exposure with 2
and 4mg/mL and a reduction of 70% following an 8mg/
mL treatment. In addition, the highest concentration of
apo-bLf (16mg/mL) induced the most significant reduction
in cell viability, up to 60% (p < 0:0001) and 40% (p < 0:01)
after 24 h and 48 h, respectively (Figure 2(a)).

After 24 h, treatment with 2 and 4mg/mL holo-bLf
(Figure 2(b)) induced a reduction of 25% in cell viability
compared to control (p < 0:05). After 48 h, no cytotoxic

effects were observed following holo-bLf exposure (2 and
4mg/mL). In contrast, the concentration of 8mg/mL holo-
bLf resulted in a drop in cell viability of 65% (p < 0:01) in
24 h and a decline of around 40% in 48h (p < 0:05). Reduc-
tions of 50% and 90% of cell viability were observed using
16mg/mL holo-bLf after 24 h and 48 h, respectively
(p < 0:01).

To validate MTT findings, we also performed a trypan
blue exclusion analysis to determine the number of viable
cells in response to bLf treatment (Figures 2(c) and 2(d)).
No significant difference in 24 h treatment with apo-bLf on
all tested concentrations was observed (Figure 2(c)). How-
ever, after a 48 h treatment, we observed a reduction in cell
viability of 30% (p < 0:01), 40% (p < 0:001), and more than
80% (p < 0:0001) following 4, 8, and 16mg/mL apo-bLf,
respectively. No significant differences were observed in
lower concentrations of holo-bLf (2, 4, and 8mg/mL) after
24 h treatment (Figure 2(d)). In turn, 16mg/mL holo-bLf
resulted in a 50% reduction in cell viability (p < 0:0001). Fol-
lowing 48 h treatment, a reduction in cell viability by
approximately 40% (p < 0:001), 20% (p < 0:01), 60%
(p < 0:0001), and 80% (p < 0:0001) was observed when using
of 2, 4, 8, and 16mg/mL holo-bLf, respectively.

3.2. bLf Causes Morphological Changes in the DU-145 Cell
Line. In addition to the robust reduction in cell viability
upon bLf treatment in the DU-145 cell line, evident changes
in the morphology of the remaining cells (Figure 3) were
observed. Treatment with both apo- and holo-bLf affected
the cell shape so that most cells exhibited a stretched mor-
phology and a reduced cell area (Figure 3(a)).

In addition, an increase in the number of intracellular
granules could be primarily seen in the concentration of
16mg/mL 24h posttreatment and of 8mg/mL 48h post-
treatment (Figure 3(b)). It is important to note that these
morphological changes were more pronounced at 8mg/mL
with holo-bLf when compared to apo-bLf treatment.

3.3. bLf Internalizes and Causes DU-145 Cell Damage. Once
we found that bLf induced DU-145 cell morphological
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Figure 1: Graphical scheme of the study approach.
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changes and cell death, we then tested whether apo- and
holo-bLf forms were internalized in DU-145 cells. For that,
bLf forms were stained with FITC, and the images were
obtained after 24 h of bLf treatment (Figure 4).

Using a fluorescence confocal microscope, we observed
that FITC-stained apo- and holo-bLf were internalized at
both tested concentrations. Moreover, lactoferrin internali-
zation was more efficient in the highest concentration
(16mg/mL) of apo- and holo-bLf.

3.4. bLf Induces Cell Cycle Arrest in DU-145 Cells. We then
aimed to evaluate whether the internalized apo- and holo-
bLf were able to alter the cell cycle of DU-145 cells.
Table 1 demonstrates that treatment with 16mg/mL of
holo-bLf increased 22.9% and 29.4% the percentage of cells

in the G0/G1 phase compared to control cells in 24h and
48 h, respectively. The increase of cells in the G0/G1 phase
was higher following a 48h exposure than a 24 h. Apo-bLf
treatment did not show any statistical difference in cell cycle
distribution compared to control.

3.5. bLf Treatment Induces an Increase in Oxidative Stress
and Activates Caspases 3/7 in the DU-145 Cell Line. We fur-
ther investigated how bLf inhibited cell cycle progression
and decreased cell viability. Figure 5 is aimed at verifying
possible oxidative stress changes and apoptosis activation
induced by bLf in DU-145 cells. Live probes for reactive oxi-
dative species (ROS) and apoptosis, DHE, and caspase 3/7
were used in a High-Content Imaging System to quantify
these physiological changes.
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Figure 2: bLf induces cell death in the DU-145 cell line. DU-145 cells were treated for 24 h and 48 h with 2, 4, 8, and 16mg/mL of apo-bLf
and holo-bLf. In the negative control, the culture medium was used. Values were plotted as percentages concerning the negative control,
which represents 100% of viability. (a) MTT assay and apo-bLf treatment; (b) MTT assay and holo-bLf treatment; (c) trypan blue
exclusion and apo-bLf treatment; (d) trypan blue exclusion and holo-bLf treatment. Graphs (a) and (b) represent two separate
experiments with replicates. Graphs (c) and (d) represent three separate experiments. The experiment is expressed as mean ± SD.
Significant differences between untreated and treated cells were compared using the one-way ANOVA test, with Bonferroni post hoc test
(∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001).
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Figures 5(a) and (b) show that both apo- and holo-bLf
exposure increased DHE labelling when compared to the
control. In 24h, treatment with apo-bLf showed an increase
of DHE-positive cells, being 7% with 2mg/mL (p < 0:01),
12% with 4mg/mL (p < 0:0001), 17% with 8mg/mL
(p < 0:0001), and 21% with 16mg/mL (p < 0:0001) treat-
ments. Holo-bLf also showed an increase of DHE-positive
cells, being 8.5% with 2mg/mL (p < 0:01), 11% with 4mg/
mL (p < 0:0001), 16% with 8mg/mL (p < 0:0001), and 23%
with 16mg/mL (p < 0:0001) concentrations. After 48h treat-
ment, only holo-bLf with 16mg/mL showed statistical differ-
ence in relation to control, increasing up to 12% the DHE-
positive cells population.

In 24h and 48h treatments, we observed a concentration-
dependent effect of both bLf forms on increasing DHE

labeling. However, both apo- and holo-bLf structures exhib-
ited higher increases in DHE labeling after 24h in comparison
to 48h treatment.

On the other hand, the detection of activated caspases 3/
7 was higher following a 48 h exposure with bLf than the
24 h experimental group (Figures 5(c) and 5(d)). After
24 h, apo-bLf showed an increase in activated caspases 3/7
labelling on concentrations of 8mg/mL with 7.3% of positive
cells (p < 0:001) and 16mg/mL 10% (p < 0:0001) compared
to the control group. At the same time of treatment, 24 h,
holo-bLf induced caspase 3/7 activation only on the treat-
ment using 16mg/mL, thus presenting a 16.5% of activated
caspase-positive cells.

After a 48h of bLf treatment, apo-bLf demonstrated a
dose-dependent caspase activation, showing the percentage
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Figure 3: bLf causes morphological changes in the DU-145 cell line. To verify the effects of bLf, selected images were taken using an EVOS
microscope. (a) DU-145 cells were treated for 24 and 48 h with apo-bLf and holo-bLf at 8 and 16mg/mL. (b) Zoom in of 8mg/mL after 48 h
treatment showing intracellular granules. The control cell received only a culture medium. The white bars represent a distance of 100μm.
Arrowheads indicate stretched morphology.
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Figure 4: bLf internalizes and causes DU-145 cell damage. DU-145 cells were incubated with apo- and holo-bLf labeled with FITC for 24 h
at 8 and 16mg/mL concentrations. The images were obtained using fluorescence confocal microscopy (LSM 510 META Confocal Laser
Scanning Microscope) and EC Plan-Neofluar 40x/1.30 Oil DIC M27 (Zeiss Inc.) objective lens. The white bars represent a distance of 40μm.
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of activated caspase 3/7 positive cells of 6.3% with 4mg/mL
(p < 0:01), 20.5% with 8mg/mL (p < 0:0001), and 34% with
16mg/mL (p < 0:0001). In addition, holo-bLf-treated cells
also presented a dose dependent on caspase activation, with
10% with 4mg/mL (p < 0:05), 28% with 8mg/mL
(p < 0:0001), and 49% with 16mg/mL (p < 0:0001). At this
stage, holo-bLf presented a higher effect on DU-145 caspases
3/7 activation than apo-bLf.

4. Discussion

Prostate cancer significantly challenges the health systems in
many parts of the world. Even with a high survival rate when
it is circumscribed, metastatic prostate cancer is primarily
incurable even after discovering so many types of therapies.
Despite all the efforts, prostate cancer is still one of the most
frequent and lethal types of cancer. One of the most signifi-
cant difficulties in reducing mortality is the lack of a broad
spectrum of effective therapies against the considerable tumor
heterogeneity at genetic and cellular levels, a considerable dis-
ease feature. Therefore, studies for the prevention and treat-
ment of cancer are critical and have expanded over the years.
There is still a demand for the development of compound
effective for the induction of specific cell death [32, 33].

The structure of apo- and holo-bLf and differences in
structural stability were investigated by our research group
previously. This work showed that the presence of the iron
ion in the holo-bLf structure promotes changes in its tertiary
structure, when evaluating the tryptophan microenviron-
ments and the interaction with the extrinsic fluorescent
probe bis-ANS. In addition, holo-bLf has shown to have
greater structural stability against chemical and physical dis-
ruptors [34].

Previous studies reported substantial antitumor effects of
bLf, explicitly targeting tumor cells with no side effects on
nontumorigenic cell lines (normal human intestinal epithe-
lial cells and fibroblast). It has been shown that a semisatu-
rated iron bLf (with 21% iron ions) is an important
antitumor compound, as it selectively inhibits PC-3 cell

growth at a concentration of 14mg/mL. Based on this study,
the concentrations used in this work were chosen better to
achieve the desired antitumor bLf effect [21, 35].

Even though some studies demonstrated the antitumor
bLf activity [17, 21, 35–37], little is known about the pos-
sible effects and differences of the two conformational
states, holo- and apo-bLf. Therefore, we sought to com-
pare them to better understand these differences in antitu-
mor activity.

To investigate the cytotoxic effects of bLf, we performed an
MTT assay and trypan blue exclusion. It was possible to
observe that cell viability decreased in a dose- and time-
dependentmanner when compared to control, and these effects
were more intense following holo-bLf exposure (Figure 2).

A previous study on antitumor activity was developed
with conjugation of bLf and doxorubicin in prostate cancer
cell lines. The conjugation of both molecules proved to be
more effective against cancer development by increasing cyto-
toxicity to cancer cells but presenting lower toxicity to normal
cells compared to doxorubicin-treated cells alone [32].

Morphological changes induced by bLf treatment were
characterized by an increase in the number of intracellular
granules and induction of stretched morphology (Figure 3).
Few cells were left in bLf-treated wells to confirm the viabil-
ity results. Together, these results demonstrate that bLf
affects the cell morphology of DU-145 cells compared to
the control. Although both apo- and holo-bLf cause similar
morphological changes in dose- and time-dependent effects,
treatment with holo-bLf showed to be more robust when
compared to apo-bLf treatment.

The internalization of apo- and holo-bLf in the DU-145
cell line allowed us to infer that both bLf forms possibly
interact with intracellular targets (Figure 4). This type of
interaction between DU-145 cells and bLf can be explained
because this protein has a positive charge in the N-
terminal region that can interact with the negative charge
of heparin and glycosaminoglycans present on cell surfaces
[30, 38]. In addition, it is already known that lactoferrin
can bind to low-density lipoprotein receptors and proteins

Table 1: bLf modulates cell cycle of DU-145 cell line. The table below shows the percentage of cells in each cell cycle phase determined by
flow cytometry. This table represents three different experiments expressed as mean ± SD. The one-way ANOVA test compared significant
differences between untreated and treated cells with the Bonferroni post hoc test.

24 h treatment 48 h treatment
G0/G1 (%) S (%) G2/M (%) G0/G1 (%) S (%) G2/M (%)

Control 44:1 ± 3:6 27:5 ± 5:4 13:9 ± 0:9 46 ± 6:9 22:7 ± 8:8 14:4 ± 3:6
Apo-bLf 2mg/mL 45:4 ± 2:8 22:9 ± 6:8 13:3 ± 2:5 54:2 ± 7:4 17 ± 7:1 12:4 ± 3:7
Apo-bLf 4mg/mL 41:1 ± 2:2 26:3 ± 4:5 13:8 ± 1:1 51:6 ± 5:4 18:9 ± 5:2 13:5 ± 3:6
Apo-bLf 8mg/mL 42:4 ± 5:4 23:3 ± 3:9 14:4 ± 1:3 53:4 ± 3:4 18 ± 7:7 14:3 ± 4:9
Apo-bLf 16mg/mL 53:7 ± 1:4 20:5 ± 1:2 13:3 ± 2:4 50:5 ± 3:7 18:8 ± 4:9 12:8 ± 6:1
Holo-bLf 2mg/mL 46:9 ± 9:5 24:4 ± 7:3 15:3 ± 2:5 56:2 ± 4:7 18:6 ± 9:8 15:1 ± 2:3
Holo-bLf 4mg/mL 47:1 ± 6:6 22:3 ± 5:3 16:4 ± 3:5 57:2 ± 3:8 19:3 ± 9:1 15:4 ± 2:1
Holo-bLf 8mg/mL 51:4 ± 4:3 21:3 ± 1:4 13:9 ± 1:9 63:5 ± 4:5 18 ± 6:7 12:4 ± 1:6
Holo-bLf 16mg/mL 67:0a ± 11:3 14 ± 4:7 11:3 ± 4:1 75:4b ± 9:9 11:3 ± 3:8 10:8 ± 4:2
∗Different letters indicate statistical difference compared to control (ap < 0:05; bp < 0:01).
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related to the low-density lipoprotein receptor [38]. Another
way of cellular bLf internalization that has been highly char-
acterized is facilitated by receptor-mediated endocytosis, and
then, bLf enters the endo-lysosome [32, 39, 40].

Cancer diseases characteristically induce alterations of
normal growth signaling pathways. Tumor cells present a
growth advantage since the regulators that govern the pro-
gression of the G1 phase of the cell cycle are natural onco-
genesis targets. Therefore, analysis of the cell cycle
progression has been pointed out as an essential tool for
identifying new antitumor treatments. A decrease in cell
division can inhibit tumor growth, thus inducing a delay in
cancer development. Many studies that aim to propose anti-
tumor remedies observed cell arrest in the G0/G1 phase and
other results [41–43].

During the present work, we also quantified the percent-
age of cells at different cell cycle stages upon bLf administra-
tion (Table 1). In our culture conditions, most DU-145 cell
lines showed to be at the G0/G1 phase, which accounts for
~45% of cells. The administration of apo-bLf does not
modulate the DU-145 cell cycle on all concentrations and
treatment times analyzed, although increasing G0/G1 popu-
lation was observed upon a 16mg/mL treatment. In turn,
holo-bLf showed a dependent concentration increase in cells
at G0/G1, which was even higher than the observed with
apo-bLf exposure, which accounts for a ~75% of cells in a
16mg/mL, thus showing that holo-bLf induces cell cycle
arrest at the G0/G1 phase.

Previous studies showed that bLf induces cell cycle arrest
at the G0/G1 phase in highly metastatic oral mucosa and
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Figure 5: DU-145 cell treatment with apo- and holo-bLf induces oxidative stress and activates caspases 3/7. Cells were treated with 2, 4, 8,
and 16mg/mL of apo- and holo-bLf for 24 and 48 h and analyzed in high-throughput system Operetta. (a) Oxidative stress with apo-bLf
treatment through dihydroethidium- (DHE-) labeled cell. (b) Oxidative stress with holo-bLf treatment through dihydroethidium- (DHE-
) labeled cell. (c) Caspases 3/7 activation with apo-bLf treatment through CellEvent Caspase 3/7 Green Detection Reagent. (d) Caspases
3/7 activation with holo-bLf treatment through CellEvent Caspase 3/7 Green Detection Reagent. These graphics represent one distinct
experiment with replicates. The experiment is expressed as mean ± SD. Significant differences between untreated and treated cells were
compared by the one-way ANOVA test, with Bonferroni post hoc test (∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001).
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breast cancer cells [44, 45]. Our preliminary results corrobo-
rate previous findings described in the literature concerning
the action of bLf and suggest that this protein may affect the
cell cycle of cancer cells.

Detection of oxidative stress was carried out using DHE,
a fluorescent probe used to detect ROS, as it undergoes a
nonspecific oxidation process [46]. Our results (Figure 5)
showed that bLf treatment increased oxidative stress levels
in DU-145 cells in 24 h. This could be related to oxidative
stress-induced cancer cell death. These data are in accor-
dance with other published data that also showed increased
ROS levels in less than 24h upon Lf treatment in cancer cell
lines [47, 48]. However, unlike most published data, we
decided to perform ROS production analysis up to 48 h post
bLf treatment. Although there is a dose-dependent increase
in ROS production after a 24h of bLf treatment, ROS levels
at 48 h are smaller than at 24h. Those data suggest that the
ROS production induced by bLf could be transitory and
time-dependent.

This difference could be explained, at least partially,
because of bLf availability. In this context, cells could con-
sume bLf or degrade in medium at the initial, thus support-
ing ROS production at 24h but not at 48 h. Moreover, due to
the chronology of the events, ROS detected in 24h may be
the inducer of cell death observed in 48h. Therefore, those
affected by bLf died. In holo-bLf-treated cells, lower levels
of ROS in 48 h than 24 h were detected but higher than
apo-bLf at the same time. Unpublished results from our
group showed that holo-bLf presented more excellent struc-
tural stability than apo-bLf, which could be why we can still
see the effect of this protein even after 48 h of treatment.

ROS plays an important role in cancer and is usually
associated with promoting protumorigenic signaling, thus
facilitating cancer cell proliferation, survival, and adaptation
to hypoxia. Nevertheless, ROS can also promote antitumori-
genic signaling and trigger oxidative stress-induced cancer
cell death. Compared with normal cells, cancer cells elevated

ROS levels, thus altering the environment, making them
more vulnerable to ROS-manipulation therapies. Distur-
bance in ROS levels changes cellular redox balance leading
to oxidative stress, damage to mitochondria, and consequent
apoptosis induction [49]. This may destroy cancer cells
while sparing normal cells [46]. For instance, lanperisone,
an identified compound, was able to act as a selective killer
of Kras-mutant cancer cells that increased the steady-state
levels of ROS [50]. As in our work, an article shows that
apo-bLf treatment induces ROS production and depletion
of cellular GSH on HeLa cells [48].

Caspases are aspartate-specific cysteine proteases that
play essential roles in two main pathways that mediate apo-
ptosis, the extrinsic/death and intrinsic-/mitochondria-
dependent pathways [51–53]. Apoptosis or programmed cell
death is a fundamental process for both health and disease
that plays a vital role in carcinogenesis, immune system,
embryonic development, maturation, and cytotoxic effector
function [54]. Apoptosis promotion is one of the proposed
mechanisms against cancer [35, 55].

We have shown evidence that bLf exhibited proapoptotic
activities. Caspase 3/7 labeling was induced by apo-bLf and
holo-bLf administration (Figure 5). CellEvent™ Caspase-3/
7 assay used in this study is a substrate for activated caspases
3/7, so it is only fluorescent when caspases 3/7 are activated
[56]. These results suggest that one of the mechanisms by
which bLf engages their antitumor effects in prostate cancer
is promoting apoptosis, thus corroborating with previous
discoveries and cell viability experiments [35, 57].

Most of our results indicate that holo-bLf presented more
antitumor effects when compared to apo-bLf. This was
expected due to the conformation differences between apo-
and holo-bLf [58]. The iron bond induces the structure to a
more closed form; apo- has a more open and, consequently,
more dynamic system than holo-. Thus, iron increases the sta-
bility of the protein since its structure is more closed and less
susceptible to denaturation and proteolysis [4].

Internalized
bLf

Morphological
changes

Oxidative
stress

Affects cell
proliferation

caspases 3/7
activation

Cell death

Bovine
lactoferrin

(bLf)

Cell cycle arrest at G0/G1
phase

Figure 6: General scheme of the bLf effects on DU-145 cells. Diagram indicates internalization of bLf (apo- and holo-), increased oxidative
stress, induction of morphological changes, apoptosis, and cell cycle arrest in the G0/G1 phase.
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Thus, we can highlight the importance of using the holo-
form of bLf in this work, since most papers use only the apo-
form. Our results show that iron binding leads to an increase
in the antitumor potential of this protein. New findings can
expand the mechanism of action and protein expression
involved in bLf effect. The results are relevant, as they will
not only help research but will also contribute to a possible
treatment for prostate cancer in the future. bLf has been
shown to be very efficient against tumor cells in vitro studies,
being an emerging biopharmaceutical [17, 21, 35–37].
Hence, some factors must be considered for its future use,
as it may be a noninvasive and possibly preventive alterna-
tive for tumors. In addition, its low cost, mainly for public
health systems, combined with its probable absence of side
effects comparing to classic chemotherapy, makes bLf a
promising candidate for antitumor.

Our results indicate that bLf may present antitumor
activities by activating signaling pathways including, cell
cycle arrest in the G0/G1 phase, apoptosis, and increase of
ROS (Figure 6), thus corroborating with previous findings
in the literature [35]. More studies on the apo- and holo-
bLf mechanisms in cancer inhibition are needed.

5. Conclusions

In conclusion, the data presented in this work showed that
treatments using bovine lactoferrin (apo- and holo-bLf
forms) gave an antitumor effect in the prostate cancer cell
line (DU-145). The holo-bLf form seems to be the substance
with the highest potential for in vivo studies, thus offering a
series of views on the use of these compounds in the preven-
tion and treatment of prostate cancer, probably due to the
iron binding. However, a more detailed investigation is
needed to address better this issue and other cellular mech-
anisms activated by lactoferrin.
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Alcoholic liver disease (ALD) is a major public health problem worldwide, which needs to be effective prevention. Ginsenoside
Rg1 (GRg1), a bioactive ingredient extracted from ginseng, has benefit effects on health. In this study, 11 potential targets of
GRg1 against ALD were firstly obtained by network pharmacology. KEGG pathway enrichment showed that GRg1-target-ALD
was closely related to Toll-like receptor (TLR) and nuclear factor-kappa B (NF-κB) signaling pathways. In addition, GRg1
decreased antioxidant levels and increased oxidative levels in alcohol-treated mice, which alleviated oxidative stress-induced
hepatic damage. GRg1 enhanced intestinal barrier function via upregulating the levels of tight junction protein and
immunoglobulin A. GRg1 also reduced alcohol-induced inflammation by suppressing TLR4/NF-κB pathway, which was
consistent with the prediction of network targets. Moreover, GRg1 altered GM population, and Verrucomicrobia,
Bacteroidetes, Akkermansia, Bacteroides, Lachnospiraceae_NK4A136_group, and Alloprevotella played positive association with
intestinal barrier indicators and negative correlation with hepatic inflammation biomarkers. The results suggest that GRg1
administration might be a promising strategy for protection of alcohol-induced liver damage.

1. Introduction

Alcoholic liver disease (ALD) is an ubiquitous health burden
around the world, which causes progression of liver damage
[1, 2]. It has been demonstrated that oxidative stress is a
major pathogenesis of alcohol-induced liver damage, which
is closely related to the development of ALD [3]. Alcohol
administration induces reactive oxygen species (ROS) gener-
ation and oxidative products, which leads to the destruction
of antioxidative system [4]. Previous study has reported that
excess ROS induced by alcohol can activate Kupffer cells and
produce proinflammatory factors [5].

Emerging studies have proved that the alteration of gut
microbiota (GM) is a causative factor in ALD [6, 7]. Mean-

while, excessive alcohol intake destroys the integrity of intes-
tinal barrier and promotes lipopolysaccharides (LPS)
releasing from intestine to liver through blood circulation
[8]. Toll-like receptor 4 (TLR4) is activated by LPS in Kupf-
fer cells and induces the expression of p-nuclear factor-
kappa B (p-NF-κB). TLR4/nuclear factor-kappa B (NF-κB)
pathway results in the release of inflammatory factors, which
subsequently contributes to liver damage [9]. Therefore,
alteration of GM and inhibition of inflammatory could be
an effective strategy to prevent alcohol-induced liver injury.

Ginsenosides are bioactive compounds extracted from
Panax ginseng C.A. Meyer, which have many pharmacolog-
ical properties including anti-inflammation, antioxidant
activity, and anticancer [10, 11]. Among these ginsenosides,
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ginsenoside Rg1 (GRg1) accounts for about 0.22% in sun-
cured ginseng and Radix ginseng rubra, which is a major
bioactive component [12]. Recent studies reported that
GRg1 displayed remarkable antioxidant activity and exhib-
ited protection of liver injury [13, 14]. However, the effect
and mechanism of GRg1 on GM in mice with alcoholic liver
damage remain unclear.

Recently, network pharmacology is used to estimate the
molecular mechanism of drugs from multiple dimensions.
It reveals the potentially complex relationship between drugs
and their targets according to “disease-target-ingredient-
drug” network model [15]. This method has been success-
fully used in the research of Chinese herbal medicine, espe-
cially in seeking of bioactive ingredients and their
therapeutic targets [16]. Therefore, network pharmacology
can provide a valid strategy to further explore the potential
targets of GRg1 to prevent ALD.

In this study, the potential ALD targets of GRg1 were
predicted through network pharmacology firstly. The effects
of GRg1 on ethanol-induced liver injury were investigated
in vivo. The potential targeted pathway was explored to ver-
ify the analysis of network pharmacology. Moreover, GM
composition and gut barrier were explored in the intestine.
GM interplayed with host indexes was estimated in
ethanol-treated mice. The findings would provide an alter-
native agent from ginseng for ALD prevention.

2. Materials and Methods

2.1. Materials. GRg1 (purity ≥ 98%) was obtained from Bei-
jing Beina Chuanglian Biotechnology Technology Research
Institute (Beijing, China), which was dissolved with distilled
water. The structure of GRg1 is shown in Figure 1. Silymarin
was purchased from Madaus AG. (Cologne, Germany),
which was dissolved with olive oil. The primary antibodies
against TLR4 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and p-NF-κB p65 (Abcam, Cambridge, UK), and the
second antibody (Cell Signaling Technology, Danvers, MA,
USA) was purchased.

2.2. Network Pharmacology Analysis. The information of
bioactive ingredients of ginseng was obtained from Tradi-
tional Chinese Medicine Systems Pharmacology Database
(TCMSP). The corresponding targets of these ingredients
were screened through HERB (http://herb.ac.cn/), TCMSP,
and literature retrieval. In addition, ALD as the key word
was screeched in the GeneCards databases (https://www
.genecards.org/). The targets related to ALD were analyzed
according to relevance score ≥ 40. All targets were converted
into their gene names by Uniport database.

The targets of bioactive components in ginseng associ-
ated with ALD were determined by R x64 3.6.3 and repre-
sented in Venn diagrams. The network analysis of herb-
ingredient-target-disease was visualized by Cytoscape 3.6.1.
The shared targets were upload to STRING for analysis of
protein-protein interaction (PPI), and then, protein type
was set as Homo Sapiens. The data were saved and enriched
by R x64 3.6.3. Meanwhile, the clusterProfiler package in R

x64 3.6.3 was used to label and visualize KEGG pathway,
to predict the pathway expression of these targets.

2.3. Design of Animal Experiments. Forty male ICR mice (6
weeks old, 18-22 g) were provided by Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China).
The pathogen-free environment for raising experimental
mice was provided by the Animal Committee of Nankai
University (SYXK2019-0001, permission date: Jan 11,
2019). We conducted animal experiments following animal
ethics. The schematic diagram of animal experimental pro-
tocol was shown in Figure S1. The dose of GRg1
administered by gavage was 10mg/kg body weight (b.w.)
and 40mg/kg b.w. [17, 18]. ICR mice were randomized
into the groups of control, alcohol, alcohol + silymarin
(100mg/kg b.w.), alcohol + low − dose GRg1 (10mg/kg
b.w.), and alcohol + high − dose GRg1 (40mg/kg b.w.). The
control group was orally administrated with distilled water,
and the alcohol group was given by gavage with alcohol
(Sigma-Aldrich, St. Louis, MO, USA) for 30 days with an
increased dose (2-6 g/kg b.w.). Silymarin (100mg/kg b.w.)
and GRg1 (10 and 40mg/kg b.w., respectively) were given
to alcohol + silymarin and alcohol + GRg1 groups and then
to alcohol by daily gavage 2 h later. After 12 h, the mice
were anesthetized with sodium pentobarbital (50mg/kg,
i.p.) and euthanized by cervical dislocation. The serum in
each mouse was obtained by blood centrifugation, and
then, the liver and intestinal tissues of the mice were
immediately placed in refrigerator (-80°C).

2.4. Histopathological Observation. The liver and colon tis-
sues were removed by laparotomy and immersed in formal-
dehyde solution. Tissues were embedded in paraffin wax.
Then, the tissue samples were cut into 5-8μm thickness
and stained by hematoxylin-eosin (H&E) and Alcian blue-
periodic acid Schiff (AB-PAS), respectively. The degree of
inflammation and lipid accumulation of in these tissues
was observed.

2.5. Analysis of Biochemical Indexes. The circulating levels of
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), and alkaline phospha-
tase (AKP) were measured by detection kits (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). Hepatic
levels of malondialdehyde (MDA), glutathione peroxidase
(GSH-Px), glutathione (GSH), catalase (CAT), and superox-
ide dismutase (SOD) were detected by detection kits of Nan-
jing Jiancheng Bioengineering Institute.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA). The
liver and colon tissue samples were grinded into homoge-
nate. The sample supernatant of serum, liver, and colon
was obtained after centrifugation. The total protein contents
were measured by a BCA protein kit. The levels of LPS,
tumor necrosis factor α (TNF-α), interleukin-1 beta (IL-
1β), interleukin-6 (IL-6), transforming growth factor-β1
(TGF-β1), ROS, 8-hydroxy-2′-deoxyguanosine (8-OHdG),
4-hydroxynonenal (4-HNE), and immunoglobulin A (IgA)
in each sample were measured by ELISA reader (Tecan,
Salzburg, Austria).
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2.7. Analysis of Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR). The extraction kit
(Promega Corporation, Madison, WI, USA) was used to
extract the total RNA of colonic tissue, which were tran-
scribed into cDNA. The concentrations of RNA were mea-
sured by NanoPhotometer™ P300 spectrophotometer
(Implen, Munchen, Germany). GAPDH gene primers were
selected as internal reference genes to determine the mRNA
levels of zonula occludens-1 (ZO-1), occludin, and claudin.
Sequences of primers were placed in Table 1. SYBR Green
PCR Master Mix kit (Vazyme Biotech Co., Ltd Nanjing,
China) was applied to carry out PCR reaction. The condi-
tions of reaction were 5min 95°C, 10 s 95°C, 30 s 60°C, and
40 cycles. 2-ΔΔCt method was used to measure the relative
mRNA expression.

2.8. Western Blotting Analysis. The total protein content in
each sample of liver and colon was determined. Separation
of proteins from different samples was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10-15%)
and then transferred to polyvinylidene fluoride (PVDF)
membrane. The membranes were sealed and incubated with
the primary antibodies and then washed and incubated with
secondary antibodies at 25°C. Finally, protein expression of
membranes was presented by an odyssey infrared imaging
system.

2.9. DNA Sequencing of GM and Bioinformatic Analysis. The
cecal contents of each sample were obtained in a super-clean
worktable. The total microbial DNA of cecum contents was
extracted by a DNA kit (Omega Biotek, Norcross, GA,
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Figure 1: Chemical structure of GRg1.
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Table 1: Primer sequences used for RT-qPCR assay.

Genes Forward (5′-3′) Reverse (5′-3′)
GAPDH ATTCAACGGCACAGTCAAGG GCAGAAGGGGCGGAGATGA

ZO-1 ACTCCCACTTCCCCAAAAAC CCACAGCTGAAGGACTCACA

Occludin CTGTCTATGCTCGTCATCG CATTCCCGATCTAATGACGC

Claudin-1 GTTTGCAGAGACCCCATCAC AGAAGCCAGGATGAAACCCA

173 37 158

ALD Ginseng

(a)

(b)

Figure 2: Shared targets between ginseng and ALD. (a) Venn diagram of candidate targets in ginseng and ALD. (b) Bioactive ingredients-
targets-ALD network. The green octagon node represents ginseng. Cyan rectangle nodes represent the bioactive components of ginseng. The
red hexagon node represents ALD. Purple ellipse nodes represent potential targets of ginseng against ALD.
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Figure 3: Continued.

5Oxidative Medicine and Cellular Longevity



USA), and then, DNA purity was evaluated. The hypervari-
able region (V3-V4) of 16S rRNA was multiplied by PCR
technique. The purified amplicons were quantitatively ana-
lyzed and sequenced by Illumina MiSeq platform (Illumina,
San Diego, CA, USA).

2.10. Statistical Analysis. All the results in the experiment
were expressed asmean ± standard deviation (S.D.) and ana-
lyzed using GraphPad Prism 8.0. Pearson correlation coeffi-
cient and the heat map between gut microbiota and the
related biomarkers were obtained on the platform of Gene-
denovo Biotechnology Co. Ltd (https://www.omicsmart
.com/). The significant difference was calculated according
to the student’s t-test. Values of P < 0:05 represent statisti-
cally difference.

3. Results

3.1. Shared Targets between Bioactive Ingredients in Ginseng
and ALD. The bioactive ingredients of ginseng and ALD-
related targets were gathered by using the corresponding
database. The results showed that 195 targets corresponding
to bioactive ingredients of ginseng were obtained from
TCMSP, HERB, and literatures. Meanwhile, the ALD-
related genes were gathered, and 210 ALD-related targets
were confirmed (relevance score ≥ 40). 37 shared targets
between active ingredients and ALD-related targets were
identified in generating Venn diagram (Figure 2(a)). Cytos-
cape software was employed to construct the network of
“bioactive ingredients-targets-disease” network about com-
mon targets in schematic diagram. 31 bioactive components
in Panax ginseng were associated with 37 shared targets,
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Figure 3: Potential targets analysis of bioactive components in ginseng against ALD. (a) Rank diagram of the degree between bioactive
ingredients and ALD. The size of circle reflects the degree. (b) Heat map of the degree between bioactive ingredients and ALD. Blue and
red colors indicate low and high degree value, respectively. (c) GRg1 targets ALD network. Purple ellipse nodes represent potential
targets of GRg1 against ALD. (d) Enrichment diagram of KEGG pathway.
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which have potential preventive effects on ALD
(Figure 2(b)).

3.2. Potential Target Analysis of GRg1 against ALD. To fur-
ther investigate the potential anti-ALD property of 31 bioac-
tive ingredients, the network of bioactive components in
Panax ginseng targeted to ALD was analyzed by Cytoscape
software (Figure 3(a)). The degree between bioactive ingre-
dients and ALD was visualized in heat map (Figure 3(b)).
The results showed that the degree between GRg1 and
ALD was ranked the second, which showed powerful ability
in preventing alcoholic liver injury (Figures 3(a) and 3(b)).
Recent studies have reported that GRg1 is a major ingredient
originated from Panax ginseng, which has the protective
effect on liver disease [16, 19]. Then, GRg1-target-ALD net-
work was established to explore the potential targets in pre-
venting ALD. We found that 11 genes such as IL-6, TLR4,
TNF, and CASP3 were interactive targets between GRg1
and ALD, suggesting that GRg1 protected alcoholic liver
damage through these targets (Figure 3(c) and Table 2). Fur-
thermore, KEGG pathway analysis was performed on these
interactive targets in Figure 3(d). The results showed that
GRg1 represents its protective effects against ALD were
closely related to these signaling pathways including TLR
signaling pathway and NF-κB signaling pathway.

3.3. Effect of GRg1 on Alcoholic Liver Damage in Mice. To
explore the potential effects of GRg1 on ALD, the hepatic tis-
sue morphology and plasma biochemical indexes were
determined in alcohol-induced liver damage mice. As shown
in Figure 4(a), the liver lobule structure was clear, and the
hepatocytes were arranged regularly in control group,
whereas cellular swelling and inflammatory infiltration were
exhibited in the alcohol group. After pretreatment with dif-
ferent doses of GRg1, infiltrations of inflammatory cells were
gradually decreased. The improvement of histopathology in
high dose-GRg1 group was similar to that in silymarin
group. Meanwhile, alcohol treatment obviously elevated
the activities of hepatic enzymes including ALT, AST,
LDH, and AKP in the serum. However, the enzymatic activ-
ities were gradually reduced by GRg1 pretreatment. These
biochemical index in high dose-GRg1 group was similar to

those in positive control group (Figures 4(b)–4(e)), indicat-
ing that the protective effect of high-dose GRg1 on alcoholic
liver injury closely resembled that of silymarin. Our results
demonstrate that GRg1 has protective effects on liver injury
induced by alcohol.

3.4. Effect of GRg1 on Hepatic Oxidative Stress Induced
Alcohol in Mice. Alcohol induces ROS generation and inter-
feres with antioxidant defense system, which further results
in oxidative stress in liver. Alcohol-induced oxidative stress
demonstrated an essential role in promoting ALD develop-
ment [20]. To investigate the effect of GRg1 on hepatic oxi-
dative stress, the levels of oxidation and antioxidant
parameters were detected. Alcohol administration signifi-
cantly increased ROS level and oxidative products (MDA,
4-HNE, and 8-OHdG). However, these levels of oxidative
indexes were gradually decreased in GRg1 group
(Figures 5(a)–5(d)). Similarly, as shown in Figures 5(e) and
5(f), GRg1 pretreatment significantly alleviated the alcohol-
induced decrease in antioxidant indices (SOD, GSH-Px,
CAT, and GSH). Collectively, GRg1 prevents alcohol-
induced oxidative stress by regulating the equilibrium
between oxidation and antioxidation in the liver of mice.

3.5. GRg1 Alleviated Inflammatory Response in the Liver
Treated by Alcohol. To assess the effect of GRg1 on hepatic
inflammation, inflammatory indexes were measured on the
basis of the network pharmacology analyses. In Table 3,
LPS level was significantly elevated by alcohol. However,
the elevation of LPS level in alcohol group was gradually
restored by GRg1 pretreatment. Numerous studies demon-
strate that low LPS concentration can activate LPS-
mediated TLR4/NF-κB pathway, which is essential to
hepatic inflammation [21]. Then, the protein expression
levels of TLR4 and p-NF-κB p65 were detected through
western blotting. We found that alcohol remarkably upreg-
ulated TLR4 and p-NF-κB p65 expressions. However,
these levels were gradually decreased after GRg1 pretreat-
ment (Figures 6(a)–6(c)), suggesting that LPS-induced
TLR4/NF-κB activation is attenuated by GRg1. Further-
more, inflammatory factor levels including TNF-α, IL-1β,
IL-6, and TGF-β1 were significantly upregulated by alco-
hol treatment, while GRg1 gradually decreased those
levels, especially in high-dose GRg1 group (Table 3). The
data imply that GRg1 inhibits LPS/TLR4/NF-κB signaling
pathway, which subsequently ameliorates liver inflamma-
tion induced by alcohol.

3.6. Effect of GRg1 on Intestinal Barrier in Alcohol-Treated
Mice. To investigate the integrity of intestinal epithelial cells,
anatomical and histopathological observations were per-
formed in the colon. Histopathological examination showed
that the shortened length of intestine was reversed by GRg1
pretreatment (Figure 7(a)). In addition, epithelial cells were
destroyed and loosely lined, and the space of subepithelia
was expanded in alcohol-treated mice, whereas those were
obviously alleviated in GRg1 group (Figure 7(b)). Further-
more, the tight junction proteins (ZO-1, occludin, and clau-
din-1), as indicators to measure intestinal permeability,

Table 2: The potential targets and network degrees.

Target Description Degree

IL-6 Interleukin-6 10

TLR4 Toll like receptor 4 10

TNF Tumor necrosis factor 10

CASP3 Caspase 3 9

IL-1β Interleukin-1 beta 9

TGF-β1 Transforming growth factor-beta 1 9

VEGFA Vascular endothelial growth factor A 9

BDNF Brain derived neurotrophic factor 7

CDH1 Cadherin 1 7

NF-кB1 Nuclear factor-kappa B subunit 1 7

LPL Lipoprotein lipase 3
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maintain the integrity of intestinal barrier [9]. Next, the
mRNA levels of colon tight junction proteins were detected
by RT-qPCR. The levels of ZO-1, occludin, and claudin-1
detected by PCR in alcohol group were gradually reduced
in alcohol group, which were reversed after GRg1 pretreat-
ment (40mg/kg b.w.) (Figure 7(c)). Meanwhile, GRg1 pre-
treatment gradually restored the decrease of IgA level by
alcohol (Figure 7(d)). And compared with alcohol group,
the intestinal and circulating levels of LPS in the GRg1 group
were reduced in a form of measurement dependence
(Figures 7(e) and 7(f)). The data indicate GRg1 enhances
gut barrier by promoting the expressions of tight junction
protein and IgA.

3.7. Effect of GRg1 on the Intestinal Microbiota Composition
in Alcohol-Treated Mice. To analyze the effect of GRg1 on
the GM composition in ALD mice, 16S rRNA were multi-
plex sequenced in the intestine. In this study, after alcohol

treatment, the indexes of Chao1 richness and Shannon
diversity were gradually elevated, while GRg1 pretreatment
obviously reduced the indexes of Chao1 richness and Shan-
non diversity compared with those in alcohol group
(Figures 8(a) and 8(b)). As shown in Figure 8(c), the cluster
of GM in alcohol group was obviously different with the
clusters of normal mice, while those between GM in high-
dose GRg1 group and control group were close to each
other. Meanwhile, OTUs in each group were shared and dif-
ferent in the Venn diagram (Figure 8(d)).

Then, the different GM phylotypes among all groups
were analyzed at different levels. The decrease of Verrucomi-
crobia and Bacteroidetes in alcohol group were reversed by
GRg1 treatment (Figure 8(e)). In addition, Akkermansia,
Bacteroides, Lachnospiraceae_NK4A136_group, and Allo-
prevotella were the most abundant genera (Figure 8(f)).
To further investigate the specific differences of intestinal
microbiota at various phylogenetic levels, LEfSe was used
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Figure 4: Effect of GRg1 on alcoholic liver damage in vivo. (a) The liver tissues were stained by hematoxylin-eosin (200×). The arrows
indicate inflammatory cells. (b–e) The circulating levels of ALT, AST, LDH, and AKP. ##P < 0:01 and ###P < 0:001 vs. control group. ∗P
< 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. alcohol group.
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to analyze the intestinal microbiota between alcohol group
and GRg1 (40mg/kg) group. As shown in Figures 8(g) and
8(h), Firmicutes phylum, two genera including Lachnospir-
aceae_NK4A136_group, and Ruminiclostridium were abun-
dant in alcohol group, while Verrucomicrobia phylum and
Akkermansiawere genus were predominant in GRg1

(40mg/kg) group. These results indicate that GRg1 can
regulate the composition of GM in alcohol group.

3.8. Correlations between GM and the Indexes. In order to
illuminate the potential mechanisms of GRg1 on ALD, the
relationship between intestinal flora and host indexes was
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Figure 5: The levels of oxidative and antioxidative indexes in the liver. (a) ROS, (b) MDA, (c) 4-HNE, (d) 8-OHdG, and (e) GSH were
oxidative parameters. (f) Hepatic SOD, GSH-Px, and CAT were antioxidative parameters. ##P < 0:01 and ###P < 0:001 vs. control group.
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analyzed. As shown in Figure 9, the Pearson correlation anal-
ysis showed that Verrucomicrobia, Bacteroidetes, Akkerman-
sia, Bacteroides, Lachnospiraceae_NK4A136_group, and
Alloprevotella showed obvious positive correlation with intes-
tinal integrity indexes (tight junction proteins and sIgA), while
negative correlation with hepatic biomarkers (ROS, ALT, and
AST), hepatic indexes of inflammation (LPS, TNF-α, IL-1β,
IL-6, and TGF-β1) and TLR4/NF-κB expression. In contrast,
Firmicutes are positively associated with these oxidative and
inflammatory parameters, whereas negatively correlated with
hepatic antioxidant parameters and intestinal integrity
indexes. Here, the results suggest that GRg1 causes the alter-

ation of GM population, which enhances intestinal integrity
and arrests gut-derived inflammation by inhibition of LPS-
mediated TLR4/NF-κB pathway.

4. Discussion

ALD is caused by alcohol abuse, which is accompanied by
the development of liver injury [22]. Oxidative stress and
inflammation induced by alcohol are participated in the pro-
gression of ALD. Recent studies reported that GM partici-
pated in the evolution of alcohol-induced liver injury,
which is a critical element for prevention of ALD [6, 7].

Table 3: Inflammation parameters in liver of mice.

Group Control Alcohol GRg1 (10mg per kg b.w.) GRg1 (40mg per kg b.w.)

LPS (EU/g prot) 129:74 ± 7:77 203:41 ± 19:61### 198:33 ± 25:67 167:42 ± 13:56∗∗

TNF-α (pg/mg prot) 166:69 ± 4:58 227:81 ± 7:31### 186:64 ± 6:93∗∗ 171:91 ± 2:96∗∗∗

IL-1β (pg/mg prot) 20:47 ± 1:93 29:12 ± 1:11## 26:84 ± 1:91 24:10 ± 0:49∗∗

IL-6 (pg/mg prot) 20:02 ± 1:9 33:69 ± 1:71### 28:12 ± 1:85∗ 23:94 ± 1:24∗∗

TGF-β1(pg/mg prot) 20:24 ± 1:87 33:22 ± 1:86## 27:52 ± 2:66∗ 24:76 ± 1:93∗∗

All data are expressed as mean ± S:D. ##P < 0:01 and ###P < 0:001 vs. the control group, ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the alcohol-treated group.
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Figure 6: The TLR4/NF-κB pathway in the liver. (a) The protein levels of TLR4 and p-NF-κB p65 were detected using western blotting.
Densitometric analysis of (b) TLR4 and (c) p-NF-κB p65. #P < 0:05 and ###P < 0:001 vs. control group. ∗P < 0:05 and ∗∗P < 0:01 vs.
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GRg1 extracted from ginseng can suppress oxidative stress
and inflammatory responses, which exerts its pharmacolog-
ical property to prevent and treat inflammation-related dis-
eases [13, 19]. In this study, the potential targets of GRg1
against ALD were predicted through network pharmacol-

ogy, and the underlying mechanisms of GRg1 on alcoholic
liver injury were investigated in mice.

Network pharmacology is an effective approach to predict
the targets and pathways of drugs, which provides a way of the
precise prevention and treatment of disease [15]. In this study,
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Figure 8: Intestinal microbiota composition in cecum. (a) Chao1 richness index. (b) Shannon diversity index. (c) PCA plot. (d) Venn
diagram. (e) Relative abundances of microbial composition at phylum levels. (f) Relative abundances of microbial composition at genus
levels. (g) LEfSe taxonomic cladogram between alcohol group and high-dose GRg1 group. The size of the circles is based on relative
abundance. (h) LDA score diagram. ###P < 0:001 vs. control group. ∗∗P < 0:01 and ∗∗∗P < 0:001 vs. alcohol group.

14 Oxidative Medicine and Cellular Longevity



31 bioactive ingredients in ginseng were selected to have
potential anti-ALD activity by ginseng-targets-ALD network
(Figures 2(a) and 2(b)). Among these bioactive compounds,
GRg1 showed the powerful pharmacology against ALD
according to the degree values between bioactive ingredients
and ALD (Figures 3(a) and 3(b)). Recent studies demonstrated
that GRg1 can protect against some liver diseases in several
animal models [23, 24]. Combined with the related references,
GRg1 was chosen to perform the network of GRg1-tagets-
ALD.We found that 11 key genes were related to GRg1, which
were strongly correlated with ALD (Figure 3(c) and Table 2).
In addition, KEGG pathway analysis showed the TLR and
NF-κB signaling pathways were interrelated with GRg1
against ALD (Figure 3(d)). It has been confirmed that the acti-
vation of LPS/TLR4/NF-κB pathway induces the secretion of
inflammatory factors, which contributes to the development
of ALD [9, 25]. These results indicate that LPS/TLR4/NF-κB
pathway is the potential targets of GRg1 to protect against
ALD.

Excessive alcohol consumption causes histopathological
changes and disfunction in the liver [2]. The elevation of
hepatic enzymes in the serum indicates the occurrence of
liver injury, such as AST, ALT, and LDH [26]. It has been
verified that silymarin exhibits protective effects against liver
injury, which is used as a common positive control in many
studies of hepatoprotective drugs [27, 28]. In the current
study, it was found that GRg1 effectively alleviated histopa-
thological changes in liver tissue and the levels of hepatic
enzymes (AST, ALT, LDH, and AKP) in serum (Figure 4),
indicating that GRg1 can reduce alcohol-induced liver dam-
age. In addition, hepatoprotective effects of high dose-GRg1
were similar to silymarin, suggesting that GRg1 is a potential

agent for preventing ALD. Alcohol-induced excess ROS trig-
gers oxidative damage of lipid and DNA and destroys equi-
librium of oxidation and antioxidation, which leads to
hepatic inflammation and injury [4, 29]. Our results showed
that GRg1 pretreatment reversed the increase of oxidative
level (ROS, MDA, 4-HNE, and 8-OHdG) and decrease of
antioxidative level (SOD, CAT, GSH-Px, and GSH)
(Figure 5), suggesting the alleviation of alcohol-induced oxi-
dative stress.

Several studies indicate that alcohol and its metabolites
destroy the function and structure of gut epithelial cells
and result in the enlargement of gut permeability [30–32].
In this study, gross and tissue staining displayed that high-
dose GRg1 pretreatment alleviated the reduction of intesti-
nal length and histopathological changes in the colon
(Figures 7(a) and 7(b)). It has been reported that tight junc-
tion proteins crosslink to the actin cytoskeleton and form
the gut integrity [9]. In addition to alcohol and its metabo-
lites, alcohol-mediated microbial proliferation and LPS have
been found to disrupt tight junction proteins and increase
intestinal permeability, subsequently intestinal LPS enters
blood circulation through broken intestinal barrier [33,
34]. In the present study, we found that high-dose GRg1
effectively reduced the intestinal and circulating levels of
LPS and increased the levels of the tight junction proteins
in alcohol-treated mice (Figures 7(c), 7(e), and 7(f)). The
results indicate that GRg1 pretreatment restores the expres-
sion of tight junction proteins and enhances gut barrier by
reducing alcohol-induced LPS in the intestine and circula-
tion. IgA restricts the invasion of pathogens and toxins
through the mucosa and serves as the major factor of intes-
tinal mucosal defense [35]. We found that GRg1
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pretreatment improved the levels of antimicrobial peptides
and IgA (Figure 7(d)). Taking together, the findings demon-
strate that GRg1 enhances gut barrier function and decreases
the gut permeability in alcohol-treated mice.

It is well known that LPS is a microbe-derived bacterial
product, which is a crucial mediator of inflammation in
ALD. Further studies have reported that alcohol intake
increases intestinal permeability, and LPS is transported
from intestine to liver through blood circulation, which
induces inflammatory response in the liver [36, 37]. The
increase of inflammatory cytokines contributes to ALD by
regulating the gut-liver axis [9]. LPS-induced TLR4/NF-κB
activation builds a link between the gut permeability and
liver inflammation, which aggravate liver injury [21, 38].
We found that GRg1 pretreatment reversed the elevated
levels of LPS, TLR4, and p-NF-κB in alcohol group
(Figure 6 and Table 3). These findings indicate that LPS-
mediated TLR4/NF-κB activation is reduced by modulation
of gut permeability in GRg1 group. Subsequently, GRg1 pre-
treatment alleviated the increase of inflammatory factors in
the liver treated by alcohol (Table 3). Taking together, the
data demonstrated that GRg1 alleviated alcohol-induced
inflammatory response through suppression of LPS/TLR4/
NF-κB pathway and prevented liver damage, which further
proved the target predicted by network pharmacology.

Recently, more evidences have displayed that alcohol
results in imbalance of intestinal flora, and the interaction
between GM and hepatic damage promotes the development
of ALD [39, 40]. In this study, all the groups have unique
and shared OTUs (Figure 8(d)). GRg1 pretreatment signifi-
cantly decreased the values of Chao 1 richness and Shannon
diversity in alcohol group, indicating the decline of α-diversity
(Figures 8(a) and 8(b)). In addition, the GM cluster in high
dose-GRg1 group and control group was close, indicating
the similarity of β-diversity (Figure 8(c)). Our data imply that
GRg1 pretreatment can alter GM profile in alcohol-treated
mice. Bacteroidetes and Firmicute are the richest phyla, and
changes in Firmicutes/Bacteroidetes (F/B) are often associated
with health benefits [41, 42]. Our data demonstrated that
GRg1 pretreatment enhanced the proportion of Bacteroidetes
and Verrucomicrobia and reduced the value of F/B in alcohol
group, which were consistent with previous report
(Figure 8(e)). Akkermansiamuciniphila, a gram-negative bac-
terium located in the mucus layer, maintains the integrity of
intestinal barrier [43]. It has been demonstrated that Bacter-
oides, Lachnospiraceae_NK4A136 _group, and Alloprevotella
produce short-chain fatty acids, which protect intestinal bar-
rier function and inhibit inflammatory response [44–46].
Our data showed that Akkermansia, Bacteroides, Lachnospira-
ceae_NK4A136_group, and Alloprevotella were the main
microbiota at genus level, and GRg1 pretreatment increased
these abundances (Figure 8(f)). In addition, there was specific
differences of microbiota between alcohol group and high
dose-GRg1 group by LEfSe analysis (Figures 8(g) and 8(h)).
Collectively, these findings indicate that GRg1 can regulate
GM composition to ameliorate alcoholic liver damage.

It has been demonstrated that excess ethanol intake is
correlated with changes in GM composition, intestinal bar-
rier function, and inflammatory response [47]. Some gut bacte-

ria products such as LPS reach the liver through portal vein,
which activate TLR4-mediated NF-κB pathway and produce
proinflammatory cytokines in the liver [25]. Moreover, alcohol
enhances gut leakiness by inhibiting tight junction protein
expression and increases LPS load and liver pathology [48].
The interaction between GM alteration and gut-derived inflam-
mation promotes a crucial effect in progression of alcoholic liver
injury [9]. Our results demonstrate that inflammatory biomark-
ers (LPS, TLR4, NF-κB, and cytokines) in the liver showed a
negative relation with some microbiota such as Bacteroidetes,
Verrucomicrobia, Akkermansia, and Bacteroides and positive
association with Firmicutes after GRg1 pretreatment
(Figure 9). The findings demonstrate that LPS-mediated
TLR4/NF-κB activation is decreased by alteration of GM in
GRg1-treated mice. In contrast, gut barrier defense (tight junc-
tion protein expression and sIgA level) exhibited the opposite
correlation with these GM. Collectively, our data imply that
GRg1 alters the GM, which interacted with gut-derived inflam-
mation, and further alleviates alcoholic liver damage.

5. Conclusion

In this study, network pharmacological analysis showed that
11 potential targets of GRg1 against ALD were obtained and
implicated with TLR/NF-κB signaling pathways. Meanwhile,
GRg1 reduced liver pathological damage and the activities of
hepatic enzymes in alcohol-treated mice. GRg1 alleviated
alcohol-induced oxidative stress by downregulating oxida-
tive levels and upregulating antioxidative levels. GRg1
inhibits LPS/TLR4/NF-κB signaling pathway, which subse-
quently ameliorates liver inflammation induced by alcohol.
Furthermore, GRg1 inhibited intestinal and circulating LPS
levels and increased tight junction proteins and IgA levels,
which strengthened the intestinal barrier. GRg1 regulated
intestinal flora disturbance, Verrucomicrobia, Bacteroidetes,
Akkermansia, and Bacteroides were positively correlated
with intestinal barrier indicators and negatively associated
with LPS-mediated inflammation after GRg1 treatment.
Our findings proved that GRg1 as a natural product can pro-
tect against alcohol-induced liver damage via regulating gut-
liver axis.
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p-NF-κB p65: Phospho-nuclear factor-kappa B p65
ROS: Reactive oxygen species
SOD: Superoxide dismutase
TGF-β1: Transforming growth factor-β1
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The present study evaluated the polyphenolic contents and hypoglycemic, antioxidant, and anti-inflammatory effects of the
diethyl ether fraction of Thespesia garckeana using various in vitro and in vivo models. Total phenol and flavonoid
contents of the extract were 613:65 ± 2:38 and 152:83 ± 1:56mg/100 g dry weight, respectively. The extract exhibited
in vitro antioxidant activities against DPPH, FRAP, LPO, and ABTS with respective half-maximal inhibitory concentration
(IC50) values of 30:91 ± 0:23, 16:81 ± 0:51, 41:29 ± 1:82, and 42:39 ± 2:24μg/mL. In vitro anti-inflammatory studies using
membrane stabilization, protein denaturation, and proteinase activities revealed the effectiveness of the extract with
respective IC50 values of 54:45 ± 2:89, 93:62 ± 3:04, and 56:60 ± 2:34μg/mL, while in vitro hypoglycemic analysis of the
extract revealed inhibition of α-amylase (IC5064:59 ± 3:29 μg/mL) and enhancement of glucose uptake by yeast cells.
Interestingly, the extract demonstrated in vivo hypoglycemic and anti-inflammatory effects in streptozotocin- (STZ-)
induced diabetic and xylene-induced ear swelling models, respectively. In addition, the extract improved insulin secretion,
attenuated pancreatic tissue distortion and oxidative stress, and increased the activities of superoxide dismutase (SOD), catalase,
and reduced glutathione (GSH), while reducing the concentration of LPO in the diabetic rats. A high-performance liquid
chromatography (HPLC) analysis identified the presence of catechin (6:81e − 1 ppm), rutin (8:46 e − 1 ppm), myricetin, apigenin
(4:019 e − 1 ppm), and luteolin (15.09 ppm) with respective retention times (RTs) of 13.64, 24.269, 27.781, 29.58, and 32.23min,
and these were subjected to a pharmacoinformatics analysis, which revealed their drug-likeness and good pharmacokinetic
properties. A docking analysis hinted at the potential of luteolin, the most abundant compound in the extract, for targeting
glucose-metabolizing enzymes. Thus, the present study provides preclinical insights into the bioactive constituents of T.
garckeana, its antioxidant and anti-inflammatory effects, and its potential for the treatment of diabetes.

1. Introduction

Diabetes mellitus (DM) is a category of metabolic disorders
that affect glucose, lipid, and protein metabolism and conse-
quently affect the overall health status [1, 2]. The prevalence
of diabetes is very high, affecting millions of people globally
[3]. It is characterized by the development of insulin resis-
tance, abnormal insulin signaling, oxidative stress [4],
inflammation [5], and organ dysfunction [6], leading to
decreased life quality and high mortality [7]. In the past few
decades, DM, particularly type 2 DM (T2DM), has become
a global health problem that threatens millions of people in
both developed and developing countries [2]. According to
the Diabetes Atlas (10th edition) of the International Diabe-
tes Federation (IDF) [8], there are 537 million people living
with diabetes in 2021, and about 783 million cases are
expected by 2045 [8], compared to 151 million sufferers in
2000 [9–11].

Although the pathogenesis and pathophysiology of T2DM
are extremely complex and not fully understood, accumulat-
ing evidence has revealed that free radical generation, oxida-
tive stress, and inflammation play critical implicative roles in
the development of T2DM [12, 13]. Inflammation, a complex
physiological response to injury and infection, plays a pivotal
role in the development of chronic disorders, including
arthritis, asthma, atherosclerosis, and cancers [14]. Experi-
mental and clinical studies have provided evidence of the
important roles of inflammation in DM [15, 16]. Reactive
nitrogen species (RNS) and reactive oxygen species (ROS)
were clearly implicated in the pathology of various diseases
including aging, cancers, cardiovascular diseases (CVD),
neuronal impairment, and diabetic complications [14, 17].
During hyperglycemia, the generation of free radicals (RNS
and ROS), autooxidation of glucose, and depletion of endog-
enous antioxidants lead to oxidative stress and inflammatory
conditions, apoptosis of pancreatic islet β cells, and impaired
insulin secretion [18]. In addition, inflammation and oxida-
tive stress also contribute to the development of diabetic
complications such as hypertension, retinopathies, nephropa-
thies, and neuropathies [19, 20].

Over the years, synthetic and chemical antioxidants and
antidiabetic medications have been developed for treating
diabetes and its associated complications [21]. However,
their clinical applications have been limited by the loss of
efficacy and more importantly by associated side effects
including diarrhea, lactic acidosis, flatulence, and acute hep-
atitis [22, 23]. Hence, there is a need to focus on seeking new
alternatives. Moreover, evidence from traditional health
practice and experimental studies suggested that natural
products, particularly medicinal plants, are rich sources of
therapeutic agents that can offer better efficacy with minimal
side effects compared to conventional therapies [24–26].
Thus, exploring bioactive metabolites from medicinal plants
may offer multieffect glycemic control while modulating oxi-
doinflammatory aberrations and improving prognoses of
diabetes and its complications.

Thespesia garckeana F. Hoffm., known as ‘snot apple’ or
‘kola of Tula,’ is a reputable medicinal plant that is widely
distributed in Africa and some other tropical countries
[27, 28]. As a traditional medicine, the plant is widely used
for treating rheumatism, infections, diabetes, liver diseases,
reproductive impairment, and other diseases [28, 29].
Several biological activities of the plant were also reported
in the literature [28, 30–32]. Herein, we evaluated the hypo-
glycemic, antioxidant, and anti-inflammatory effects of the
diethyl ether fraction of T. garckeana using various
in vitro and in vivo models. Further characterization of
the extract revealed the presence of various compounds
which were subjected to a pharmacoinformatics analysis,
thus unveiling their drug-likeness, good pharmacokinetics
(PKs), and potential hypoglycemic properties. Altogether,
our study established the preclinical efficacy of T. garckeana
extract against inflammation, glycemic impairment, and
oxidative stress, suggesting its future use for developing
alternative therapies against diabetes complications.

2. Materials and Methods

2.1. Plant Collection, Extraction, and Fractionation. Thespe-
sia garckeana plant was obtained from the Gombe State,
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Tula Village, Kaltungo Local Government Area (Latitude
9°48'51″N and Longitude11°18'32″E) Nigeria. Plant authenti-
cation was conducted at the Ebonyi State University, Nige-
ria, and a specimen voucher identification number was
reported. The pulp was air-dried to a constant dry weight
at 25°C for 2 weeks before been subjected to pulverization
with the aid of a mechanical blending machine. Three hun-
dred grams (300 g) of the pulverized sample was subjected to
cold maceration in 1.5 L of methanol for 72h. The resulting
crude extract after concentration was further subjected to
fractionation with diethyl ether, ethyl acetate, and n-
butanol successively and the resulting fractions; diethyl ether
(7.9% yield), ethyl acetate (3.10% yield), and n-butanol
(2.45% yield) fractions were concentrated in a rotary vac-
uum evaporator under reduced pressure. The resulting
diethyl ether fraction (dietl-eth_T. garckeana) which dem-
onstrated the highest yield and phytochemical compositions
in preliminary screening was used for subsequent analysis.

2.2. Analysis of Total Phenol and Flavonoid Contents. The
total flavonoid content of the dietl-eth fraction of T. garck-
eana was determined according to the method of Chang
et al. [33], while the total phenol content was evaluated using
the Folin-Ciolcalteau’s reagent as described by Singleton
et al. [34]. Gallic acid (total phenols) and quercetin (total fla-
vonoids) were used to prepare the calibration curves.

2.3. In Vitro Antioxidant Assays. The in vitro antioxidant
effects of dietl-eth_T. garckeana were evaluated using the
DPPH, FRAP, ABTS, and LPO assays. The DPPH assay
was conducted based on the scavenge ability of the extract
on DPPH radicals [35]. FRAP activity was assayed according
to the method of Oyaizu [35]. The extract was incubated in
K3[Fe(CN)6] supplemented phosphate buffer at 50°C for
20min, after which 10% TCA was added. The resulting
solution was centrifuged and color development in the
presence of 0.1% ferric chloride was monitored at 700nm.
The thiobarbituric acid-reactive substance (TBARS) proto-
col described by Panjamurthy et al. [36] was employ for
the LPO analysis, while the ABTS assay was done as
reported by Re et al. [37].

2.4. In Vitro Hypoglycemic Assays. Standard analysis proto-
col for alpha-amylase inhibition described by Worthington
[38] was employed for the in vitro hypoglycemic analysis
of the extract. Briefly, the extract/acarbose (12.5~ 100μg/
mL) mixed in an enzymatic porcine pancreatic solution
was incubation with a starch solution for 30min at 37°C,
followed by the addition of 10μL of HCl (1M) and iodine
reagent for color development. In the analysis of glucose
uptake by yeast cells, glucose solution (5~ 25mM) was
incubated (37°C for 10min) with the extract. A yeast sus-
pension was added to the reaction mixture and incubated
for another 45-60min, after which glucose concentration
was estimated.

2.5. In Vitro Anti-Inflammatory Assays. The in vitro anti-
inflammatory activities of the dietl-eth_T. garckeana were
evaluated by using the human red blood cell (RBC and

HRBC) membrane stabilization, inhibition of protein dena-
turation, and proteinase inhibitory assays. The protein dena-
turation inhibition was assayed as described of Mizushima
and Kobayashi [39], while the method of Oyedepo and
Femurewa [40] was used for the proteinase inhibition assay.
In the HRBC assay, a 10% human RBC suspension was incu-
bated with the extract solution at 50-55°C for 30min [41].
The resulting solution was centrifuged at 2500 rpm for
5min, and the reaction changes was monitored at 560nm.

2.6. Analysis of Toxicity and Extract Tolerated Dose. The
dietl-eth_T. garckeana was subjected to an acute toxicity
study to evaluate its safety and maximum tolerated dose
upon oral administration according to the protocol
described by Lorke [42]. Briefly, a total of eighteen (18) rats
were grouped into six (6) and administered with 10, 100,
1000, 1600, 2800, and 5000mg/kg bw of dietl-eth_T. garck-
eana to groups I-VI, respectively. The extract was adminis-
tered once orally, after which the rats were observed for any
sign of adverse toxicity and mortality within 14 days’ period.

2.7. Oral Glucose Tolerance Test (OGTT). The OGTT was
conducted according to the method described by Sisay
et al. [43]. A total of twelve (12) overnight starved rats were
grouped into 5 (3 rats per group) and treated with 2.0mL/kg
normal saline, 5mg/kg glibenclimide, 150mg/kg, and
300mg/kg dietl-eth_T. garckeana for groups I-IV, respec-
tively. After 30 minutes of treatment, 2 g/kg bw of glucose
was orally administered to rats in each group. The blood glu-
cose level was determined at 0 minutes (basal blood glucose
level) and at intervals of 30 for a period of 2 hrs.

2.8. Analysis of In Vivo Antidiabetic Activities in Rats. The
dietl-eth_T. garckeana was evaluated for the in vivo antidia-
betic effects in albino rats. Experimental rats were acquired
from the experimental rodent facility of AE-FUNAI, Nigeria.
Animal experiments were consented by the ethical commit-
tee of the AE-FUNAI, Nigeria. Streptozotocin (STZ; 40mg/
kg) was intraperitoneally administered to overnight starved
rats, and rats with FBS > 200mg/kg were considered diabetic
[44]. Rats were rationed into 4 groups and treated with the
dietl-eth_T. garckeana at 150 (group 1) and 300mg/kg
(group 2), 2mL/kg normal saline (group 3), and 200mg/kg
metformin (group 4). Healthy rats were assigned to the fifth
group to serve as the control. Treatments were given on a
daily basis for a period of 21 days via oral route. The fasting
blood sugar concentration and animals’ body weight were
checked during the study period.

2.9. In Vivo Anti-Inflammatory Analysis (Xylene-Induced
Ear Swelling Assay). The dietl-eth_T. garckeana was evalu-
ated for its in vivo anti-inflammatory effects in mice using
a xylene-induced ear edema test [45, 46]. Healthy mice were
divided into five (n = 5) groups and administered orally with
saline, dietl-eth_T. garckeana (150 and 300mg/kg BW), or
200mg/kg aspirin for 7 days. On the eighth day, the poste-
rior and anterior surfaces of the rat’s right ear were scrubbed
with 0.02mL aliquot of xylene. Measurement of the ear
thickness was done, and the ear inflammation volume was
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computed as the weight differences between the right and
the left ears. Orbital blood sample was also collected and
analyzed for the levels of white blood cell counts.

2.10. Collection and Processing of Samples. Experimental rats
were euthanized under diethyl ether vapor for few minutes,
and blood were obtained through cardiac puncture. The
coagulated blood was centrifuged for 15min (3000× g) and
the separated serum were stored at 4°C [47, 48]. The rat’s
pancreases and liver tissues were harvested, homogenized
in phosphate buffer (0.1M, pH7.4, 1 : 10w/v) and centri-
fuged at 10,000× g for 10min at 4°C.

2.11. Tissue Assays for Antioxidant Parameters. The in vivo
antioxidant effects of the extract were evaluated in liver
homogenate using the lipid peroxidation (LPO), superoxide
dismutase (SOD), reduced glutathione (GSH), and catalase
(CAT) assays. The LPO assay was conducted by measuring
the tissue levels of TBARSs [49], while the modified colori-
metric method of Kum-Tatt and Tan [50] was adopted for
GSH assay. The activity of SOD was evaluated by using an
established protocol [51]. The tissue homogenate was incu-
bated with carbonate buffer (pH10.2) in the presence of
0.3mM adrenaline. The increase in absorbance at an interval
of 30 s were monitored at 480nm [51]. CAT activity was
determined using a standard protocol [52]. The liver
homogenate (0.1mL) in phosphate buffer (0.01M, pH7.0)
was incubated with 2M hydrogen peroxide (H2O2) for
20min. This was followed by the addition of a dichromate
acetate reagent to terminate the reaction. The changes in
absorbances were monitored at the wavelength of 620nm
and the activity of CAT was expressed as a unit of H2O2/
mg protein [52].

2.12. Measurement of Insulin Levels. The Insulin ELISA kit
(Calbiochem-Behring Corp, CA; catalog no. IN374S) was
used for the analysis of pancreatic and serum insulin con-
centrations as per the manual instructions.

2.13. High-Performance Liquid Chromatography (HPLC).
The dietl-eth_T. garckeana was subjected to HPLC analysis
according to the method described in our previous study
[20]. A hundred milligram (100mg) of dietl-eth_T. garck-
eana was dissolved in five millilitres (5mL) of an HPLC
grade methanol. The extract solution was filtered and run
on the HPLC (Agilent Technologies 1200) with the follow-
ing chromatographic conditions: stationary phase (Hypersil
BDS C18), mobile phase (acetonitrile and 0.1% formic acid),
column dimension of 250mm × 4:0mm, injection volume of
10μL, a flow rate of 0.6mL/min, detector wavelength of
280nm, and at gradient mode of elution.

2.14. Pharmacoinformatics Analysis

2.14.1. Analysis of Drug-Likeness and ADMET-PK
Properties. The most abundant compounds identified from
the dietl-eth_T. garckeana were subjected to analysis of
physicochemical properties, drug-likeness, PKs (ADMET),
and medicinal chemistry using the ADMET-Lab, ADMET-
Sar, and Swiss-ADME servers [53]. The human-intestinal

absorption and permeability by blood-brain barrier (BBB)
were modeled through the BOILED-EGG and support
vector machine (SVM) tools [53].

2.14.2. Analysis of Ligand Receptor Interactions Using
Molecular Docking. The most abundant bioactive compound
characterized from the extract was subjected to an analysis
of ligand-receptor interactions using molecular docking.
The crystal three-dimensional (3D) forms of the compounds
were built by the Avogadro visualization tool (version 1.XX)
[54], while the PDB files of the target receptors including
alpha-amylase and alpha-glucosidase were downloaded
from the Protein Data Bank. The mol2 files were trans-
formed into PDB files using PyMOL software, while the
PDB formats were transformed to PDBQT using AutoDock
Vina [55]. Water molecules were detached, while hydrogen
atoms in polar forms and Kollman charges were added to
the compounds during predocking preparations [56, 57].
The version 8 of AutoDock Vina tool was used for the
receptor-ligand docking as described in previous studies
[56, 58, 59], while visualization was conducted using the
PyMOL and Discovery studio tools [60].

2.15. Data Analysis. The GraphPad vers. 8.0 software was
used for the statistical analysis of replicate data. The one-
way type analysis of variance and Student’s t-test were
explored for statistical comparison between groups. Data
are presented as the mean ± standard error of themean
(SEM), and statistical annotation of “∗,” “∗∗,” or “∗∗∗,” were
used to represents the statistical differences corresponding to
“p < 0:05,” “p < 0:001,” and “p < 0:001,” respectively.

3. Results and Discussion

3.1. Thespesia garckeana Fraction Exhibited Dose-Related In
Vitro Antioxidant Activities. Plants, particularly those that
are rich source of flavonoid and polyphenolic compounds,
have been effective against various diseases including can-
cers and diabetes [61]. These phytochemicals are known to
exhibit several biological activities including antioxidants,
antimicrobial, anticancer, anti-inflammatory, and antidia-
betic, etc. [62]. Interestingly, our results demonstrated that
dietl-eth_T. garckeana contains total phenol contents of
613:65 ± 2:38mg/100 g dry weight and total flavonoid con-
tents of 152:83 ± 1:56mg/100 g dry weight. The flavonoid
and phenol contents reported in this study are higher than
the total phenol (34.32 and 25.34mg/100 g) and flavonoid
(13.45 and 7.65mg/100 g) contents previously reported for
crude methanol and ethyl-acetate extracts of T. garckeana
[28]. The presence of significant-high amounts of phenol
and flavonoid contents in the dietl-eth_T. garckeana
suggested the ability of the extract to scavenge free radicals,
prevent oxidative stress and manage diabetes [62].

The formation of free radicals and oxidative stress play
important roles implicated in the development of T2DM
[12, 13]. Therefore, the role of antioxidants in preventing
the formation of free radicals is crucial to the control of
DM [61]. Our in vitro studies revealed significant and
dose-related antioxidant activities of the dietl-eth_T.
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garckeana in four different in vitro models of antioxidant
assays; DPPH, FRAP, LPO, and ABTS, with IC50 values of
30:91 ± 0:23 (Figure 1(a)), 16:81 ± 0:51 (Figure 1(b)), 41:29
± 1:82 (Figure 1(c)), and 42:39 ± 2:24μg/mL (Figure 1(d)),
respectively. Through the analysis of TBARS levels, we
uncovered that the malonaldehyde (MDA) formation has
been significantly compromised by dietl-eth_T. garckeana.
In addition, the hydrogen donating properties of the
extract as a means of radical scavenging has been demon-
strated by the DPPH assay [63]. The reduction of Fe3+/
Fe2+ as suggested by the FRAP assay also confirmed the
scavenging ability of dietl-eth_T. garckeana, thereby trans-
forming reactive radical element into a more stable prod-
uct. Phenols and flavonoids were implicated in the free
radical scavenging abilities and defensive properties of
plants against various illnesses [64]. Consequently, the
high flavonoid and phenolic contents of dietl-eth_T.
garckeana may be appraised for the antioxidants activity
of the extract.

3.2. Thespesia garckeana Fraction Exhibited Dose-Related
In Vitro Anti-Inflammatory Activities. Inflammation, a
complex physiological response to injury and infection,
plays a pivotal role in the development of chronic disor-
ders, including arthritis, asthma, atherosclerosis, cancer,
and DM [14]. Interestingly, T. garckeana exhibited dose-
related anti-inflammatory activities. Our in vitro anti-
inflammatory studies using membrane stabilization, protein
denaturation, and proteinase activities revealed the effective-
ness of the extract with respective IC50 values of 54:45 ± 2:89,
93:62 ± 3:04, and 56:60 ± 2:34μg/mL (Figures 2(a)–2(c)).
The erythrocytic membrane exhibits some similarities with
the lysosomal membrane and its stabilization implies that
the dietl-eth_T. garckeana may well stabilize lysosomal
membranes [65]. This is important for restraining the
inflammatory response by halting the lysosomal releases of
active neutrophils, such as proteases and bacterial enzymes,
which may induce tissue inflammation and injury upon extra-
cellular release [66]. The dietl-eth_T. garckeana promoting
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Figure 1: Diethyl-ether fraction of Thespesia garckeana (dietl-eth_T. garckeana) exhibited dose-related in vitro antioxidant activities. Bar
graphs showing extract dose vs. inhibition effect of the dietl-eth_T. garckeana on (a) 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals, (b)
ferric-reducing antioxidant power (FRAP), (c) lipid peroxidation (LPO), and (d) 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid
(ABTS). Values are the mean ± SEM (n = 3). Different superscript letters indicate significant differences (p < 0:05) between the extract
doses. IC50: half-maximal inhibitory concentration.
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membrane stabilization also suggests its potential for mitigat-
ing phospholipases release thereby preventing the generation
and activities of inflammatory mediators [67].

Proteinase inhibitory activity was studied to further
explain the anti-inflammatory mechanism of dietl-eth_T.
garckeana. Neutrophils contains high levels of serine pro-
teinase [65] that plays a vital tissue damaging role during
inflammatory events [68] and inhibitors of this proteinase
protect against the damage [69]. Interestingly, the dietl-
eth_T. garckeana exhibited dose related antiproteinase activ-
ity with IC50 of 56:60 ± 2:34μg/mL. These results provide
evidence for proteinase inhibition as an additional mecha-
nism of the anti-inflammatory effect of dietl-eth_T. garck-
eana. Altogether, these data suggest that T. garckeana
extract would be useful for averting inflammatory complica-
tions that could be associated with diabetes.

3.3. Thespesia garckeana Fraction Demonstrated Safety
Profile in Acute Oral Toxicity Study. According to the data
obtained from this study, dietl-eth_T. garckeana demon-
strated a good safety profile with a 50%lethal dose ðLD50Þ >
500mg/kg bw and a safe dose of 1000mg/kg bw (Table 1).
No animal mortality was observed during the study. In addi-

tion, rats dosed with 10, 1000, and 1000mg/kg bw were
bereft of adverse health or physiological changes, suggesting
the safety of the extract at doses ≤ 100mg/kg bw. Con-
versely, rats treated with 1600, 2800, and 5000mg/kg exhib-
ited varying levels of adverse effects ranging from
restlessness, hyperactivity, redness of the eyes, and profuse
breathing. According to Hodge and Sterner [70], substances
that demonstrate an LD50 of 5000mg/kg in rats should be
considered harmless substances. This result is in agreement
with the findings of Iyojo et al. [71], who reported no mortal-
ity in rabbits administered different extracts of T. garckeana
pulp at 5000mg/kg. Altogether, dietl-eth_T. garckeana
demonstrated high LD50 and is safe for use as an oral remedy
at doses ≤ 100mg/kg bw. Thus, the high safety of this plant
upon oral exposure justifies the widespread use of this
plant for treating various ailments by traditional healers
in northern Nigeria.

3.4. Thespesia garckeana Fraction Exhibited Dose-Related
In Vitro Hypoglycemic Activities. The inhibition of
carbohydrate-metabolizing enzymes and regulation of blood
glucose levels are very critical to the management of DM
[72]. The dietl-eth_T. garckeana also demonstrated a
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Figure 2: Diethyl-ether fraction of Thespesia garckeana (dietl-eth_T. garckeana) exhibited dose-related anti-inflammatory activities in vitro.
Bar graphs showing extract dose vs. inhibition effect of the dietl-eth_T. garckeana on (a) inhibition of protein denaturation, (b) inhibition of
proteinase activities, and (c) membrane stabilization. Values are the mean ± SEM (n = 3). IC50: half-maximal inhibitory concentration.
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hypoglycemic effect via inhibition of α-amylase (IC50: 64:59
± 3:29μg/mL) and enhanced glucose (5, 10, and 25mM)
uptake by yeast cells in a dose-related manner (Figure 3).

Inhibitors of α-amylase, a starch-catabolizing enzyme,
are widely used as oral hypoglycemic agents for the regula-
tion of sugar levels of T2DM patient [73]. However, most
of these inhibitors are synthetic with of off-limit activity
and associated side effects [74]. Consequently, the current
results verify that the dietl-eth_T. garckeana exerts its hypo-
glycemic via the inhibition of carbohydrate-catabolizing
enzymes, including the α-amylase. The inhibitory activities
of the dietl-eth_T. garckeana on α-amylase activities sug-
gests the attenuation of postprandial blood glucose increase
by decreasing the carbohydrates flow into the bloodstream
after carbohydrate intake [75].

Glucose is preferred by yeast as a primary source of fuel,
and glucose absorption by yeast cells is simulate that occur-
ring in the mammalian intestinal lumen; thus, yeast has
become a commonly used model to study glucose absorption
[76]. According to the present study, dietl-eth_T. garckeana
significantly enhanced glucose uptake by yeast cells in a
dose-related manner. This is important for the efficient uti-
lization and control of glucose levels. Interestingly, a linear
relationship between glucose concentration and rates of glu-
cose uptake by the yeast cells was observed. This is in line
with the finding of Keshala et al. [61] who reported a
concentration-dependent increase in glucose uptake by yeast
cells in the presence of plant extract. Collectively, the dietl-
eth_T. garckeana exhibited dose-related in vitro hypoglyce-
mic activities and, thus, could be regarded as a natural
product with potential for the management of DM.

3.5. The dietl-eth_T. garckeana demonstrated hypoglycemic
effect in Oral glucose tolerance test. In the present study,
the evaluation of dietl-eth_T. garckeana for possible antidia-
betic effect was also conducted using the oral glucose toler-
ance test. There were initial increases in glucose levels at
30 minutes of glucose dosing after which progressive
decreases were observed from 30 minutes to 2 hours in all
the treatment as well as the control rats. However, significant
(p < 0:05) decreases in the glucose levels of rats treated with
the 300mg/kg dietl-eth_T. garckeana, as well as the standard

control group, were observed when compared with the non-
treated glucose-loaded rats (Figure 4). Our result has shown
that the extract can decrease postprandial blood glucose
levels and improve peripheral glucose uptake and utilization
in rats. The OGTT corroborate the effects of the plant
extracts on insulin release by the B cells of the islets of Lan-
gerhans in diabetic rats. Postprandial elevated sugar level is
with an increased risk of diabetes-associated secondary com-
plications [77]. Therefore, the OGTT suggested the potential
usefulness of dietl-eth_T. garckeana in T2DM subjects with
insulin resistance prone to elevated postprandial sugar
level [78].

3.6. The dietl-eth_T. garckeana Demonstrated Hypoglycemic
Effect and Improved Insulin Secretion in STZ-Induced
Diabetic Rats. Previous experimental studies have proved
the therapeutic efficacy of medicinal plants in animal models
of diabetes, inflammation, and oxidative stress-associated
diseases [79–81]. The in vivo antidiabetic effects of the
dietl-eth_T. garckeana was evaluated in STZ-induced dia-
betic rats. Interestingly, our in vitro findings corroborated
with the data generated in vivo. We found that treatment
of the STZ-induced diabetic rats with dietl-eth_T. garckeana
caused significant and progressive decreases in the fasting
blood sugar (FBS) levels in a dose-related manner
(Figure 5(a), Table 2) and prevented the body weight loss
(Figure 5(b), Table 3), while diabetic untreated rats exhibited
progressive increases in FBS levels and body weight loss. At
the end of the treatment duration, the extract at 150 and
300mg/kg demonstrated 62.67% and 78.88% hypoglycemic
effects, respectively, while metformin demonstrated higher
hypoglycemic activity of 84.25%. Thus, the gradual decreases
in FBS and improvement of body weight recorded in the T.
garckeana-receiving animal when compared with the
untreated diabetic rats presaged the ameliorative effects of
the fraction on experimentally induced diabetes.

Under a physiological condition, the pancreatic cells reg-
ulate blood glucose levels by regulating β cells of Islets of
Langerhans’s activity through insulin secretions. Therefore,
the hyperglycemia induced by STZ may be attributed to
the impairment of insulin release as a consequence of the
destroyed β cells of Islets of Langerhans in the pancreas

Table 1: Acute oral toxicity profiles of diethyl-ether fraction of Thespesia garckeana in rats.

dietl-eth_T.
garckeana (mg/kg)

Mortality Adverse effect
Two weeks’ posttreatment observation

(loss of weight, sign of toxicity)

10 0/3 Nil Nil

100 0/3 Nil Nil

1000 0/3 Nil (MTD) Nil

1600 0/3 Restlessness (10-15mins) Nil

2900 0/3
Rubbing of the mouth on the wall of the cage
(about 20mins); restlessness (about 20mins)

Nil

5000 0/3
Rubing of cages (20-30mins), redness of the eye (30mins),

restlessness (30mins), fur erection (30mins), profuse breathing
(24 h), weakness (only in day 2)

Nil

MTD: maximum tolerated dose.
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[82]. Indeed, we found that the STZ-induced diabetic non-
treated rats exhibited significant (p < 0:05) decreases in the
pancreatic and serum (Figure 5(c)) insulin levels as well as
histological distortion of the pancreas (Figure 5(d)) when
compared with the control rats, while administrations of
the dietl-eth_T. garckeana significantly (p < 0:01) increased
the serum and pancreatic insulin levels of the 300mg/kg-
treated diabetic rats only. The serum insulin level in
150mg/kg-treated rats was not significantly (p > 0:05) differ-
ent from diabetic nontreated rats. Furthermore, the pancre-
atic section of the STZ-induced diabetic nontreated rats
shows a pancreatic architecture with loose connective tissue.
The parenchymatous portion of acini and islet are distorted
and most enriched by adipose tissue (Figure 5(d)). However,
in a similar architecture to the normal control rats, the pan-
creatic section of rats treated with metformin, and the
300mg/kg extract receiving rats show the well-preserved
pancreatic architectures, comprising lobules of exocrine
acini separated by thin fibrous septa. Normal islets of Lan-
gerhans are seen, and there were no features of significant
inflammation or damage seen. These ameliorative effects
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Figure 4: Effect of the diethyl-ether fraction of Thespesia garckeana
(dietl-eth_T. garckeana) on blood glucose levels in oral glucose
tolerance test (OGTT). Values are the mean ± SEM. ∗p < 0:05,
∗∗p < 0:01.
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Figure 3: Diethyl-ether fraction of Thespesia garckeana (dietl-eth_T. garckeana) demonstrated in vitro dose-related hypoglycemic activities.
Bar graphs showing extract dose vs. inhibitory effects of the dietl-eth_T. garckeana on (a) α-amylase inhibition, and yeast glucose uptake
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concentration.
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of the extract on pancreatic architecture, activity, and
insulin secretion might have promoted the effective
glucose uptake and utilization [83] and thus restored the

glycemic status of the rats. Altogether, this study provides
preclinical evidence supporting the potential therapeutic
benefits of dietl-eth_T. garckeana in stimulating insulin
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Figure 5: Diethyl-ether fraction of Thespesia garckeana (dietl-eth_T. garckeana) demonstrated a hypoglycemic effect and improved insulin
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Values are the mean ± SEM. “∗p < 0:05,” “∗∗p < 0:01,” “∗∗∗p < 0:001,” and “∗∗∗∗p < 0:0001”.
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secretion and attenuating hyperglycemia in strepzotocin-
induced diabetic rats.

3.7. The dietl-eth_T. garckeana Exhibited Antioxidant
Activities in Rats with STZ-Induced Diabetes. Inflammation
and oxidative stress contribute to the development of dia-
betic complications such as hypertension, retinopathies,
nephropathies, and neuropathies [19, 20]. The generation
levels of ROS are controlled by the levels endogenous antiox-
idant including CAT, GSH, and SOD [84, 85]. In the present
study, analysis of liver biochemical parameters of oxidative
stress in rats with STZ-induced diabetes revealed significant
decreases in the liver activities of antioxidant enzymes
including SOD (p < 0:01; Figure 6(a)), CAT (p < 0:05;

Figure 6(b)), and GSH (p < 0:01; Figure 6(c)) and increased
MDA levels (p < 0:001; Figure 6(d)) in STZ-induced diabetic
rats compared to the respective normal controls.

The liver is a central detoxification organ of the body
and plays a vital role in regulating glucose homeostasis
[86]. As a group of insulin-sensitive tissues, the liver is
among the primary organs highly susceptible to the effects
of hyperglycemia-provoked oxidative stress, which may
impair liver integrity [87]. Hyperglycemia, mainly caused
by insulin resistance, induces the generation of free radi-
cals by the activated Kupffer cells (phagocytic hepatic
macrophages) that help in maintaining the integrity of
liver cells [88]. However, these cells are highly susceptible
to the effects of the free radicals generated by their own

Table 3: Effect of diethyl-ether fraction of Thespesia garckeana on body weight gain in STZ-induced diabetic rats.

Groups 0 3 7 14 21 Weight gain (%)

Normal 157:05 ± 2:00 159:01 ± 1:54 165:22 ± 1:31 169:80 ± 1:29 176:53 ± 2:64 11:05 ± 0:19
Untreated 146:85 ± 3:86 146:03 ± 9:38 138:83 ± 8:60 136:17 ± 4:05 126:79 ± 3:30 −15:82 ± 0:03
150mg/kg Dietl_T.G 163:26 ± 9:92 160:26 ± 8:93 169:25 ± 10:64 169:60 ± 8:61 169:33 ± 5:30 4:01 ± 2:85
300mg/kg Dietl_T.G 158:27 ± 0:72 156:42 ± 1:34 160:63 ± 0:51 161:54 ± 0:68 162:19 ± 1:08 2:40 ± 1:09
Metformin 160:20 ± 0:88 154:37 ± 2:84 158:42 ± 4:19 163:93 ± 3:81 169:60 ± 1:49 5:53 ± 0:31
Dietl_T.G: diethyl-ether fraction of Thespesia garckeana.
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Figure 6: The diethyl-ether fraction of Thespesia (dietl-eth_T.) garckeana demonstrated antioxidant activities in diabetic rats. Bar graphs
show the effect of the dietl-eth_T. garckeana on levels of (a) superoxide dismutase (SOD), (b) catalase (CAT), (c) reduced glutathione
(GSH), (d), and malonaldehyde (MDA) in diabetic rats. Data =mean ± SD, n = 3. “∗∗∗p < 0:001,” “∗∗p < 0:01,” and “∗p < 0:05”.

Table 2: Effect of diethyl-ether fraction of Thespesia garckeana on blood glucose levels in STZ-induced diabetic rats.

Groups 0 3 7 14 21 Glucose reduction (%)

Normal 89:66 ± 1:76 88:06 ± 3:60 87:06 ± 4:58 90:66 ± 3:71 85:05 ± 1:15 —

Untreated 84:05 ± 3:00 442:50 ± 17:50 415:5 ± 5:500 441:50 ± 18:50 518:50 ± 12:50 —

150mg/kg Dietl_T.G 82:03 ± 3:01 474:50 ± 6:50 319:50 ± 14:50 258:5 ± 54:5 193:55 ± 19:05 62.67

300mg/kg Dietl_T.G 87:00 ± 3:00 419:50 ± 2:50 269:60 ± 4:40 125:70 ± 4:30 109:46 ± 5:87 78.88

Metformin 86:00 ± 2:08 433:33 ± 24:03 210:66 ± 15:76 169:33 ± 35:25 81:66 ± 4:25 84.25

Dietl_T.G: diethyl-ether fraction of Thespesia garckeana.
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Table 4: In vitro anti-inflammatory effects of the diethyl-ether fraction of Thespesia (dietl-eth_T.) garckeana.

Treatment Dose (mg/kg BW) Swelling rate WBCs (×109)
dietl-eth_T. garckeana 150 16:71 ± 1:19∗∗∗ 106:00 ± 1:73∗∗∗

dietl-eth_T. garckeana 300 10:41 ± 1:56∗∗∗ 98:00 ± 1:1561∗∗∗

Aspirin 200 13:67 ± 1:20∗∗∗ 101:00 ± 3:46∗∗∗

Untreated control 2.5mL/normal saline 77:33 ± 1:76 178:3:46 ± 3:46
Normal control Normal control — 106:00 ± 2:31∗∗∗

Values are the mean ± SD (n = 3). BW: body weight; WBCs: white blood cells; ∗∗∗ p < 0:001.
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immune reactions and the surrounding cells [89]. The
excessive ROS production results in irreversible oxidative
alterations of macromolecules including the carbohydrates,
lipids, and proteins [90], thereby leading to increased oxi-
dative stress and triggering the cascade of inflammatory
events that activates the transcription of proapoptotic
genes and damages hepatocytes [91, 92].

Therefore, the reduced SOD and CAT activities in the
liver of STZ-induced diabetic rats may be associated with
the free radical generations which inturm decreases the
activities of these enzymes. GSH is a cellular defense antiox-
idant molecule that protects against the progressive destruc-
tion of the ß cell [93]. The increases in free radicals’
productions in the diabetic rat result in oxidative damage
to membrane lipids and proteins and eventually causes a
decrease in the levels of GSH, CAT, and SOD as recorded
in rats with STZ-induced diabetes. However, our results
revealed that treatment with the dietl-eth_T. garckeana
attenuated depleted levels of GSH, CAT, and SOD and

decreased the LPO. These observations validate the potential
of dietl-eth_T. garckeana in preventing free radical genera-
tion and maintaining the antioxidant status of diabetic rats
[93]. This finding corroborated with literature on oxidative
stress-alleviating properties of plant extracts in hyperglyce-
mic rodent [94]. Our findings, therefore, revealed the T.
garckeana’s ability to ameliorate oxidative impairment and
restore antioxidant status of rats in hyperglycemic condition.

3.8. The dietl-eth_T. garckeana Demonstrated In Vivo Anti-
Inflammatory Activities in Xylene-Induced Ear Swelling of
Mice. An in vivo analysis of the anti-inflammatory proper-
ties using a xylene-induced ear swelling model in mice
revealed that the dietl-eth_T. garckeana significantly
(p < 0:001) prevented xylene-induced ear swelling compared
to the untreated control. The anti-inflammatory effect dem-
onstrated by the extract was accompanied by a significant
(p < 0:001) decrease in WBC counts of treated mice com-
pared to the untreated control (Table 4). Collectively, our

TRP
A: 59

HIS
A: 305

LEU
A: 162

ALA
A: 198

THR
A: 163

LEU
A: 165

GLN
A: 63 TYR

A: 62

TRP
A: 58 ASP

A: 300
HIS

A: 299

ASP
A: 197

ARG
A: 195

GLU
A: 233

O

O

O

O

O

O

2.62Å

2.16Å

2.
81

Å

2.32Å

Interactions
Van der waals

Conventional hydrogen bond

Pi-Anion

Pi-Pi stacked

𝛼-Amylase_luteolin complex (ΔG = −8.6 kcal/mol)

(a)

TYR62A
TRP59A

𝛼-Amylase_luteolin complex (ΔG = −8.6 kcal/mol)

3.80Å
3.52Å

3.
75

Å

3.64Å

(b)

𝛼-Amylase_luteolin complex
 (ΔG = −8.6 kcal/mol)

(c)
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view of the hydrophobic interactions in the complex, and (c) surface representation of luteolin fitted within the binding cavity of the target.
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results demonstrated that the dietl-eth_T. garckeana exhib-
ited an anti-inflammatory effect in vivo in addition to its
in vitro anti-inflammatory effects.

3.9. HPLC Characterization of the dietl-eth_T. garckeana. To
characterized the dietl-eth_T. garckeana we conducted an
HPLC analysis (Figure 7) and identified the presence of cat-
echin (6.81e-1 ppm), rutin (8.46 e-1 ppm), myricetin, api-
genin (4.019 e-1 ppm), and luteolin (15.09 ppm) with
respective retention times (RTs) of 13.64, 24.269, 27.781,
29.58, and 32.23min. HPLC chromatograms and chemical
structures of the compounds are displayed in Figure 7.
Luteolin appeared to be the most abundant compound in
the dietl-eth_T. garckeana, and thus, we evaluated its pro-
spective for targeting glucose metabolizing enzymes and an
inflammatory mediator.

3.10. Drug-ADMET and Likeness Modeling of Compounds
Identified from the dietl-eth_T. garckeana. The goal of mod-
ern drug discovery and development is to identify a drug
candidate with desirable properties within the shortest pos-

sible period of time and to avoid time- and cost-consuming
approaches which in most cases produces disappointing
outcome in the clinics [95, 96]. Hence, drug-likeness and
PK analysis is considered an important aspect of the mod-
ern drug discovery and development. Our modeling analy-
sis of the drug-PK, and drug-likeness revealed that
apigenin, myricetin, luteolin, and catechin identified from
the dietl-eth_T. garckeana (Figures 8(a) and 8(b)) were
potential drug-like molecules. These compounds passed
the drug absorbability test and have desirable bioavailability
attribute. P-glycoproteins (P-gp) are responsible for propel-
ling compounds and drugs out of the cells [97]. The iden-
tified compounds from the dietl-eth_T. garckeana are
nonsubstrate or inhibitors of Pgp, thus suggesting their
stability and optimal drug delivery [98]. This was also evi-
dent by their absorption and permeability record. The high
volume of distribution and low binding of plasma protein
by the drug further ascertain the good bioavailability and
hinted at the potential good therapeutic index of the com-
pounds but were non-BBB permeant (except for catechin)
(Figure 8(b), Table 5). Cytochrome P450 (CYP450) is a
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dimensional image of the hydrophobic links in the complex, and (c) surface representation of luteolin fitted within the binding cavity of
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heme containing enzyme family that play central metabolic
role on exogenous and endogenous substances [99]. Hence,
impeding the activities of these enzyme isoforms may lead
to deficient drug metabolism and toxic drug accumulation.
Providentially, our data indicated that among the 5 iso-
forms analyzed, the compounds were nonsubstrate and
had inhibitor tendencies for cytochrome P450 1A2
(CYP1A2) and CYP3A4. However, they were nonsubstrate
nor inhibitors of CYP2C9, CYP2D6, and CYP2C19. Not-
withstanding, luteolin demonstrated its ability to be a sub-
strate for P450 CYP3A4 and CYPC19, while catechin
demonstrated its ability to be a substrate for CYP2D6
(Table 5). The presence of these isoforms in the liver and
intestines indicates that these organs are sites of clearance
of the compounds. Among the five compounds, luteolin
and catechin demonstrated the best and most similar half-
lives of 0.745 and 0.720 h, high clearance rates of 1.919 and
1.914mL/min/kg, and a high safety profile with LD50 values

of 737.444 and 860.605mg/kg, respectively. Interestingly,
luteolin and catechin demonstrated nontoxic attributes; non-
human ether go-go-related gene (hERG) blockers, nonhepa-
totoxic, and were nonirritants in Skinsen assays. Collectively,
our analysis revealed that among the five compounds
identified, luteolin and catechin exhibited the best drug-
PK and drug-likeness characteristic and, thus, were used
for receptor-ligand simulation analysis.

3.11. Receptor-Ligand Simulation Analysis Revealed
Luteolin’s Properties for Targeting Glucose-Metabolizing
Enzymes and an Inflammatory Mediator.Molecular docking
is an innovative and widely approved strategies for mimick-
ing a small-molecule interaction with a target receptor/pro-
tein [57, 100, 101]. It provides qualitative and quantitative
estimation of the affinity between a compound and the cor-
responding protein/receptor [102]. It also gives a preamble
insight into mechanistic aspect of the compound and its

VAL
A: 295

VAL
A: 444

PHE
A: 404

PHE
A: 395

PHE
A: 408

PHE
A: 407

LEU
A: 391

ALA
A: 199

TRP
A: 387 TRP

A: 206

LEU
A: 390

TYR
A: 385

PHE
A: 210

HIS
A: 386

HIS
A: 207

HIS
A: 388

ALA
A: 202

PHE
A: 200

GLN
A: 203

O O

OO

O

O

Interactions
Van der waals
Pi-sigma

Pi-Pi T-shaped

Amide-Pi stacked
Pi-alkyl

Cyclooxygenase 2_luteolin complex (ΔG = −8.8 kcal/mol)

(a)

Gln203A

3.80Å

Cyclooxygenase 2_luteolin complex (ΔG = −8.8 kcal/mol)

(b)

Cyclooxygenase 2_luteolin
complex (ΔG = −8.8 kcal/mol)

(c)

Figure 11: Molecular docking of luteolin with cyclooxygenase. (a) A 2-dimensional (2D) image of the luteolin complex with
cyclooxygenase, (b) 3-dimensional (3D) image of the hydrophobic interactions in the complex, and (c) surface representation of luteolin
fitted within the binding cavity of the target.
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behavior when in contact with the corresponding target
[103–107]. Docking analysis in the present study revealed
that luteolin docked efficiently to the substrate interaction
domain of α-amylase with a binding affinity of –8.6 kcal/
mol. The complex was bound by four hydrogen bonds to
Gln63 (2.62Å), Asp300 (2.81Å), Arg195 (2.16Å), and
Glu233 (2.32Å); pi-pi stacked (Trp59), pi-anion (Asp300),
and several van der Waals forces including His305,
Leu162, Asp197, His299, Tyr62, Trp58, Ala198, Thr163,
and Leu165 (Figure 9). In addition, the complex was bound
by four hydrophobic contacts with Thr62A and TRP59A
with interaction distances of 3.80, 3.52, 3.75, and 3.64Å.

Luteolin interacted with glucosidase by –8.5 kcal/mol
binding efficacy. Luteolin was interposed to the cavity of glu-
cosidase mainly by hydrogen bonds with Ser150 and
TRP143 residues of glucosidase domain in respective prox-
imity of 3.28 and 2.52Å. The luteolin-glucosidase complex
stabilization was also achieved by a pi-anion interaction with
Asp136, two alkyl bonding with Pro139A and Pro139B, and
several van der Waals forces, including Lys134A, Asp215,
Lys134B, Asn141, Asn142A, Thr138, Asn142B, Ala151,
Leu144, Ser150, and Trp152, molded at the luteolin back-
bone. In addition, there were three hydrophobic contacts
with Thr138A (3.75Å), Asn142A (3.75Å), and Lys134B
(3.80Å), and the carboxylate group of luteolin formed a salt
bridge interaction with the binding domain of alpha-
glucosidase (Figure 10).

The luteolin-cyclooxygenase complex was stabilized by
several pi interactions, including pi-alkyl (Val295), pi-
sigma (Leu391), amide-pi-stacked (Ala202), and pi-pi T
shape (His388), yielding a high ligand-binding affinity of –
8.8 kcal/mol. In total, 13 van der Waals forces with Val444,
Phe404, Phe395, Phe407, Phe200, Gln203, His207, His386,
Phe210, Tyr385, Leu390, Trp387, and Thr206 residues of
the cyclooxygenases were found around the luteolin back-
bone. In addition, hydrophobic contact of Gln203A with
proximity of 3.80Å was found in the complex (Figure 11).
Overall, data presented in this study provides some scientific
affirmation based on preclinical model of the anti-inflamma-
tory, hypoglycemic, and antioxidant properties of the T.
garckeana extract. This hinted at its potentiality for explora-
tion in the development of alternative therapies for the man-
agement and possibly treatment of diabetes complication

4. Conclusions

The present study provides experimental evidence of the
therapeutic efficacy of the diethyl-ether fraction of Thespe-
sia garckeana for treating diabetes. The extract not only
enhanced the activities of antioxidant enzymes but also
inhibited inflammatory responses, and demonstrated
in vivo antidiabetic effects in experimental models. The
compound most abundant (luteolin) in the fraction dem-
onstrated good drug-PK and drug-likeness and prospective
for the targeting of glucose-catabolizing enzymes. Thus,
the present study provides preclinical insights into the bio-
active constituents of T. garckeana, its anti-inflammatory
and antioxidant effects, and its potential for treating
diabetes.
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Alcoholic liver disease (ALD) is a multifaceted process that involves excessive lipid, reactive oxygen species (ROS) production,
unbalanced mitochondrial homeostasis, and ultimate cell death. Quercetin is a dietary phytochemical presented in various
fruits and vegetables, which has anti-inflammatory and antioxidant effects. According to recent advances in pharmanutritional
management, the effects of quercetin on various mitochondrial processes have attracted attention. In the study, we explored
whether quercetin could attenuate ethanol-induced hepatocyte pyroptosis by maintaining mitochondrial homeostasis and
studied its hepatoprotective effect and the underlying mechanism. We chose L02 cells to establish an in vitro model with
ethanol-induced hepatocyte pyroptosis. Then, the cells at approximately 80% confluence were treated with quercetin (80, 40,
and 20μM). The cell viability (CCK-8) was used to investigate the effect of quercetin on ethanol-induced L02 cell proliferation.
Relative assay kits were used to measure oxidative stress index (OSI = TOS/TAS), lipid peroxidation (LPO) release, and
mitochondrial membrane potential (δΨm). The morphology of mitochondria was characterized by transmission electron
microscopy- (TEM-) based analysis. Mitochondrial dynamics (Mito Tracker Green), mitROS (MitoSOX Red Mitochondrial
Superoxide) production, and nuclear DNA (nDNA) damage (γH2AX) markers were detected by immunofluorescence. The
mRNA levels of mitochondrial function (including mitochondrial DNA (mtDNA) transcription genes TWNK, MTCO1, and
MFND) and pyroptosis-related genes were detected by RT-qPCR, and the protein levels of NLRP3, ASC, caspase1, cleaved-
caspase1, IL-18, IL-1β, and GSDMD-N were detected by western blot. The results showed that quercetin treatment
downregulated redox status, lipid droplets, and LPO release, restored damaged mitochondrial membrane potential, and
repaired mtDNA damage, PGC-1α nuclear transfer, and mitochondrial dynamics. The gene and protein expressions of NLRP3,
ASC, cleaved-caspase1, IL-18, IL-1β, and GSDMD-N were decreased, which effectively inhibited cell pyroptosis. Therefore, the
results indicated that quercetin protected ethanol-induced hepatocyte pyroptosis via scavenging mitROS and promoting PGC-
1α-mediated mitochondrial homeostasis in L02 cells.

1. Introduction

Excessive intake of alcohol has been considered the third
largest risk factors threatening human health, and per capita
alcohol consumption has increased from 5.9L to 6.5L over
the past years and is estimated to rise to 7.6L by 2030 [1].
Excessive alcohol intake may result in alcoholic liver disease
(ALD) which has become the leading cause of liver damage

after viral hepatitis [2] and has been reported to cause
approximately 500,000 deaths per year in Europe [3].
Therefore, the prevention and treatment of ALD have far-
reaching significance for maintaining human health. At
present, the main treatment medication for ALD is antioxidant
and anti-inflammatory drugs, such as corticosteroids,
glutathione, hexanone, theobromine, colchicine, and S-
adenosine methionine, but these treatments have side effects,
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including kidney damage and jaundice [4, 5]. Therefore, find-
ing a safer and more effective treatment for ALD treatments
is urgently needed [6].

ALD induced by alcohol is a multifaceted process and
unbalanced mitochondrial homeostasis. Mitochondria, as
highly dynamic organelles, provide most ATP through
oxidative phosphorylation to maintain various metabolisms
and energy requirements of cells. Studies have revealed that
ethanol exposure resulted in imbalance of fusion/fission
balance and an immediate change in mitochondrial shape both
in vivo and in vitro [7, 8]. Cytochrome P450 2E1 (CYP2E1), a
unique P450 enzyme expressed in hepatocytes, has high cata-
lytic activity for ethanol [9] and results in excessive lipid,
ROS production, mitochondrial homeostasis dysfunction, and
ultimate hepatocyte pyroptosis [10].

ROS are mainly produced by mitochondria and can
mediate various dysfunction of mitochondria, including mito-
chondrial dynamics, mitochondrial dysfunction, and even
pyroptosis. In addition, it is also important in all regulators
of inflammatory pathways [11]. Pyroptosis is a new dissolved
programmed cell death caused by inflammasome. The nod-
like receptor (NLR) family pyrin domain-containing 3
(NLRP3) converts precaspase1 to cleaved-caspase1, which
drives the cleavage of gasdermin D (GSDMD) at D275 (num-
bering after human GSDMD) into N-termini [12]. Upon
cleavage, the N-terminus of GSDMD (GSDMD-N) forms a
transmembrane pore that releases cytokines such as mature
cytokine interleukin-1β/18 (IL-1β/18), eventually resulting in
strong inflammation and cell death [13]. Alcohol induction
has also been found to promote NLRP3 inflammasome activa-
tion in patients with alcoholic hepatitis, thereby inducing
hepatocyte pyroptosis [14]. Moreover, classic caspase1
pathway-dependent hepatocyte pyroptosis has been detected
in L02 cells treated with high-concentration ethanol [15].
However, the relationship between mitochondrial homeostasis
and pyroptosis remains to be further studied.

Quercetin, a dietary phytochemical presented in various
fruits and vegetables, has the ability to scavenge ROS and
reduce lipid peroxidation due to its ion chelating and iron
stabilizing effect [16]. Currently, it is considered to be related
to mitochondrial biogenesis, mitochondrial membrane
potential, redox states within mitochondria, and cell death.
In high-fat (HF) diet-induced obese mice, quercetin pro-
tected mitochondria and counteracted different prooxidant
agents [17]. Quercetin upregulated mtDNA content and
enhanced the expression of mitochondrial fusion protein 1
(Mfn1) and Mfn2 proteins [18]. Moreover, quercetin pos-
sessed a protective effect on macrophage pyroptosis [19].
However, it has not been reported whether quercetin could
inhibit pyroptosis in ethanol-induced hepatocyte injury.

2. Materials and Methods

2.1. Materials. All the experimental materials were shown in
Table 1.

2.2. Cell Culture. L02 cells (human normal liver cells),
obtained from iCell Bio-technology Co., Ltd. (iCell-h054)
(Shanghai, China), were cultured in Dulbecco’s modified

Eagle medium (DMEM) supplemented containing 10%
Gibco fetal bovine serum (FBS) (Gibco, Grand Island, NY,
United State) and 1% antibiotics (penicillin and streptomy-
cin) at 37°C in a 5% CO2 humidified incubator. L02 cells
were randomly divided into five groups: (1) the control
group, (2) the ethanol (200mM) model group, (3) ethanol
(200mM)+quercetin (80μM), (4) ethanol (200mM)+quer-
cetin (40μM), and (5) ethanol (200mM)+quercetin
(20μM). In brief, L02 cells at approximately 80% confluence
were treated with quercetin (80, 40, and 20μM) for 24h after
pretreated with ethanol (200mM) for 24 h. To prevent
ethanol evaporation during exposure, each culture dish was
tightly wrapped with parafilm.

2.3. Cell Proliferation Assay. L02 cells were cultured in 96-
well plates. Different concentrations of ethanol and querce-
tin were added, each group was set up with 6 duplicate wells,
and a group of solvent control group was reserved. After
24 h, the cell density reached 80%, incubated with 10μl of
CCK-8 reagent for 1 h and detected the optical density
(OD) value. The absorbance of untreated cells was regarded
as 100% of cell survival.

Cell viability = Treated viable cells − bank cells
Control viable cells − blank cells

× 100%:

ð1Þ

2.4. Oil-Red O Staining. After the experiment, the culture
medium was removed, washed with phosphate-buffered
saline (PBS) for 3 times, fixed with 4% paraformaldehyde
for 30min to dilute the oil red storage solution
(oil red : deionizedwater = 3 : 2), and filtered with filter
paper and heated at 37°C. After dyeing for 10min, the added
dye liquid covered the bottom, and the dye could be
absorbed. Then, the dye was rinsed with 60% isopropanol
for 1-2min, and the excess dye was washed with PBS. The
field of view was randomly selected under the light
microscope (Leica, German) of the glycerin sealant, the dye-
ing situation was observed, and the image was taken for
analysis by ImageJ software.

2.5. Nile Red Staining. After the experiment, the cultured
cells were fixed with 4% paraformaldehyde for 20min. After
immobilization, cells were stained with Nile Red for 15min.
After wash with PBS, the nucleus was then stained with
DAPI for 5min. The field of view was randomly selected
under a fluorescent inverted microscope Confocal Imaging
System (Leica Microsystems).

2.6. Biochemical Index Determination. L02 cells were
cultured in 96-well plates. After the experiment, the
supernatant was collected to determine the subcellular redox
status by TAS, TOS ELISA kits, and lipid peroxide level by
the LPO ELISA kit. The final results were presented as the
average of the three independent measurements.

2.7. Mitochondrial Membrane Potential (δΨm) Detection.
After treatments, the cells were incubated with a JC-1
staining solution for 20min at 37°C and washed off with
PBS, and the images were obtained by a fluorescent inverted
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microscope Confocal Imaging System (Leica Microsystems)
with randomly selected fields of vision, respectively (n = 6)
and analyzed by ImageJ software.

2.8. Mitochondrial Dynamics and Mitochondrial ROS
(MitROS) Content Detection. Cells were incubated with
150nM Mito-Tracker green for 30min and then stained
with DAPI for 5min at 37°C. And cells were incubated with
5μM MitoSOX Red in the dark for 10min at 37°C. After-
ward, cells were washed with PBS for 3 times to remove
the dye. Subsequently, cells were analyzed by flow cytome-
try. Moreover, the images were obtained by a fluorescent
inverted microscope Confocal Imaging System (Leica
Microsystems) with randomly selected fields of vision,
respectively (n = 6), and analyzed by ImageJ software.

2.9. Immunofluorescence Analysis. After the experiment, the
cells were washed with PBS and fixed with 4% formaldehyde

for 5min. Then, the cells were permeated with 0.1% Triton
X-100 at room temperature for 10min. Then, it was sealed
with 5% BSA for 1 h and incubated overnight with monoclo-
nal PGC-1α and γH2AX antibody solution (diluted 1 : 100)
at 4°C. Then, it was diluted with Goat Anti-Rabbit IgG (H
+L)-Cy3 secondary antibody (diluted 1 : 500) were incubated
at room temperature for 1 h. After washing with PBS, the
nucleus was then stained with DAPI for 5min and mito-
chondria was then stained with Mito-Tracker green for
30min. The images were obtained by a fluorescent inverted
microscope Confocal Imaging System (Leica Microsystems)
with randomly selected fields of vision.

2.10. Quantitative Real-Time PCR (RT-qPCR) Analysis.
Total RNA/DNA was extracted by animal total RNA/DNA
isolation kit. After the concentration measurement, Master
Premix for first-strand complementary DNA (cDNA) syn-
thesis at the conditions of 42°C for 15min and 85°C for

Table 1: Information about experimental materials.

Raw materials Biotechnology Co., Ltd ID

Quercetin (purity > 99:00%) MUST, Chengdu, China 117395

Cell Counting Kit-8 G-clone, Beijing, China CC1410-500

Ethanol and other organic reagents Kelong, Guangdong, China

Total antioxidant status (TAS) ELISA kit Elabscience, Wuhan, China E-BC-K801

Total oxidant status (TOS) ELISA kit Elabscience, Wuhan, China E-BC-K802

LPO ELISA kit MeiMian, Jiangsu, China MM-1378H1

Oil red storage solution Solar, Wuhan, China G1015

Nile Red staining solution Solar, Wuhan, China N8440

JC-1 Mitochondrial Membrane Potential Assay Solar, Wuhan, China G1515

γh2AX antibody Solar, Wuhan, China GB111841

MitoSOX Red Mitochondrial Superoxide Yeasen, Shanghai, China 40778ES50

DAPI staining solution Yeasen, Shanghai, China 40728ES03

Mito Tracker Green KeyGEN, Jiangsu, China KGMP007

IL-18 antibody Affinity, Cincinnati, OH, USA DF6252

IL-1β antibody Affinity, Cincinnati, OH, USA AF5103

Caspase 1 antibody Affinity, Cincinnati, OH, USA AF5418

Cleaved-caspase 1 (Ala317), p10 antibody Affinity, Cincinnati, OH, USA AF4022

NLRP3 antibody Affinity, Cincinnati, OH, USA DF7438

GSDMD-N-terminal antibody Affinity, Cincinnati, OH, USA DF12275

GAPDH antibody Affinity, Cincinnati, OH, USA AF0911

Cleaved-aspase3 (Asp175), p17 antibody Affinity, Cincinnati, OH, USA AF7022

Bcl2 antibody Abmart, Shanghai, China T40056

Bax antibody Abmart, Shanghai, China TP51006

Caspase3 antibody Abmart, Shanghai, China T55051

ASC/TMS1 ZEN, Chengdu, China 340097

PCG-1α ZEN, Chengdu, China 862041

Goat Anti-Rabbit IgG(H+L) HRP secondary antibody Multi science, Hangzhou, China GAR007

Goat Anti-Rabbit IgG (H+L)-Cy3 secondary antibody ABclonal, Wuhan, China AS040

Total RNA isolation kit Foregene, Chengdu, China RE-03014

Animal tissue DNA isolation kit Foregene, Chengdu, China DE-05011

Master Premix for first-strand cDNA synthesis Foregene, Chengdu, China RT-01021

Real-Time PCR EasyTM-SYBR Green I Foregene, Chengdu, China QP-01011
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5min according to the Real-Time kit’s instructions. The RT-
qPCR conditions were performed at 95°C for 3min, 40
cycles of 95°C for 10 s, and 65°C for 30 s. Each experiment
was conducted with three separate biological samples and
the formula of 2-ΔΔCt was used to calculated relative mRNA
expression levels of the target genes. All primer sequences
were listed in Table 2.

2.11. Protein Extraction and Western Blot (WB) Analysis.
Cells were lysed with RIPA lysis buffer: protein
phosphatase inhibitor : PMSF : proteinmixing enzyme
inhibitor = 100 : 1 : 1 : 1 and crushed by ultrasonic cell
crushing apparatus for 3min and centrifuged at 13400 g for
10min in 4°C. Then, the BCA kit was used to detect the pro-
tein concentration, and then, protein concentration was
adjusted to be consistent and then probed with anti-Bcl2,
Bax, caspase3, cleaved-caspase3, IL-18, IL-1β, NLRP3,
ASC, caspase1, cleaved-caspase1, and GAPDH (diluted
1 : 1000). As an internal reference, the signals were recorded
using a Chemidoc imaging system (Tanon, Shanghai, China)
and analyzed using ImageJ analysis software.

2.12. Transmission Electron Microscopy (TEM) Analysis. The
cells after treatments were prefixed with 2% glutaraldehyde
and fixed in 1% osmium tetroxide. Next, the samples were
dehydrated in ethanol containing 3% uranyl acetate, embed-
ded in epoxy resin and propylene oxide overnight, and poly-
merized into 70nm thick slices and stained with lead citrate,
using H-7650 transmission electron microscopy (Hitachi)

H-7650) test sections independently invited two uninformed
pathologists to quantify each section.

3. Statistical Analysis

All experimental data were presented by mean ± standard
deviation (S.D.) and analyzed by statistical software SPSS
25.0. p < 0:05 was regarded as a significant difference and
differences among the groups were evaluated statistically
using one-way ANOVA.

4. Results

4.1. Quercetin Inhibited CYP2E1 Activity to Alleviate High-
Concentration Ethanol-Induced Hepatocyte Oxidative Stress
and Lipid Peroxidation. To investigate the hepatoprotective
potential of quercetin, L02 cell line, an ideal cell line widely
adopted to research drug toxicity and liver function in vitro,
was chosen in the current study. Firstly, we identified the
most suitable modeling concentration of ethanol by incubat-
ing L02 cells with different concentrations of ethanol (25, 50,
100, 200, and 300mM) for 24h. With the increase of ethanol
concentration (100-300mM), the CCK-8 results showed that
the cell viability of L02 cells decreased significantly (p < 0:05
). When the ethanol concentration was greater than
200mM, the cell viability was less than 70% (Figure 1(a)).
In addition, with the increase of ethanol concentrations
(25-100mM) for 24 h, the mRNA expression of ADH
(ADH1, ADH2, and ADH3) increased significantly

Table 2: The gene primer sequences used for RT-qPCR.

Gene name Forward primer (5′->3′) Reverse primer (5′->3′)
ADH1 TGGGAAAAGTATCCGTACCATT AGCTGTTGCTCCAGATCATGT

ADH2 GGGCAGAGAAGACAGAAACGA TTCCTCTCATCAAACTTCTGTCA

ADH3 CCCAAACTTGTGGCTGACTTT ACTCTTTCCAGAGCGAAGCA

CYP2E1 GAAGCCTCTCGTTGACCCAA TGGTGGGATACAGCCAAACC

ALDH2 CATGGACGCATCACACAGGG CTTGCCATTGTCCAGGGTCT

COXIV GGCGGCAGGTGTACATTTTTA AGTCTTCGCTCTTCACAACA

VDAC CCCAAACTTGTGGCTGACTTT ACTCTTTCCAGAGCGAAGCA

PINK1 AACCGCTTCGACTTTCTGCT CACTTGATGAACCAGCCCCA

Mfn1 TGGCCACATGTAGTTTATGTTTC TTGCACCTGCTGTAAAAAGGC

Mfn2 GGAAGGTGAAGCGCAATGTC TGCATTCACCTCAGCCATGT

Opa1 CTGTGGCCTGGATAGCAGAA AGACTGGCAGACCTCACTCT

Drp1 CCGGAGACCTCTCATTCTGC TCTGCTTCCACCCCATTTTCT

Fis1 TCAGCCCCATCATGTGCTTT CAGGAGAGGACCAGGAGTGA

Mff CTCTCAGCCAACCACCTCTG GTGCTGGATTGAGAGCCACT

TWNK CTGGTTGGGGGATGCCTTC ATTGAAGCCTCCGTTCAGGG

MFND CAACTACGCAAAGGCCCCA TGATGGTAGATGTGGCGGGT

MTCO1 CTATCCGGAATGCCCCGA GGCATCCATATAGTCACTCCAG

IL-18 TGCAGTCTACACAGCTTCGG GCAGCCATCTTTATTCCTGCG

IL-1β TGATGGCTTATTACAGTGGCA CGGAGATTCGTAGCTGGATG

Caspase-1 CCTGCCGTGGTGATAATGTT TCCACATCACAGGAACAGGC

GSDMD CAGAAGGGACGTGGTGTTCC AGTTTACGGAAGTCGGCGAG

GAPDH ACTAGGCGCTCACTGTTCT CCAATACGACCAAATCCGTTG
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Figure 1: Hepatoprotective effects of quercetin against ethanol exposure. (a) Effects of different concentrations of ethanol on cell viability
treated with different concentrations of ethanol for 24 h. (b) Quantitation of levels of ADH and CYP2E1 in L02 cells treated with different
concentrations of ethanol for 24 h. (c, d) Quantitation of levels of ADH, CYP2E1, and ALDH2 treated with different concentrations of
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(p < 0:05), while the expression of CYP2E1 dominating
alcohol metabolism did not change until the ethanol concen-
trations reached to 200mM (p < 0:05) (Figure 1(b)).
Interestingly, quercetin effectively reduced the activities of
CYP2E1 and enhanced ALDH2 (Figures 1(b) and 1(d)), while
did not change ADH significantly (Figure 1(c)), suggesting that
the inhibition of CYP2E1 by quercetin may represent a novel
therapeutic approach for minimizing the ethanol-induced
CYP2E1 enzyme activity. Thus, 200mM ethanol (24h) was
used in the subsequent experiments. Massive lipid droplets
were dramatically reduced by quercetin in ethanol-induced
hepatocytes through Oil Red O and Nile Red staining (espe-
cially 80μM quercetin) (Figures 1(e) and 1(f)). Moreover, the
same results were also observed by TEM (Figure 1(i)). In the
model group, the level of TAS was significantly decreased,
whereas the levels of TOS and OSI were significantly increased
(Figure 1(g)). However, quercetin treatment significantly
reversed the effect of alcohol and the effect of 80μM quercetin
was the most obvious. The release of LPO was significantly ele-
vated in ethanol-induced hepatocyte injury. Quercetin could
effectively decrease the release of LPO (p < 0:05), and the effect
of quercetin was better with the increase of concentration
(Figure 1(h)). Collectively, quercetin alleviated CYP2E1-
mediated hepatic oxidative stress and lipid peroxidation, thus
preventing alcoholic liver injury.

4.2. Quercetin Reduced mitROS Generation and Maintained
Mitochondrial Dynamics in Ethanol-Induced Hepatocytes.
Mitochondria are known for their active dynamics, and
mitochondrial CYP2E1 acts as an activity generator of
mitROS, whose release inhibits electron transfer along the
respiratory chain, exacerbating mitochondrial dysfunction
[20–22]. TEM (Figure 1(I)) was conducted to observe liver
mitochondrial changes. Cells in the control group showed rel-
atively normal mitochondria with intact membranes and cris-
tae. However, ethanol treatment caused various degenerative

changes including abnormal shape swelling, perinuclear
aggregation with a dark matrix, fragmentation, and destruc-
tion of intima. Quercetin ameliorated the damage, with slight
swelling in mitochondria. Compared with the control group,
massive mitROS were produced in hepatocytes after ethanol
treatment, while quercetin reducedmitROS production, shown
by both immunofluorescence and flow cytometry analysis
(p < 0:05) and the effects of 80 and 40μMquercetin were obvi-
ous. (Figures 2(a) and 2(b)). Mitochondria are extremely
dynamic organelles, constantly undergoing antagonistic
processes of fission and fusion in maintaining mitochondrial
function and cellular homeostasis. Recently, studies have
shown that high-concentration ethanol exposure can cause
mitochondrial fission and fusion imbalance in mice. We firstly
detected mitochondrial fusion and fission through Mito-
Tracker Green staining (Figure 2(c)), and the morphology
changes of mitochondria were observed by confocal
microscope. These were length or aspect ratio (AR, the ratio
between the major and minor axis of the ellipse equivalent to
the mitochondrion) and degree of branching or form factor
(FF, defined as ðPm2Þ/ð4πAmÞ, where Pm is the length of
mitochondrial outline and Am is the area of mitochondrion).
Since the mitochondria within a cell were often either oval or
fragmented, we classified the cells as mitochondria fusion based
on FF < 1 and the shape ismore uniformly spherical, andmito-
chondrial fission based on AR > 1 and the majority (>70%) of
fragmented mitochondria as previous reported [23, 24]. And
our quantitative determination revealed that the length of
mitochondria was significantly reduced after quercetin treat-
ment compared with ethanol group (p < 0:05) (Figures 2(d)
and 2(e)). In addition, the expression of related genes was
determined by RT-qPCR (Figures 2(f)–2(h)), which indicated
that 80μM quercetin increased the mRNA levels of fusion
genes (Opa1 and Mfn1) and inhibited the mRNA levels of
fission genes (Mff, Drp1, and Fis1) in ethanol-treated hepato-
cytes (p < 0:05). Quercetin reduced Drp1 gene expression in a
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Figure 2: Quercetin reduced ethanol-induced mitROS generation and maintained mitochondrial dynamics. (a) Images of MitoSox Red
staining for mitochondrial superoxide (200x magnification), the graphs (down panel) show the fluorescence intensity profiles in two
fluorescence channels along the arrow. (b) Quantitative analysis of fluorescence intensity and mitROS generation by flow cytometry. (c)
Representative immunofluorescent images co-stained with Mito-Tracker (green), DAPI (blue), and both channels merged (400×
magnification). The graphs (up panel) show the fluorescence intensity profiles in two fluorescence channels along the arrow, and the
white arrows represent fission; the yellow arrowheads show fusion. (d, e) Quantitative analysis of mitochondrial fission and fusion ratio
and fission length. (f–h) The mRNA expression of mitochondrial function genes (VDAC, COXIV, and PINK1), mitochondrial fission
genes (Mff, Drp1, and Fis1) and fusion genes (Opa1, Mfn1, and Mfn2). Data are expressed as mean ± SD (n = 6). Different subscript
letters indicate significant differences among the groups (p < 0:05).
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Figure 3: Quercetin restored ethanol-induced mitochondrial membrane potential and alleviated mtDNA damage unrelated to apoptosis (a)
Representative immunofluorescent images of JC-1 is visible either as JC-1 monomers (green), JC-1 aggregates (red), and both channels
merged (200x magnification), whereas more JC-1 aggregates (red) were seen in quercetin treatment while more JC-1 monomers (green)
in ethanol group. (b) Relative fluorescence intensity calculated as red to green ratio. (c) Representative immunofluorescence images co-
stained with γH2AX (red), Mito-Tracker (green) and both channels merged (400x magnification). The graphs (down panel) show the
fluorescence intensity profiles in two fluorescence channels along the arrow, whereas a weaken fluorescence intensity of γH2AX is seen
in quercetin treatment and enhanced by ethanol. (d) The mRNA expression that encodes the enzyme (TWNK, MTCO1, and MFND)
responsible for mtDNA transcription levels. (e) Western blot analysis of Bax, Bcl2, caspase3, and cleaved-caspase3 protein abundance.
Data are expressed as mean ± SD (n = 6). Different subscript letters indicate significant differences among the groups (p < 0:05).
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dose-dependent manner, suggesting that mitochondrial fission
may play an important role.

4.3. Quercetin Restored Ethanol-Induced Mitochondrial
Membrane Potential and Alleviated mtDNA Damage
Unrelated to Apoptosis. Increased ROS activates the opening
ofmitochondrial permeability transition pores (mPTP), which
creates a channel through which mtDNA can be transferred
from mitochondria to the cytoplasm, disrupting mitochon-
drial homeostasis [25]. Mitochondrial membrane potential
was detected by JC-1 kit. In normal cells, the mitochondrial
membrane potential is high, and the dye aggregates into poly-
mers in the mitochondrial matrix, forming red fluorescent
aggregates (JC-1 aggregates). The change of mitochondrial
membrane potential prevents the accumulation of JC-1.
Therefore, the dye exists as a monomer and produces green
fluorescence (JC-1 monomers), and CCCP (1μM) was used
as a positive control to induce the decrease of mitochondrial
membrane potential. The results (Figures 3(a) and 3(b))
showed that the fluorescence with ethanol treatment changed
from red to green, mitochondrial membrane potential was
decreased, and mitochondrial membrane were certainly dam-
aged (p < 0:05). RT-qPCR results also showed the gene that
encodes the enzyme (TWNK, MTCO1, and MFND)
responsible for mtDNA transcription levels increased under
high-concentration ethanol (p < 0:05), which was significantly
reversed by 80μM quercetin (Figure 3(d)). In addition, it has
been reported that mtDNA damage can induce cell death
[26, 27]. Moreover, a change of mtDNA damage resulted in

nDNA, the double-strand breaks rapidly leads to Histone-
2AX (H2AX) phosphorylation (γH2AX) [28]. Our immuno-
fluorescence results showed that ethanol stimulated γ-H2AX
formation (red fluorescence) and the spread of γ-H2AX
reduced after quercetin treatment (Figure 3(c)). However, we
detected apoptotic proteins (Bax, Bcl2, caspase3, and
cleaved-caspase3) and found no significant changes in the
related proteins with the increase of ethanol concentration
(Figures 3(e) and 3(f)). These results suggested that apoptosis
is not involved in ethanol-induced mitochondrial membrane
potential and mtDNA damage and there may be a new
pathway of cell death.

4.4. Quercetin Alleviated Ethanol-Induced Pyroptosis. Mito-
chondrial oxidative damage leads to a series of inflammatory
responses [29]. ROS can act as a triggering factor for the
activation of NLRP3 inflammasome and a bonfire or effector
molecule leading to pathological processes [11]. Pyroptosis
is a caspase1-dependent programmed cell death, known as
the canonical inflammasome pathway. Compared with
control group, various inflammasome-associated proteins
(IL-1β, IL-18, cleaved-caspase1, ASC, and GSDMD-N) as
well as inflammasome sensors (NLRP3) showed higher
levels in ethanol group, while quercetin decreased the activ-
ity of NLRP3, ASC, and cleaved-caspase1. And cleaved-
caspase1 drives the maturation of proinflammatory cytokine
IL-1β and IL-18 and the cleavage of GSDMD at D275 (num-
bering after human GSDMD) into N-termini, eventually
resulting in strong inflammation and cell death
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Figure 4: Quercetin alleviated ethanol-induced pyroptosis via the nuclear transfer of PGC1α. (a–e) Western blot analysis of NLRP3,
caspase1, cleaved-caspase1, GSDMD-N, ASC, IL-18, and IL-1β protein abundance. (f) The mRNA expression of IL-1β, IL-18, caspase1,
and GSDMD genes. (g) Representative immunofluorescent images co-stained with PGC-1α (red), DAPI (blue) and both channels
merged (400x magnification). The graphs (down panel) show the fluorescence intensity profiles in two fluorescence channels along the
arrow and the white arrows represent nucleus PGC-1α; the yellow arrowheads show cytoplasm PGC-1α, whereas a clear nuclear
translocation (white arrow) and shrinkage of PGC-1α (red) is seen in quercetin treatment and inhibited by ethanol. Data are expressed
as mean ± SD (n = 6). Different subscript letters indicate significant differences among the groups (p < 0:05).
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(Figures 4(c)–4(e)). Consistently, RT-qPCR results revealed
similar mRNA expression patterns of NLRP3, GSDMD, ASC,
IL-1β, and IL-18 (Figure 4(f)), suggesting quercetin protected
ethanol-induced hepatocyte pyroptosis. Moreover, we next
sought to determine the feasibility of alleviating ethanol-
induced pyroptosis by PGC-1α. It is a transcriptional
coactivator and acts as a crucial factor in transcription of
nuclear-encoded mitochondrial genes [30]. Immunofluores-
cence results showed that there was a substantial decline in
PGC-1α nuclear translocation when exposed to high
concentration ethanol, while treatment with quercetin induced
PGC-1α nuclear translocation efficiently (Figure 4(g)), suggest-
ing that quercetin-mediated nuclear transfer of PGC-1α may
play an important role in alcohol-induced hepatic pyroptosis.

5. Discussion and Conclusion

Quercetin, a bioactive secondary metabolite, holds incredible
importance in terms of bioactivities, which has been proved
by in vivo and in vitro studies [16]. Further, corresponding
to the growing population and global demand for fresh fruits
and vegetables, a paradigm shift and focus is laid towards
exploring the mechanistic role of quercetin in hepatic
pathologies. Our results indicated that quercetin protected
ethanol-induced hepatocyte pyroptosis via scavenging
mitROS and promoting PGC-1α-mediated mitochondrial
dynamics to alleviate hepatocyte pyroptosis in L02 cells.
And it rendered quercetin an ideal phytochemical that can
provide protective benefits against ALD.

Since hepatocytes are the prime liver parenchymal cells,
L02 cell line, as an ideal cell line was incubated with ethanol
to establish an in vitro model of ALD in our study [31]. In
the liver, alcohol dehydrogenase (ADH) and CYP2E1 are
the major oxidative pathways of alcohol metabolism, with

a secondary pathway through peroxisome catalase [20].
CYP2E1, a major contributor to ROS generation, is induced
by chronic/excessive alcohol consumption and progresses to
an advanced disease stage [32]. With the increase of ethanol
concentrations (25-100mM) for 24 h, the mRNA expression
of ADH (ADH1, ADH2, and ADH3) increased significantly,
while the expression of CYP2E1 dominating alcohol metab-
olism did not change until the ethanol concentration
reached to 200mM. Interestingly, quercetin effectively
reduced the activities of CYP2E1 and enhanced ALDH2,
while did not change ADH significantly, suggesting that
the inhibition of CYP2E1 by quercetin may represent a novel
therapeutic approach for minimizing the ethanol-induced
CYP2E1 enzyme activity, which results the hepatotoxicity
of ethanol. Thus, a large dose of ethanol (200mM) was used
to expose to L02 cells.

Prior research showed that mitochondrial CYP2E1 had
very highNADPHoxidase activity, which can reduce ATP pro-
duction in mitochondrial electron transport system and
increase electron leakage on MRC during chronic drinking
[33]. Our research also showed that mitochondrial CYP2E1
played an important role in high acute ethanol exposure. Mito-
chondria, as highly dynamic organelles, provide most adeno-
sine triphosphate (ATP) production through oxidative
phosphorylation (OXPHOS) for normal function [34]. The
OXPHOS system consists of five polysubunit complexes in
the inner mitochondrial membrane (IMM), consisting of
nDNA and mtDNA coding [35]. IMM CYP2E1 acts as a
ROS activity generator [33], andmtDNA is located in the inner
membrane and not protected by histones, so it is more
vulnerable to ROS attack than nDNA, leading tomitochondrial
dysfunction [36]. mitROS can inhibit the synthesis of related
protein subunits responsible for encoding mtDNA, potentially
disrupting the cycle of oxidative phosphorylation, which in
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turn releases more mitROS and continues to damage mtDNA,
thereby creating a vicious cycle of biological energy disorders to
further affect the survival of cells and tissues, and finally lead to
the occurrence of cell death [37–39]. Similarly, the genes
encoding the enzyme (TWNK, MTCO1, and MFND)
responsible for mtDNA transcription levels were observed in
our experiment. JC-1 experiment showed that the loss of
mtDNA leaded to the change of mitochondrial membrane
potential. Apparently, quercetin alleviated the collapse of the
mitochondrial membrane potential to maintain mitochondrial
homeostasis.

In addition, inhibition of mitochondrial dynamics also
affects the elimination of irreparable mtDNA damage and
the transmission of mtDNA mutations [40]. Mitochondrial
dynamics is achieved through continuous crest remodeling
and the fission and fusion of mitochondrial membranes.
Mitochondrial fusion is a complex process involving the
connection of the outer and inner membranes of
mitochondria, which facilitates the communication between
mitochondria and their host cell to maintain cell homeosta-
sis. Mitochondrial outer membrane (OMM) is fused with
Mfn1 and Mfn2, and then, IMM is fused with mitochondrial
kinetic protein-like GTPase (OPA1) [41]. Mitochondrial
fission is triggered by the contraction of endoplasmic reticulum
(ER) membrane. The receptors on OMM include fission 1 pro-
tein (Fis1), mitochondrial fission factor (Mff), and dynamin-
related protein 1 (Drp1), which are involved in controlling
the number and distribution of mitochondria and respond to
changes in cellular energy requirements [40]. Our study found
that quercetin inhibited the expressions of mitochondrial
fusion genes including Mfn1, Mfn2, and OPA1, as well as
increased fission genes expressions, and and the most signifi-
cant change was Drp1, which played an important role in
mediating mitophagy.

Previous studies indicated that unbalanced mitochondrial
homeostasis and ROS generation are often associated with a
novel type of cell fate, pyroptosis, which is different from
previous apoptosis because of depending on the NLRP3/
cleaved-caspase1/GSDMD-N activation [42]. In the current
study, we demonstrated that it did not restore cell viability
when simply reversing apoptosis in high-concentration
ethanol-treated hepatocytes, which suggested that other kinds
of cell fates such as pyroptosis may be involved. Therefore, we
further investigated whether quercetin could alleviate ALD by
inhibiting pyroptosis. As an intracellular target of ROS,
NLRP3 inflammasome plays a key role in alcohol-induced
acute liver injury [43]. Our results found that the inactivation
of NLRP3 inflammasome was needed for quercetin to inhibit
caspase1 activation in ethanol-induced hepatocytes. Here, we
firstly confirmed the curative effect of quercetin to reduce
NLRP3 inflammasome-cleaved-caspase1/ASC and GSDMD-
N activation and decrease IL-1β and IL-18 secretions in LO2
cells, alleviating hepatocyte pyroptosis in ALD. Similarly,
PGC-1α, a key mitochondrial biogenesis regulator, modulates
NLRP3 inflammasome and attenuates hepatocyte pyroptosis
in ALD [15]. In the current study, quercetin promoted the
nuclear translocation of PGC-1α. Consistent with anterior
studies, our data showed that NLRP3 served as a downstream
event of PGC-1α to reduce the excessive ROS accumulation in

impaired hepatocytes, which might be the key mechanism of
quercetin in relieving hepatocyte pyroptosis. However, how
quercetin specifically affects PGC-1α nuclear translocation
and whether PGC-1α directly activated transcription of
GSDMD-N to induce pyroptosis remain to be further studied.

Taken together (Figure 5), it was demonstrated that
quercetin protected ethanol-induced hepatocyte pyroptosis
via scavenging mitochondrial ROS and maintaining
mitochondrial homeostasis. Mechanistically, quercetin
promoted PGC-1α transcription and subsequently restored
mitochondrial function and maintained mitochondrial
dynamic balance, which ultimately protected hepatocytes
from pyroptosis. The above results suggested that quercetin,
as a novel phytochemical supplement, had the potential in
antihepatic injury at least in part by remodeling PGC-1α-
mediated mitochondrial dynamics to alleviate hepatocyte
pyroptosis.
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Premenstrual syndrome (PMS) significantly lowers the quality of life and impairs personal and social relationships in
reproductive-age women. Some recommendations are that inappropriate oxidative stress and inflammatory response are
involved in PMS. Various nutritional supplements and herbs showed neuro-psycho-pharmacological activity with antioxidant
and anti-inflammatory properties. This study aims to determine the systematic review of randomized controlled trials (RCTs)
of herbal medicine and nutritional supplements in PMS. We also comprehensively highlighted the role of oxidative stress,
inflammation, and mitochondrial changes on PMS with the application of computational intelligence. We used PRISMA and
research question-based techniques to collect the data for evaluation of our study on different databases such as Scopus,
PubMed, and PROSPERO from 1990 to 2022. The methodological quality of the published study was assessed by the modified
Jadad scale. In addition, we used network visualization and word cloud techniques to find the closest terms of the study based
on previous publications. While we also used computational intelligence techniques to give the idea for the classification of
experimental data from PMS. We found 25 randomized controlled studies with 1949 participants (mean ± SD: 77:96 ± 22:753)
using the PRISMA technique, and all were high-quality studies. We also extracted the closest terms related to our study using
network visualization techniques. This work has revealed the future direction and research gap on the role of oxidative stress
and inflammation in PMS. In vitro and in vivo studies showed that bioactive molecules such as curcumin, allicin, anethole,
thymoquinone, cyanidin 3-glucoside, gamma-linoleic acid, and various molecules not only have antioxidant and anti-inflammatory
properties but also other various activities such as GABA-A receptor agonist, serotonergic, antidepressant, sedative, and analgesic.
Traditional Unani Herbal medicine and nutritional supplements can effectively relieve PMS symptoms as they possess many
bioactive molecules that are pharmacologically proven for the aforementioned properties. Hence, these biomolecules might
influence a complex physical and psychological disease process like PMS. However, more rigorous research studies are
recommended for in-depth knowledge of the efficacy of bioactive molecules on premenstrual syndrome in clinical trials.
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1. Introduction

Premenstrual syndrome (PMS) is categorized by psychoso-
matic and behavioral symptoms that manifest repetitively
in the luteal phase, a cyclic pattern, and days before men-
struation. The patient is symptom-free between two luteal
steps [1–3]. The global pooled prevalence of PMS is 47.8%
with the highest in Asia and the lowest in Europe [4].
Eighty-five per cent of reproductive-age women experience
at least one symptom of PMS, and 2.5–3% of women suffer
from premenstrual dysphoric disorder (PMDD) [2]. It has
been reported that women with PMS tend to have a signifi-
cantly lower quality of life, legal problems, suicidal ideation,
decreased work productivity, social isolation, parenting
problems, increased absenteeism from work, impaired per-
sonal and social relationships, and more frequent visits to
hospitals [2, 5, 6]. Additionally, PMS also leads to an
increased tendency to have an accident, drug addiction, eco-
nomic losses, and a decline in demic achievement. The diag-
nostic criteria of the PMS for affective symptoms and
somatic symptoms must be experienced during the five days
before menses in three prior menstrual cycles and relieved
with the menstrual flow [7]. The primary psychological
range of PMS is anxiety and depression [6, 8].

Sex hormones strongly modulate the immune-
inflammatory process [9]. PMS causes are still unclear and
are multifactorial [10, 11] probably as a consequence of
interaction and biochemical changes amid the menstrual
cycle’s hormonal fluctuations (imbalance like progesterone
deficiency and estrogen excess) [8] with central neurotrans-
mitters (γ-aminobutyric (GABA) and cholecystokinin sero-
tonin) and altered brain processes [5], genetic vulnerability,
and regulation of the renin-angiotensin-aldosterone system
[12–14]. Previous research reported that various other
factors such as high carbohydrates, fat, lack of calcium, vita-
mins and minerals, psychological factors (stress, depression,
and anxiety), genetics, and lifestyle (alcohol consumption,
smoking, lack of exercise, and eating habits) in addition to
oxidative stress and inflammation are related with the inci-
dence of PMS. Oxidative stress is higher in women who
experience PMS as per the previous research [5]. Conse-
quently, as an etiology is unclear, several possible treatments
are prescribed and purchased [8]. Various therapeutic inter-
ventions have been scientifically confirmed helpful in PMS
ranging from nonpharmacological management (cognitive
behavioral therapy, lifestyle modification and diet, educa-
tion, exercise, and complementary and herbal medications)
to pharmacotherapy hormonal therapy (gonadotropin-
releasing hormone (GnRH) agonists OCP, etc.) and psycho-
tropic medications (benzodiazepines and selective serotonin
reuptake inhibitors) [13]. Despite a reasonable success rate
of these pharmacotherapies for PMS, each has a substantial
adverse effects profile (insomnia, dysphoria, nausea, perspi-
ration, muscle cramps, and tremor). Women with PMS
symptoms are frequently hesitant to take SSRIs and other
conventional medicines, partially because it causes side
effects. Thus, the majority of women are turning towards
complementary and alternative medicines to treat their
symptoms. Many Unani herbs have been anticipated to

alleviate PMS as they are a potentially effective natural alter-
native for PMS symptoms [8].

In recent times, products from plants and animals that
are natural sources appear to be a potential basis of emergent
pharmaceutical agents and food supplements [15]. The nat-
ural products or foods have active compounds that are also
established to have antioxidant property and are replacing
synthetic antioxidants and antimicrobial agents due to their
carcinogenicity [16]. Evidence from recent research con-
firmed that vitamins and supplementation (magnesium, cal-
cium, vitamins B6, D, and E) or herbal/complementary and
alternative medicine (CAM) might alter oxidative stress and
the hormonal or inflammatory profile in women who expe-
rience PMS. CAMS including supplements and vitamins are
preferred by women affected by PMS over conventional
medical or surgical management to help cope with symp-
toms. It has been implicated that oxidative stress and antiox-
idants may affect a complex psychological and physical
disease process like PMS [1]. Various Unani herbs such as
polypody, saffron, chaste berry, anise seed, black seeds,
spikenard, lemon balm, borage, chamomile, ginger, fennel,
and serely have been studied in premenstrual syndrome.
To avert the beginning and development of neurodegeneration
by amendment of pathogenic factors in neurodegenerative dis-
orders, phytochemicals can unswervingly inhibit or promote
mitochondrial apoptosis cascade and regulate mitochondrial
functions, ROS/RNS production, apoptosis signaling, mito-
chondrial biogenesis ATP synthesis, and degradation by
autophagy (mitophagy) and exhibit neuroprotection. Rela-
tively, the vast number of compounds, including anti-inflam-
matory, antioxidants (vitamins C and E), inhibitors of
monoamine oxidase (MAO), and coenzyme Q (bioenergetic
compound agents), has been testified to be neuroprotective
[17]. The “mitochondrial matrix thiol system” has a vital role
in antioxidant defense [18]. In addition, bioactive food
compounds of herbs and spices show both antioxidant and
anti-inflammatory processes [19]. Flavonoids show anti-
inflammation property through the antioxidant property and
inflection of signal transduction for the amalgamation of pro-
inflammatory cytokines [17].

Previously, Dante and Facchinetti [20] designed a review
on herbal medicine related to PMS with 10 RCTs. They also
designed a study related to herbal medicine and acupuncture
for PMS in 2014 [21]. The other researchers conducted a
study on the Chamomile single herb [8] and exercises for
PMS [22]. However, a recent update on the systematic
review of RCTs on herbal medicine and nutritional supple-
ments alleviating PMS as per the modified Jadad scale was
not available to the best of our knowledge. Hence, we aimed
and intended to reconnoitre the critical appraisal and con-
temporary research to address the updated systematic review
of RCTs as per the modified Jadad scale to provide more
objective data for the effectiveness of herbal medicine and
nutritional supplements in alleviating PMS symptoms.

In addition, computational intelligence has an important
role in the medical areas such as detection, treatment,
localization, and recommendation. Currently, some intelli-
gence techniques such as machine learning, deep learning
[23, 24], and the Internet of Things (IoT) [25] with
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processing techniques such as signal processing, image
processing, text processing, video processing, and audio
processing are used in the medical fields. Previously, the
Siddiqui group used physiological signals to detect sleep dis-
orders [26–29]. Lai group used medical machine learning
and deep learning techniques to automatic detection of
bruxism sleep disorder [30–32] and cardiac diseases [33,
34]. Ali et al. [35] designed an automatic system for the
detection of Parkinson’s disease. Ukwuoma et al. [36] used
different deep learning technique to classify and detect med-
ical diseases. The Iqbal group applied intelligence techniques
for the analysis of the experimental data [37, 38]. However,
in this present study, we used the computational intelligence
technique to classify the PMS experimental data.

We accumulated up-to-date research to address oxida-
tive stress, inflammation, and mitochondrial changes and
their associates. We conducted this review to address most
of the information related to PMS with oxidative stress,
inflammation, and mitochondrial changes. In addition, we
also gave the idea about using computational techniques
on PMS. Because no previous research has incorporated this
type of information in the review article, this review aims to
overview and analyze various issues related to inflammation,
oxidative stress, and mitochondrial changes in premenstrual
psychosomatic and its behavioral symptoms towards the
therapeutic implication of herbal anti-inflammatory and
antioxidants. Hence, this paper aims to provide a solution
to the following research questions (RQs):

(i) What is the etiopathogenesis, the role of oxidative
stress, inflammation leading to mitochondrial
changes in premenstrual psychosomatic, and its
behavioral symptoms?

(ii) What are the various mechanisms of action of
nutritional supplements and herbal medicines with
their phytochemical/bioactive constituents in
premenstrual psychosomatic and its behavioral
symptoms?

(iii) Does computational intelligence have a role in PMS
data analysis for future modulation of premenstrual
symptoms?

We designed a comprehensive picture related to the role
of inflammation and oxidative stress during symptoms
based on the previous research with the recent advancement
and future recommendations. We used two types of litera-
ture review: (A) systematic literature review using PRISMA
guidelines on Scopus, PubMed, and PROSPERO databases
[39] and (B) research questions based literature review [39,
40]. Our main contributions to this study are as follows:
(a) to design a comprehensive survey on the effectiveness
of herbal medicine in PMS symptoms, (b) the role of oxida-
tive stress and inflammation on PMS symptoms, (c) to find
various mechanisms of action of nutritional supplements
and herbal medicine, (d) computational intelligence-based
classification of the experimental data using support vector
machine (SVM) and random forest model, (e) to design a
network visualization and word cloud based on previously

published articles, and (f) to determine the research gaps
and future directions. The present study’s organization is
as follows: a systematic literature review using PRISMA
[41] and an answer to the RQs [39, 40] based on previous
studies, network visualization [42, 43], and world clouds
[44] based on keywords, discussion, research gap, future
prospects, and conclusions.

2. Systematic Literature Review Based
on PRISMA

2.1. Method. A comprehensive research methodology is sys-
tematically discussed, together with various data collection
and analysis steps. PRISMA guidelines [39–41, 44, 45] were
implemented to produce this study as it uses a guideline
checklist [46]. Various steps carried out in the methods are
as follows: (a) planning and developing a protocol; (b) con-
ducting a comprehensive literature search; (c) data collection
by screening titles, abstracts, and keywords; (d) developing
explicit selection criteria; (e) analyzing the results; (f) syn-
thesizing the information; and (g) reporting results [47,
48]. Additionally, a classification method for computational
intelligence in an experimental study was also performed.

2.1.1. Database and Search Strategies. We retrieved online
databases such as PROSPERO, PubMed, and Scopus to collect
all literature from 1990 to 2022 focusing on oxidative stress,
inflammation of psychosomatic and behavioral premenstrual
symptoms among reproductive-age women, the therapeutic
implication of antioxidants, and anti-inflammatory nutritional
supplements and herbal medicines. Additionally, a classifica-
tion method for computational intelligence in an experimental
study was performed. To get an adequate number of studies
related to our topic, we broadened MeSH search terms and
categories. The keywords used for the literature search were
as follows: “Premenstrual Syndrome”, “Premenstrual Dys-
phoric Disorders”, “Herbal medicine and the premenstrual
syndrome”, “oxidative stress and PMS”, “inflammation and
PMS”, “psychological symptoms and the premenstrual syn-
drome”, “antioxidants and the premenstrual syndrome”, and
“anti-inflammatory herbal medicine and PMS”.

2.1.2. Eligibility Criteria. The selection of articles was per-
formed in two steps. In the initial step, one of the authors
screened the articles based on the titles and abstracts. Two
researchers independently analyzed and extracted the data
from the screened articles after reviewing them thoroughly
to avoid bias, and the results were organized. Detailed
records regarding age, tools for data collection, intervention
type, significant results, phytoconstituents, and pharmaco-
logical activities were recorded. Irrelevant studies and
insufficient quantitative data were excluded. The PRISMA
and Consort Statement Checklist were used for assessing
reliability, while duplicates of the studies were recognized
and deleted. Table 1 summarizes the inclusion and exclusion
criteria considered based on various parameters. Research
articles from peer-reviewed journals and dissertations were
included, and those not directly related to our framework
of the study were excluded. Data from animal experiments
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and in vitro investigations were included for understanding
the etiopathogenesis of premenstrual symptoms and phar-
macological activities of herbs. In the final comparison,
studies were considered reliable and were included, if they
had standard criteria. All data retrieved were read and
assessed by researchers and consecutively checked individu-
ally by the other authors.

2.1.3. Study and Process of Data Extraction. We studied the
titles, abstracts, and keywords of all published articles to
determine their eligibility and relevance to be included in
our study. After a thorough examination of the full articles,
final decisions on inclusion were made. To exclude dupli-
cated publications, the complete versions and most recent
articles were selected.

Figure 1 depicts the total articles retrieved from PubMed
and Scopus databases. Finally, we included 25 RCTs for sys-
tematic analysis and irrelevant articles were excluded. We
included one recent dissertation work and a few articles
from Google Scholar. Research articles written in Chinese
language were excluded. Next, these selected articles were
further screened by abstracts, titles, and keywords, consider-
ing the exclusion criteria. Table 1 shows the various inclu-
sion criteria.

2.1.4. Risk of Bias and Quality Assessment. The risk of bias
and the quality of published articles included were assessed
by 2 researchers (AS and S). Any kind of discrepancy was
resolved by consensus among the authors. Data was success-
fully extracted and independently assessed for the quality
assessment of the collected data from primary studies. We
evaluated the methodological quality using a modified Jadad
scale which includes 1 point for each domain described with
a minimum score of zero and a maximum score of 8 points.
The higher scores indicate better high quality (>3) and<3
signified low quality [49, 50].

2.2. Analysis and Synthesis of the Results. We used online
databases, Scopus, PubMed, and PROSPERO to collect the
data. All published papers were written in different lan-
guages except English and Persian in Scopus and PubMed,
so we did not add those studies to our work. Few articles
were included from the dissertation work and other data-
bases. We applied “Premenstrual” AND “Herbal Medicine”
“Premenstrual” AND “oxidative stress and inflammation”

to the Scopus database and collected all information about
the papers. We found subject areas, year-wise publications,
country-wise, and sources shared in the publications related
to the premenstrual symptoms among reproductive-age
women mentioned in Figures 2, 3, and 4. Figure 2 represents
the publisher-wise publications of RCTs published on pre-
menstrual syndrome and herbal medicine. The majority of
papers were published by Springer (27%), followed by Hin-
dawi (9%) and other publishers. Besides, Figure 3 represents
the country-wise publications based on previous reports.
The Iran researchers have a maximum of 74% contribution
in the publications, followed by India (8%), Norway (7%),
Denmark (6%), and others (5%). Figure 4 represents the
yearly publications published from 1990 to 2022. Leading
publications were found in 2020 (24%) followed by 2015
(16%). Three papers were in the Persian language, and the
others were from the English language.

In Table 2, the characteristics of previously published
papers using PRISMA techniques were evaluated through
design, number of participants, tools, intervention type,
outcomes of the study, and adverse effects of nutritional sup-
plements and herbal medicine. Additionally, bioactive mole-
cules and pharmacological activities were also included in
the same table for ease to understand the effect of herbal
medicine and nutritional supplements. PRISMA techniques
only covered the given keywords on the Scopus and PubMed
databases for RCT studies. We also included one dissertation
work. We did not cover the other indexing, so our research
questions covered most previously published articles. We
found 25 randomized controlled studies with 1949 partici-
pants (mean ± SD: 77:96 ± 22:753; variance: 517.71; and CI:
4.55) using the PRISMA technique. We found four RCTs,
which were on nutritional supplements, and 21 RCTs where
herbal medicines were used for PMS symptoms. All the
studies were randomized, five were single-blind, three were
triple-blind, and 17 studies were double-blind. In 25 studies,
15 studies reported the adverse effects. Most of the studies
interpreted the action and pharmacological properties of
herbal medicines.

2.2.1. Risk Assessment of the Data. In the 25 included studies,
the risk of bias in each of the 8 domains is shown in Table 3.
Most of the studies indicated a substantial quality of this sys-
tematic review with low risk for all domains. The quality of
included studies was high in that 6 studies had scores of 8

Table 1: Various inclusion and exclusion criteria.

Criteria Inclusion Exclusion Justification

Subject
Patients with

premenstrual symptoms
No exclusion Included all PMSS scales

Language English and Persian Other languages
Probabilities of misapprehension of data in other languages

may therefore disturb the accuracy

Access Can access full text Cannot access full text To confirm the explanation of an article more precisely

Methodology All No exclusions All methodologies were included for a holistic view

Nature of the
article

Research and Survey
Observational studies, review,

book, and editorial

Review articles comprehending a generalized discussion
over a topic would not sufficiently answer our specific

research question
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and 19 studies had scores between 5 and 7 on the modified
Jadad scale.

The systematic literature review of 25 RCTs was having
low risk of bias with high quality as per the modified Jadad
scale. 100 percent of studies were randomized and men-
tioned selection criteria, blinding process, and statistical
analysis. 88% of studies reported the appropriate method
of randomization, and 60% of studies have not reported
the adverse effect of the drugs (see Figure 5).

3. Literature Review Based on
Research Questions

Table 2 covered RCTs on nutritional supplements and herbal
medicines used to alleviate premenstrual syndrome among
reproductive-age women. Further, we designed research ques-
tions related to premenstrual psychosomatic and behavioral
symptoms and oxidative stress, inflammation, and various
mechanisms of action in nutritional supplements and Unani
herbal medicines with their phytochemical constituents/bio-
active molecules in premenstrual psychosomatic and its
behavioral symptoms. Further, for the accuracy of data, com-
putational intelligence has a role in RCT data analysis for
future modulation of premenstrual symptoms and in design-
ing a network visualization and word cloud based on
previously published articles. Hence, the research questions
were answered.

3.1. What Is the Etiopathogenesis, the Role of Oxidative
Stress, Inflammation Leading to Mitochondrial Changes in
Premenstrual Psychosomatic, and Its Behavioral Symptoms?
PMS has a variety of stress symptoms together with psychi-
atric and somatic complaints, and oxidative imbalance
appears to be implicated in the biochemical basis of the
pathophysiologic mechanism of PMS [14]. PMS causes are
still unclear and are multifactorial [10, 11]. Currently, few
theories propose that there is a relationship between ovarian

hormone levels and PMS. PMS is related to ovarian hor-
mone levels based on the fact that the absence of PMS symp-
toms before puberty, during pregnancy, after menopause,
and during treatment with gonadotropin-releasing hormone
(GnRH) analogue conditions. Nevertheless, it has been
proven that there is no noteworthy difference between
symptomatic and asymptomatic women concerning proges-
terone levels. This is explicated by the concept that some
women are more sensitive to progesterone. Additionally,
serotonin levels and gamma-aminobutyric acid (GABA)
levels also play a role in premenstrual symptoms. Ovarian
hormones, estrogen, and progesterone are influenced by ero-
togenic activity in the brain and are sensitive to serotonin
receptors. Progesterone causes depression in an individual
by increasing MOA, related to the transport of serotonin;
however, estrogen produces an antidepressant effect. Conse-
quently, high progesterone and low estrogen levels in the
luteal phase trigger depressive mood. Another concept for
the etiology of PMS is the relationship between GABA and
progesterone. Allopregnanolone, a metabolite of progester-
one, regulates the level of GABA in the blood. Before the
luteal phase, allopregnanolone is in higher concentration;
therefore, GABA receptors are less susceptible to allopregna-
nolone. Consequently, allopregnanolone’s lower concentra-
tion in the luteal phase causes aggression, depression, and
mood anxiety. Certainly, women suffering from PMS
showed low levels of allopregnanolone levels [6].

PMS patients showed a lower 5-HT response to a 5-HT
precursor, tryptophan, during the luteal phase when com-
pared to the follicular or mid luteal phase. Currently,
another possible mechanism under search is an insufficient
inflammatory response to biological or physical stimuli and
the manifestation of oxidative stress “an imbalance between
the production of reactive oxygen species (ROS) and their
inactivation by antioxidant protection mechanisms.” In a
healthy human, as a result of metabolic activity, not only
inflammation but also oxidative stress can be seen.

Total no.of studies retrieved 
(N = 1055)
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(N = 377)

PubMed
(N = 678)

No.of non relevant studies
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(N = 115)

Id
en

tifi
ca

tio
n

Sc
re

en
in

g
El

ig
ib

ili
ty

In
cl

ud
ed

Total no.of relevant studies 
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No.of RCTs included
(N = 25)

Figure 1: PRISMA of the proposed study.
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Sometimes, inflammation supports cells to accustom to and
subsist stress conditions. During the menstrual cycle,
alternation of inflammation status is experienced by
reproductive-age women. Nevertheless, oxidative stress and
chronic inflammation are considered probable factors of
PMS development, pre-eclampsia, endometriosis, and recur-
rent pregnancy loss. Biomarkers of oxidative stress and
inflammation were measured in women with PMS symp-
toms. Another principal theory is an alternation in response
to exposure or withdrawal to the progesterone metabolite,
allopregnanolone, which is also a gamma-aminobutyric acid
(GABA) agonist. It has been proven that premenstrual
symptoms are reduced by blocking allopregnanolone
production, and a serotonin re-uptake inhibitor is one of
the PMS pharmacotherapies that affects allopregnanolone
levels [10].

Mitochondria have a key role in cellular bioenergetics
and cell survival. Oxidative stress results in chronic hypoper-
fusion and induces mitochondrial damage. The increased

intracellular production of oxidants and pro-oxidants is
associated with mitochondrial damage [74]. Mitochondrial
dysfunction possibly will initiate downstream variations in
extracellular matrix proteins (EMP) such as inflammation,
neuronal nitric oxide (nNOS), reelin, and finally adult hip-
pocampal neurogenesis in oxidative stress. The reelin and
mitochondrial dysfunction relationship has been studied
where reelin in the periphery cooperates with the immune
system; hence, a loss of reelin can amplify inflammatory
markers that affect mitochondria. Additionally, some studies
reported that variations in mitochondrial functions such as
membrane polarity and oxidative phosphorylation, poten-
tially increasing apoptosis, oxidative, and stress, may precede
the development of depressive symptoms. Serotonin (5HT)
and norepinephrine (NE) receptor activation and desensi-
tized and dysregulated monoamine receptors result in
deviations in intracellular second messenger signal transduc-
tion cascades associated with depression. These explanations
are linked to mitochondrial dysfunction where the binding

Elsevier
18%

Nature
4%Wiley

4%De gruyter
4%

Hindawi
9%

Mary Ann Liebert inc.
4%

Semnan university of 
medical sciences

5%

Kashan university of 
medical sciences
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Shahid beheshti university 
of medical science

5%

Mazandaran university of 
medical sciences

5%

IJCRR
5%

Tehran university of 
medical sciences

5%
Springer

27%

Figure 2: Publisher-wise previously published articles related to RCTs on PMS and herbal medicine.
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of neurotransmitters to receptors is required for the activa-
tion of downstream signaling of ATP. Moreover, patients
with mitochondrial DNA (mtDNA) mutations or mitochon-
drial diseases frequently present symptoms distinctive from
mood disorders. Remarkably, oxidized mtDNA triggers
pro-inflammatory cytokines and increases inflammation
and plays a significant role in the progression of depressive
symptoms. Cognitive dysfunctions are a common symptom

related to depression, and studies reported that cognitive
impairments in mice and humans are caused by variations
in mtDNA. The association between mitochondrial dysfunc-
tion and psychopathology has been evidenced by a correla-
tion found between depression rating scale scores and
altered biochemistry. Indeed, depression, anxiety, autism,
psychotic disorders, Alzheimer’s disease, and Huntington’s
disease are connected to ATP reduction and its relation to

Iran
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India
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Norway
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Denmark
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UK
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New Zealand
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Egypt
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Other
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Figure 3: Country-wise previously published articles related to RCTs on PMS and herbal medicine.
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oxidative stress [18, 75]. Hence, the expression of NOS
enzymes is excited by hypoperfusion in the brain tissues
caused by prolonged oxidative stress, which accelerates the
development of ROS and RNS. ROS and RNS together con-
tribute to the blood-brain barrier (BBB) dysfunction and
brain parenchymal cell damage [74]. Studies showed that
small increases in the immune mediator C4 and lowered
antioxidant defenses (PON1 and AREase) are related to an
increase in premenstrual symptoms during the menstrual
cycle. Moreover, estradiol and progesterone possibly have a
protective role to counter oxidative stress [76].

The common features of PMS are psychiatric (depres-
sion, anxiety, etc.) and somatic disorders that involve the
etiology of chronic inflammation, which ensues when
cytokine-producing cells remain activated. A prevalence
study on PMS women reported a correlation between
inflammatory factors elevated levels (IL-2, IL-4, IL-10, and
IL-12) and the total symptom score in PMS, and further,
higher correlations were noted for IL-12, IL-10, and PMS
symptoms [14]. P21-activated kinase 1 (PAK1) plays a crit-
ical role and contributes to various diseases including
inflammation, immunosuppression, cancer, viral infection,
ageing, and diabetes [77]. Zeinolabediny et al. [78] discussed
the inflammatory disease associated with cardiovascular
complications. TNF-α, CRP, and IL-6, the inflammatory
markers, are related to migraine headache, a usual symptom
of PMS. Johnson et al. [79] reported that there was the
strongest correlation between IL-10 and IL-12 levels among
inflammatory indices and the total score of symptoms in
PMS women. One of the studies showed the relationship

between anxiety and IL-10 and a positive relationship in
female soccer players with PMS post-game in the luteal
phase [80].

3.2. What Are the Various Mechanisms of Action in
Nutritional Supplements and Herbal Medicines with their
Bioactive Molecules in Premenstrual Psychosomatic and
Behavioral Symptoms? As per the suggestions, PMS manage-
ment needs a progressively multidisciplinary team that has
embraced an integrated holistic method. Similarly, a person-
alized therapy and management plan for an individual
would be practical as the type, number, and severity of
PMS symptoms vary from individual to individual. For
example, if premenstrual symptoms are mild to moderate,
diet and lifestyle changes cause a cure. Pharmacological
treatment is suggested if the symptoms start to have an
adversarial effect on daily life. The initial step in PMS
management is to make awareness regarding education
and consultancy, self-care, and self-screening practices.
Next, treatment includes nonpharmacological and pharma-
cological approaches. Lastly, the option is surgical methods.

Many plant products are useful for the alleviation of
PMS symptoms. In a RCT, Polypodium vulgare showed a
significant reduction in the premenstrual symptoms scale
(PMSS) and HRQoL [58]. Polypodium vulgare Linn.(Bis-
fayej) is indicated for various ailments such as melancholia,
epilepsy, dementia, arthritis [81, 82], abdominal pain, and
other neurological diseases as it possesses brain and heart
exhilarant properties [82]. Herbal medicines are pharmaco-
logically proven for various properties such as tranquillizing
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effect, memory retention improvement, analgesic, aldosterone
antagonists, immune-modulator, antioxidant, anti-inflamma-
tory, cholinesterase inhibitory activity, smooth muscle relax-
ant, CNS depressant, and dopamine effect [83–86] (see
Table 2). P. vulgare, C. sativus, Vitex agnus castus, anise seed,
Nigella sativa, N. Jatamansi, M. officinalis, Echium amoenum,
chamomile,H. perforatum, G. biloba, Z. officinalis, fennel, and
serelys consist of various inorganic constituents and organic
constituents (flavonoids, resins, tannins, steroids, and protein)
(see Table 2) that have antioxidant and anti-inflammatory
properties. Flavonoids exhibit anti-inflammation activity
through antioxidant property and inflection of signal trans-
duction for the pro-inflammatory cytokines synthesis [17].
Randomized controlled studies carried out with herbal medi-
cines and nutritional supplements to treat the symptoms of
PMS are summarized in Table 2. The placebo group in this
study also had amelioration in the severity of somatic and psy-
chological symptoms that probably accredited to the psycho-
logical effect of the placebo. In various studies, the significant
response to placebo and the usefulness of herbal medicines
in PMS management was pragmatic as a usual finding. This
might be clarified by the circumstances that using beneficial
methods give women a sensation of augmented self-control
over their lives. Hence, minor interventions like placebo per-
haps lead to required effects [13]. An observational analytical
study on 90 students aimed to determine the association
between mental status, levels of 8-OhdG, and nutritional
intake in urine with PMS events [5].

PMS symptoms are linked to the increased inflammatory
reactions and oxidative stress as well as super activation of
the renin-angiotensin-aldosterone system [87]. The litera-
ture demonstrates the relationship between diverse symp-
toms connected to the menstrual cycle and a multitude of
other psychological and physical diseases and sustenance
for the practice of antioxidants in managing them. Neverthe-
less, the precise mechanisms are unclear; we theorized that
oxidative stress and antioxidants might also probably affect
a complex psychological and physical disease process such
as PMS. A research [1] described that women with PMS
had higher concentrations of oxidative stress markers. The
positive relations between F2-isoprostane with psychological
symptoms (anger, tension, and crying) may perhaps be
explicated by an original disturbance in the neurotransmitter
GABAergic neuroendocrine system by reactive oxygen spe-
cies (ROS). ROS causes variations in these neurotransmitter
levels and may probably cause neuronal cell damage, pro-
ducing behavior changes (increased appetite and obesity)
and mood and the progress of depression and anxiety symp-
toms [1]. Estrogen and progesterone in healthy women act
as antioxidants, whereas in PMS women the inappropriate
increase in pro-oxidant activity may lead to oxidative
damage to the polyunsaturated fatty acid-rich neuronal
membrane (Figure 6). Consequently, dysfunction of the
GABAergic system perhaps leads to the PMS symptom
development. Catechol estrogens, which produce oxygen
radicals, are an additional cause of oxidative damage occur-
ring in the neuronal membrane [10]. A protective role of
estradiol in mitochondria has been reported in some studies.
It possibly inhibits the ROS passage in the mitochondria and

increases the rate of ATP synthesis and prevents mitochon-
drial collapse. Mitochondrial functions such as ROS produc-
tion and apoptosis are affected by the biosynthesis of
OXPHOS enzymes. It appears that mitochondrial estrogen
and glucocorticoid receptors (GRs) in lung tissue are intri-
cated in oxidative stress and mitochondria are receptive to
changing levels of estradiol and stress hormones. Dysfunc-
tional mitochondria cause a negative cascade that might
eventually increase inflammatory responses, oxidative stress,
and proapoptotic events; a few of them intricated in the
pathogenesis of depression [18].

The antioxidant is currently any chemical that prevents,
slows, or reverses oxidative damage in the target molecule
[81]. It is widely known that flavonoids have a higher antiox-
idant capacity due to their capacity to scavenge free radicals
[81]. Flavonoids are direct scavengers of ROS and RNS
downregulation of radical-producing ones and upregulation
of ROS-removing enzymes, hence acting as strong antioxi-
dants. Flavonoids produce a hydrogen molecule, a phenoxy
radical, which scavenges single oxygen, hydroxyl, peroxyl,
and superoxide radicals by releasing another hydrogen.
The diol group suppresses ROS generation by forming a
composite with copper, ferric iron, and other transition
metal ions. Superoxide dismutase, glutathione S-transfer-
ases, catalase, glutathione reductase, glutathione peroxidase,
and NAD (P)H: quinone oxidoreductase (NQO1) are all
upregulated by polyphenols. “The production of inflamma-
tory signal molecule peroxiredoxin 2 (PRDX2) and the acti-
vation of macrophages to generate IL-6 are both important
roles for ROS in inflammation.” Flavonoids inhibited the
synthesis and release of inducible nitric oxide synthase,
inflammatory IL-6, TNF-a, and MCP-1 by inhibiting
NF-κB, AP-1, and other pro-inflammatory transcription fac-
tors. Through the second messenger modulation (cGMP,
cAMP, calcium, and protein kinases), flavonoids suppress
the formation of inflammation mediators such as prostaglan-
dins, leukotrienes, and arachidonic acid and inhibit the
activity of COX and lipoxygenase and arachidonic acid-
metabolizing enzymes [17].

Polypody rhizome contains various organic compounds
like resins, tannins, steroids, flavonoids, glycosides, proteins,
and reducing sugars and various inorganic compounds like
iron, calcium, magnesium, potassium, sulphur, and chloride.
Its ash contains a large amount of carbonate of potassium.
Polypody rhizome contains active constituents phytoecdys-
teroids, identified as “20-hydroxyecdysone and polypodine
B.” Numerous researches reported the antioxidant and neu-
roprotective effects of 20-hydroxyecdysone. Polypody rhi-
zome contains flavonoids that have been proven for their
antioxidant property [85]. They probably act as antioxidants
to inhibit lipid peroxidation and free-radical-mediated cyto-
toxicity, or as weak estrogenic agonists or antagonists to
modulate endogenous hormone activity. They contain con-
jugated ring structures and hydroxyl groups which might
probably function as antioxidants, in vitro, or in cell-free
systems by scavenging superoxide anions, chelating redox-
active metals, and singlet oxygen or complexing with
oxidizing species. The contents of flavonoids in the extracts
of Rhizome polypodii as per HPLC-DAD are catechin,
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naringenin, resveratrol, and quercetin. Low concentrations
of quercetin scavenged free radicals, however, inhibiting oxi-
dative DNA breakage [88]. Another study result demon-
strated that the methanolic extract of P. vulgare contains
significant amounts of flavonoids such as epicatechin,
catechin, shikimic acid, and caffeoylquinic acid derivatives
showing cellular repair and cytoprotective activities. The
high content of polyphenolic compounds may be responsi-
ble for this biological activity [88]. Monoamine oxidase
(MAO) functions as a modulator of signal pathways
involved in neuronal survival and death. It is found on the
outer membrane of mitochondria and helps to maintain
monoamine neurotransmitter homeostasis in the brain.
Antidepressants are made up of MAO inhibitors of type A
(MAO-A). MAO is inhibited by flavonoids like catechin
and quercetin. Quercetin, a flavonoid, inhibits MAO-A.
“Flavonoids activated upstream MAPK–kinase–kinase,
inhibited oxidative stress-induced apoptosis, and prevented
Jun N-terminal kinase activation.” Catechin raises serum
brain-derived neurotrophic factor in humans (BDNF).
Tropomycin-related kinase B (TrkB) and tropomycin-
related kinase A (TrkA) expression and neurogenesis are
increased by polyphenols, resulting in neuroprotection and
antidepressant activity [17]. Tannins may work as antioxi-
dants to scavenge free radicals and stop such damaging
reactions [85]. It is advocated that mitochondrial energy
metabolism may perhaps have an antidepressant mecha-
nism of action [18]. Moreover, the bioflavonoids present
in P. vulgare are primarily known as stress modulators. It
is recommended that the serotonergic mechanism is involved
in the antidepressant effect [72]. P. vulgare is one of the

constituents of Sharbat-e-Ahmed Shah, a compound formu-
lation useful in depression and insomnia in traditional med-
icine since antiquity as an antidepressant activity [89].
Researchers reported that this compound was able to increase
the availability of tryptophan, a 5HT precursor in the blood
and brain, and hence increase 5-hydroxytryptamine (seroto-
nin: 5HT) in the brain, thus causing anxiolytic and antidepres-
sant activities in experimental rats [89]. In our study, polypody
was able to reduce the psychological symptoms as it has anti-
depressant properties and increases the availability of trypto-
phan as studies have proved that PMS patients show a lower
5-HT response to tryptophan during the luteal phase. An ani-
mal study in anaesthetized dogs that showed P. vulgare extract
showed hypotensive activity due to β-adrenoreceptor agonist
activity and vasodilation effect that was caused due to phyto-
chemical catechins [83, 89].

It is hypothesized that sex steroids and allopregnanolone
(a derivative of progesterone) may influence the PMS symp-
toms as their receptors are prevailing in the hypothalamus or
amygdala of the brain and they easily pass the blood-brain
barrier. Allopregnanolone (a progesterone metabolite) is an
agonist of GABA A and depending upon its concentration
has different actions. For example, it has anxiolytic and sed-
ative effects at high concentration, whereas it may cause
depression and negative mood at a lower concentration. As
in the lacteal phase, GABA A receptors turn out to be less
sensitive to allopregnanolone after exposure to its high con-
centrations, resulting in increased premenstrual symptoms.
The relation between inflammation and allopregnanolone
is relatively complex: Animal study results specify that
“agonists of GABA A receptors attenuate the impact of
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inflammation, while the inhibition of GABA A receptor
activity increases proinflammatory effects.” Allopregnano-
lone decreases anxiety and improves mood (Figure 6) [10].

Typical ecdysteroids present in P. vulgare are “20-
hydroxyecdysone (20E) and polypodine B (polB).” A
research report showed that phytoecdysteroids present in
P. vulgare probably impact the activity of the CNS not only
because of neuromodulatory effects on the GABA A receptor
as well as partly due to neurotransmitter metabolism
(decreased breakdown of acetylcholine and increased syn-
thesis of GABA) and enhanced activity of the immunologic
system, antioxidant, antimicrobial, and antiproliferative
properties [90]. Furthermore, the rhizome of P. vulgare L.
has been found to possess a protective effect in drug-
induced catalepsy, thus suggesting that it enhances the trans-
mission of dopamine in the CNS and has been explored for
various psycho-neurological disorders. The rhizome extract
possesses a tranquillizing effect, memory retention improve-
ment [83], cholinesterase inhibitory activity [84], anticon-
vulsant, CNS depressant, and antiepileptic [83] activities.
P. vulgare showed neuro-psycho-pharmacological activity.
Hence, the significant reduction of neuropsychological
symptoms such as tension, anxiety, irritability, depression,
mood swings [91], sleep changes [92–94], forgetfulness,
and confusion could be justified because of the aforemen-
tioned properties of polypody rhizome. Female was able to
significantly reduce premenstrual sleep disturbance [95]
and irritability in PMS women. The authors reported that
it could have central effects, perhaps by altering the sero-
tonergic mechanism that regulates sleep [73].

Micronutrients improve quality of life, and nutrients
have been used in the PMS symptoms alleviation for
decades, but studies into their efficacy are rare. Research
has documented the optimistic effects of micronutrients to
treat various mental health concerns from stress to insomnia
[56]. Furthermore, nutrition and dietary supplements are
not only important in premenstrual syndrome and chronic
diseases including diabetes and cancer [96]. Currently,
ACOG has only recommended calcium (for the diminution
of both mood symptoms and physical discomfort), and mag-
nesium (to reduce breast tenderness, mood symptoms, and
water retention) only supplements for PMS symptoms.
Recent research showed evidence of the efficacy of herbs or
dietary supplementation with other vitamins such as A, C,
E, B6, and magnesium, as they might modify the hormonal
or oxidative stress or anti-inflammatory profile of women
experiencing PMS. Some studies support the relation
between vitamin intake and symptom reduction in PMS. A
study has shown the optimistic effect of calcium and vitamin
E in PMS symptoms [97]. Retallick-Brown et al. [56]
reported that vitamin B6 is used as an effective management
for PM. They also suggested that nutritional treatment
through micronutrients is also beneficial in PMS. In
addition, they recommended that multiple micronutrients
perhaps have better usefulness than vitamin B6 with severe
symptoms. Initial evidence proposes that omega-3 has a
useful action on the premenstrual physical and psychological
symptoms. Omega-3 controls inflammation and tissue
homeostasis [98].

A study reported that serum brain-derived neurotrophic
factor (BDNF) levels in the luteal phase were lower in
women with PMS. Zinc supplement administration in PMS
caused a significant surge in BDNF than placebo. Zinc has
antioxidant, anti-inflammatory, and antidepressant activi-
ties. This function is probably because of its contribution
to increasing BDNF gene expression. It might influence
inflammatory markers, viz., high sensitivity C-reactive pro-
tein (hs-CRP), and, thus, improve PMS symptoms [52].
Additionally, Zn2+ has an inhibitory role at neurosteroid
sensitive extra synaptic GABA-A receptors [99]. A study
found that in the hippocampus, zinc increases the BDNF
protein and mRNA. It induces the matrix metalloproteinase
(MMP) that triggers tropomyosin-related kinase proteinase,
subsequently leading to pro-BDNF release from cells and
converting to BDNF. BDNF supports the differentiation
and survival of serotonin in neuron. In addition, zinc is
thought to counteract the excess ROS in the body and
inhibits NADPH oxidase [57].

The mechanism of how vitamin D decreases inflamma-
tion is based on findings that the action of 1, α, 25-
dihydroxy vitamin D3 (1α,25 (OH)2D3) is mediated
through Interleukins. Vitamin D3 inhibits IL-12 production
in activated macrophages. However, no functional vitamin
D response elements (VDREs) have been established in the
genes IL-12A or IL-12B23. The initial effect of 1α,25
(OH)2D3 is a cyclical down regulation of IL-12B expression
at the onset of inflammation, until sustaining the immune
response with a possible level. Furthermore, a secondary
effect of IL-10 occurs that turns off the IL-12B gene. In addi-
tion, IL-10 has an anti-inflammatory immune function and
has effects on the brain and behavior, taking part in anxiety,
modulation of mood, and depression symptoms. Thus, a
study reported that the mean score of the total PMS symp-
toms significantly improved along with a significant
improvement in inflammation marker. Based on their
results, after treatment with vitamin D, increased serum
levels of vitamin D ensued a noteworthy increase in serum
TAC levels, imitating an enhancement in antioxidant status
in PMS women [14].

Mostly, flowers and leaves are the most important parts
of medicinal plants. The plant contains alpha-linolenic acid
(ALA), delta6-fatty acryl desaturase, gamma-linolenic acid
(GLA), pyrrolizidine alkaloids, delta8-sphingolipid desatur-
ase, mucilage, potassium nitrate, calcium, resin, and mineral
acids. Echium amoenum has anxiolytic, anti-inflammatory,
antidepressant antianxiety, antioxidant, analgesic, and anti-
obsessive-compulsive properties. Probably, the functional
mechanism of Echium Amoenum (EA) depends on γ linole-
nic acid [55]. Flowers have GLA. GLA perhaps have anti-
inflammatory and antioxidant properties. Various research
studies have confirmed the beneficial effects of GLA on the
severity and duration of PMS symptoms. Evening primrose
oil is also one of the rich sources of GLA, and a review study
approved its efficacy to decrease the severity of PMS symp-
toms after 4 to 6 months of treatment [100]. Indeed, the
conversion of inflammation from a physiologic to a patho-
logic state can intensify PMS symptoms among individuals
with PMS [79, 101, 102]. Additionally, PMS perhaps causes
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increased oxidative stress and decrease antioxidant capacity
[103]. Furthermore, the most common anthocyanin, cyani-
din 3-glucoside present in the petals of EA, has had neuro-
protective effects and has customarily been used as an
antidepressant and anxiolytic medicine in Asia [53].

Arabnezhad et al. [51] reported that curcumin improves
serum vitamin D levels. Xin et al. [104] described that curcu-
min induces overexpression of vitamin D receptor (VDR) in
osteoblasts and femurs probably involved in the protective
effect of curcumin on bone loss created by microgravity
although curcumin administration has no considerable
effect on serum 1,25-(OH)2D3 concentration. VDR has an
important effect on calcium absorption, bone mineralization
rate, and regeneration, as it is a nuclear transcription factor
that can modulate the activity of 1,25-(OH)2 [105]. VDR is
also expressed in the ovarian tissue, placenta, endometrium,
and fallopian tube epithelial cells. The VDR target genes
such as CYP24, cytochrome P450 (CYP) 3A4, and TRPV6
can be stimulated and directly bound to curcumin and get
triggered [106]. The role of vitamin D regarding the
etiopathology of PMS and dysmenorrhea and its augmenta-
tion by curcumin might signify a reasonable mechanism for
the useful therapeutic effect of curcumin in menstrual-
associated symptoms. In addition, curcumin decreases gene
expression of pro-inflammatory cytokines and suppresses
nuclear factor kappa B (NFκB) induction and high mobility
group box 1 (HMGB1), cyclooxygenase-2, downregulation
of ICAM-1 and MCP-1, procollagen type I, CD11b, and
tissue inhibitor of metalloprotease-1 and induction of perox-
isome proliferator-activated receptor-gamma (PPAR-γ)
causing the amelioration of the development and enhance-
ment of inflammation [107]. Furthermore, the antioxidant
activity of curcumin is interrelated with triggering many
antioxidant enzyme activities such as catalase, glutathione
transferase, and heme-oxygenase-1 [108].

The polypody rhizome showed a significant reduction in
PMS symptoms as it contains calcium and magnesium. Iron
also plays a role in the metabolism of GABA and serotonin
and is an essential cofactor for the tryptophan hydroxylase.
The iron deficiency symptoms include cognitive problems,
depression, and physical activity disorders. Few studies have
reported a reduction in PMS symptom association after
receiving iron. Polypody rhizome also contains iron, hence
able to reduce PMS symptoms, similarly, has been reported
in the wheat germ study [63].

Curcumin has anti-inflammatory, antioxidant, and neu-
roprotective activities. During the past decade, various scien-
tific studies established that curcumin can curb the levels of
neurotransmitters (dopamine, BDNF, norepinephrine, and
serotonin) that are responsible for mood and behavior regu-
lation [64, 109]. In stressed animals, curcumin prevented a
diminution in hippocampal BDNF levels to levels compara-
ble to imipramine. Furthermore, its treatment exerts strong
antidepressant effects that are similar to the SSRIs (fluoxe-
tine and imipramine), well-known antidepressant drugs
[64]. Various physiological processes in the brain such as
emotions, sleeping, attention, dreaming, and learning are
controlled by norepinephrine. In an animal trial, curcumin
increases dopamine levels in rodents and even noticeably

decreases the effects of agents that induce reductions in the
concentration of dopamine and adrenaline in the brain. In
addition, the cyclooxygenase-2 enzyme (COX-2) produces
prostaglandin E2, recognized to contribute a significant role
in the premenstrual symptom’s pathophysiology. It can
downregulate the gene expression of the COX-2 enzyme
and thus inhibits prostaglandin synthesis as per experimen-
tal research in animals. Khayat et al. [61] reported that levels
of neurotransmitters were augmented by curcumin that
improved mood and behavioral symptoms of PMS and
through inhibition of COX-2 enzyme reduced physical
symptoms of menstruation.

Chamomile tea is useful to reduce the severity of
premenstrual symptoms as possessing anti-inflammatory,
antioxidant, antianxiety, antihistamine, antispasmodic, anal-
gesic, and antidepressant activities. Apigenin compound
present in chamomile tea reduces the impact of hormones
on the body and mind and excitation neurotransmitters,
thereby soothing the hyperactive sympathetic nervous sys-
tem. It modulates dopamine and serotonin activity and
reduces the impact of depressive symptoms. Additionally,
it reduces pain sensation by inhibiting the COX enzyme
and reducing the inflammatory response of the immune sys-
tem. Furthermore, its essential oil has antispasmodic and
relaxing activities and is beneficial to calm the symptoms
associated with PMS. A study compared the efficacy of the
well-known anti-inflammatory medications, mefenamic
acid, and ibuprofen with chamomile extract for relieving
PMS. It is also effective for stress and anxiety relief as
apigenin, Luteolin, glycine, and flavonoid since CNS
stimulating molecule is a nerve relaxant. It is considered
generally safe [8].

N. sativa has antioxidant, immunomodulatory, anti-
inflammatory, and anticancer activities. Fresh extracted oil
of. N. sativa contains more thymoquinone that reduced IL-6
levels significantly, whereas stored extracted oil inhibits IL-
1beta and had a higher antioxidant activity. Thymoquinone
reduces IL-6 levels significantly [110]. Fennel significantly
reduces calcium influx recovery time and suppresses MAPK’s
phosphorylation as well as JNK, ERK, and p38 phosphoryla-
tion, with downstream signaling leading to degranulation
and activation of respiratory bursts and in human neutrophils.
Fascinatingly, fennel inhibiting protein kinase (PKA) inhibitor
H89 partly restores the superoxide anion generation, along
with the inhibitory effect on calcium influx recovery time,
and indicates a role of the cAMP/PKA pathway in the anti-
inflammatory effects of fennel. Fennel estragole exhibited
anti-inflammatory effects in vitro by suppressing Nrf-2 and
NF-lB pathways and in vivo (30mg/kg) reduction of paw
edema and leukocyte emigration in the peritoneal fluid
[111]. The mechanism of action of Allium sativum is
immuno-regulation and modulation of secretion of cytokines
with therapeutic effects for metabolic syndrome such as anti-
hypertensive, antidiabetic, and hypolipidemic properties. Per-
suasive evidence confirms the ability of garlic extract (AGE) to
protect against oxidant-induced diseases, i.e., reduced risk of
cancer, cardiovascular (CVD) disease, ageing, and stroke. In
addition, it is effective in neurodegenerative disorders caused
by oxidant-mediated brain cell damage, particularly
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Alzheimer’s disease (AD) [52]. Several studies reported that
garlic intake probably inhibits β-amyloid protein (Aβ) aggre-
gation in the human brain. An experimental study in ovariec-
tomized rats showed noteworthy antidepressant-like
properties of a diet supplement containing garlic and black
sesame [112]. Garlic, perhaps by reducing brain oxidative
stress, reduces anxiety and depression behaviors in diabetic
rats [113]. AGE possibly improves memory by affecting the
glutamatergic, cholinergic, and GABAergic systems regarding
cognitive impairment in Aβ-induced rats. An experiment in
mice showed that garlic extract inhibits monoaminoxidase-A
and monoaminoxidase-B, proving its antidepressant-like
activity [114]. Research also showed that the administration
of garlic in rats increases brain serotonin (5-hydroxytrypta-
mine) levels [52]. Studies have shown that saffron has antiox-
idant properties. The phytoconstituent crocetin has stronger
antioxidant activity than safranal, and the potential of crocetin
was equivalent to that of Trolox and butyl hydroxyl toluene
(BHT) [115].

The mechanisms of action for phytoestrogen effects are
unclear in PMS; however, there is indicative evidence that
phytoestrogens may act through an estrogen receptor-
independent. Various studies confirmed that phytoestrogens
bind to estrogen receptors and show significant estrogenic-
like effects [116]. The mechanism of anise is comparable to
the selective moderators of estrogenic receptors that have
agonistic effects as well as antagonistic effects on the estro-
genic receptors. Anethole present in anise is considered the
active estrogenic agent, and these herbs are considered phy-
toestrogens [53]. N. sativa may probably act directly as well
as indirectly on the estrogen receptors and lead to substan-
tial changes in the level of estrogen. Its estrogenic activity
may perhaps be accredited to the presence of unsaturated
fatty acids, which are established to possess estrogenic effects
in animals, man, and cell cultures (Figure 7) [18, 116].

3.3. Does Computational Intelligence Have a Role in PMS
Data Analysis for Future Modulation of Premenstrual
Symptoms? For example, we have applied computational
intelligence techniques such as RF and SVM-radial basis
function (SVM-RBF) to the experimental and placebo
group. This study would be helpful for researchers, scien-
tists, and doctors to understand the computational intelli-
gence in this area.

In the experimental group, polypody dried rhizome,
2000mg fine powdered, was administered in two capsules
of 1 gm per oral twice a day from day 16 of the menstrual
cycle to day 5 of the next cycle for three consecutive cycles.
In the placebo group, edible cellulose powder (placebo),
2000mg, was administered in two capsules of 1 gm per oral
twice a day from day 16 of the menstrual cycle to day 5 of
the next cycle for three consecutive cycles. The primary out-
comes were changes in the total and subtotal score of PMSS
for the occurrence and severity of PMS symptoms, and
change in duration was assessed by the premenstrual tracker
sheet. The secondary outcome was a change in EQ-5D-5L
HRQoL. We have added the methods and results of the
computational intelligence as shown in the following sec-
tions below.

3.3.1. Computational Intelligence Methods

(i) RF classifier: Ensemble techniques are used to antici-
pate the final results of RF. A decision node, a leaf
node, and a root node are all present in each of the
decision trees. The leaf node is the output of each
decision tree, and a majority voting process deter-
mines the ultimate conclusion [117–119]. If we have
attributes Θ of a vector x and the decision tree based
on these attributes is h ðx,ΘÞ, then the RF classifier
can be defined:

RF = h x,Θlð Þ½ �, l = 1, 2,⋯, l: ð1Þ

(ii) SVM classifier: It is utilized in the classification and
regression methods of data analysis. For data pre-
diction, SVM creates a hyperplane in infinite-
dimensional space. The hyperplane with the greatest
distance to the nearest training point of the class
achieves the maximum accuracy. SVM was initially
established in 1963 by prominent scientists Alexey
Ya Chervonenkis and Vladimir N Vapnik. After
29 years, Vapnik’s team created SVM for nonlinear
data using a kernel method to boost the hyper-
planes’ maximum margin [120]

(iii) Performance measures: We used SVM-RBF kernel
and RF classifiers for the classification of control
and Polypody in terms of accuracy, precision, sensi-
tivity, specificity, and area under the curve (AUC)
[25, 30–32, 35, 121] with leave-one-out and cross-
validation (CV) 5-fold models:

Accuracy = TP + TNð Þ
TP + TN + FP + FNð Þ

� �
, ð2Þ

Sensitivity = TP
FN + TPð Þ

� �
, ð3Þ

Specificity = TN
FP + TNð Þ

� �
, ð4Þ

precision = TP
TP + FPð Þ

� �
, ð5Þ

where TP is true positive, FP is false positive, TN is true neg-
ative, and FN is false negative.

3.3.2. Computational Intelligence Results. We have designed
the heat map of the experimental data related to the premen-
strual syndrome mentioned in Figure 8. It showed the rela-
tionship between control and polypody experimental data.
The leave-one-one-out classification model of the RF classi-
fier achieved maximum accuracy in terms of accuracy (90%),
recall (90%), specificity (90%), and precision (90.20%).
Moreover, the CV-5 classification model of the RF classifier
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achieved maximum accuracy in terms of accuracy (88.30%),
recall (88.30%), specificity (88.30%), and precision (88.40%).

However, our RF leave-one-one-out models are more
suitable for the classification of the experimental data related
to premenstrual psychosomatic and its behavioral symptoms
shown in Table 4. Furthermore, the random forest classifier
achieved maximum accuracy in terms of accuracy, recall,
specificity, and precision.

4. Discussion

In this review, comprehensively, we highlighted the low risk
and high quality of 25 RCTs, etiopathogenesis, the contribu-
tion of oxidative stress, inflammation leading to mitochon-
drial changes, and the role of phytochemical constituents
in premenstrual psychosomatic and its behavioral symp-
toms. Additionally, as per our knowledge, it is the first time
that computational intelligence technique has been applied
to detect premenstrual psychosomatic and its behavioral
symptoms assessed by PMSS questionnaire in women who
used Polypodium vulgare L. herb vs placebo towards future
modulation of computational intelligence in clinical trials.

This study covered the required details for the up-to-
date research work on premenstrual psychosomatic and its
behavioral symptoms. We found that in previous work var-
ious tools were used to assess PMS symptoms. We reviewed
twenty-five articles with 1949 participants (mean ± SD:
77:96 ± 22:753) using PRISMA techniques. Besides, our
research questions covered mitochondrial changes, oxidative
stress and antioxidants, inflammation, anti-inflammatory
herbal medicine, and nutritional supplements in PMS. In
addition, bioactive molecules and pharmacological activities
of herbs effective in PMS symptoms and the mechanism of
action have been highlighted.

We also designed the word cloud and network visualiza-
tion of the current review mentioned in Figure 9 [39, 40, 122,
123]. A word cloud is advantageous to cover all valuable key-

words of the present study in a single diagram. Additionally,
we have designed a brief description of the proposed RQs
based on MeSH terms using network visualization tech-
niques [123], shown in Table 5. This technique is valuable
to get the exact MeSH keywords related to a particular
disease, and it is a new tool to analyze many previously pub-
lished data. Additionally, manually, it is tough to determine
the closest terms for any big database. These tools will
upwhirl a new way to envisage the dataset through software.
It easily divides the previously published articles based on
terms in the cluster. For better comprehension, previous
studies on the role of oxidative and inflammation in pre-
menstrual symptoms, nutritional supplements, and herbal
medicine were retrieved from Scopus, PubMed, and PROS-
PERO databases were retrieved.

Previously, the researchers reviewed inflammation, oxi-
dative stress in PMS, various nutritional supplements, and
herbal medicines in PMS. In [1], a prospective cohort study
examined the serum antioxidant vitamin concentrations and
oxidative stress markers in PMS. Granda et al. determined
oxidative stress, inflammation markers, and antioxidant sta-
tus in PMS women. They used to update the data until Jan-
uary 2021 from PubMed and Scopus to cover the literature
of the study. Koohpayeh et al. [124] investigated the effects
of Rosa damascena on menstruation-related pain, anxiety,
fatigue, headache, and bloating. In [8], the authors investi-
gated chamomile for the treatment of PMS syndrome and
collected literature reviews from various databases from
1990 to 2019. They included eight studies. Verkaik et al.
[125] investigated for Vitex agnus castus, collected data up
to January 2016 from various databases, and included 17
studies. Csupor et al. [126] collected data from three clinical
trials from 21 clinical trials to compare the efficacy of Ze 440
and BNO 1095 with placebo for the management of PMS.
The effectiveness and safety of Iranian herbal medicines for
PMS investigators collected data up to 2017 and included
18 RCTs [127]; it included 10 RCTs from 17 RCTs for herbal
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treatment for PMS [20]. Canning et al. [71] investigated die-
tary supplements and herbal medicines for PMS. Tu et al.
[128] recommended that education and communication
with parents might reduce parental stress and anxiety. Lai
group designed a comprehensive survey on insomnia and

bruxism sleep disorders based on PRISMA, RQs, and net-
work visualization techniques. As per our knowledge,
researcher used these methods on the PMS, oxidative stress,
and inflammation with world clouds and computational
intelligence techniques.

Table 4: Performance of the system is based on control and Polypody classification using computational intelligence techniques such as
SVM-RBF and RF classifiers.

Classifier Model Accuracy (%) Recall (%) Specificity (%) Precision (%) AUC (%)

SVM-RBF
Leave one out

88.30 88.30 88.30 88.40 91.30

RF 90.00 90.00 90.00 90.20 89.10

SVM-RBF
CV-5

86.70 86.70 86.70 86.70 91.60

RF 88.30 88.30 88.30 88.40 89.30

Mean 88.325 88.325 88.425 90.325 88.325

±Standard deviation 1.166 1.166 1.237 1.132 1.166

Variance 1.361 1.361 1.531 1.281 1.361
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Figure 8: Heat map of the experimental and placebo group of the PMS. It showed the relation between premenstrual scale score, health-
related quality of life index value related to the premenstrual psychosomatic and its behavioral symptoms of baseline (BL), three cycles
with treatments, and one follow-up (FU) without treatment.
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However, our study is different from others regarding
details related to etiopathogenesis, the contribution of oxida-
tive stress and inflammation leading to mitochondrial
changes in premenstrual symptoms, the therapeutic implica-
tion of herbal medicines and nutritional supplements, and
the mechanisms of action of these herbal medicines and
nutritional supplements. Additionally, we applied computa-
tional intelligence techniques to the experimental and pla-
cebo groups. These techniques would be helpful for the
detection, treatment, and localization-related to our studies.
Furthermore, network visualization for retrieval of a litera-
ture review from the Scopus database was also performed.
This study will benefit academicians, researchers, and scien-
tists to work in this area and use artificial intelligence for
data retrieval from various databases. In addition, our closest
terms would be helpful for the researchers, scientists, stu-
dents, doctors, and academicians to find the closest article
related to our study.

5. Research Gap and Future Recommendations

The prerequisite of additional information that replicates the
effect of premenstrual psychosomatic and its behavioral
symptoms to appropriately reply to the self-reported ques-
tionnaire and questions on instinct decisions on the physical
and mental health of an individual with specific criteria
would give a further and definite reason for PMS. The mea-

surement limitation might be present in those questions that
are inclusive of the self-reported questionnaire as there could
be personal questions that some participants may find chal-
lenging to answer. In this paper, that gap is apparent and
thus would need further exploration. More research, includ-
ing a larger sample of subjects, would allow evidence to sup-
port a relationship between oxidative stress, inflammation,
and PMS and the therapeutic implication of herbal medicine
and nutritional supplements in premenstrual psychosomatic
and its behavioral symptoms.

In literature research, oxidative stress and inflammation
are still not very comprehensively discussed, so what is rec-
ommended is more in-depth qualitative and quantitative
studies with more significant sample sizes. Indeed, further
investigation is essential to explore the relationship between
a given mechanism of action of herbal medicine and nutri-
tional supplements in human trials, although few animal
studies have proven anti-inflammatory and antioxidant
properties of herbal medicine and nutritional supplements
beneficial in premenstrual psychosomatic and its behavioral
symptoms. More analysis is needed at the molecular and cel-
lular level to further guide. Future studies must be started to
better identify possible mitochondrial dysfunction linked to
PMS and the molecular mechanisms and software develop-
ment for the automatic detection related to mitochondrial
dysfunction targeting the cognitive, psychomotor, and affec-
tive domains in PMS. Researchers would develop more

Table 5: Description of the proposed research questions based on closest terms using the network visualization model.

S. No. Research questions Closest terms

1.
What is etiopathogenesis and the role of oxidative stress,

inflammation leading to mitochondrial changes in premenstrual
psychosomatic, and its behavioral symptoms?

Anxiety, depression, disorder, menstrual cycle, pain, patient,
placebo, PMS, premenstrual symptoms, premenstrual syndrome,
relationship, role, severity, symptom, behavioral, and woman

2.

What are the various mechanisms of action in nutritional
supplements and herbal medicines with their phytochemical
constituents in premenstrual psychosomatic and its behavioral

symptoms?

Anxiety, antioxidants, biomarkers, calcium, clinical trials,
depression, inflammation, infection, menstrual cycle, patients,
premenstrual syndrome, roots, superoxide, symptom, woman,

BDR, brain, herbal medicine, nutrition, phytochemicals,
symptom, PMS, protein, ROS, and woman

3.
Does computational intelligence have a role in PMS data analysis

for future modulation of premenstrual symptoms?

AI, analysis, data, classification, classifier, recognition,
computational intelligence, machine learning, PMS, prediction,

RF, and SVM

(a) (b)

Figure 9: Closest terms of the present study based on (a) word cloud and (b) network visualization.
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specific scales to define PMS and causal connections
between inflammatory and marker markers. Emerging tech-
nologies like machine learning, brain network, quantum
techniques, computer vision, and block-chain technology
help to analyze experimental RCTs data.

6. Conclusion

This review can be a milestone towards experimenting with
herbal medicines and nutritional supplements that are
potentially effective natural alternatives to relieve PMS
symptoms as they possess bioactive molecules such as curcu-
min, allicin, anethole, thymoquinone, cyanidin 3-glucoside,
pyrrolizidine alkaloids, omega fatty acid, polypodin A and
polypodin B, sesquiterpene, jatamansone, ursolic and olea-
nolic acids, magnesium, zinc, calcium, beta-carotene, linoleic
acid, and gamma linoleic acid not only have antioxidants
and anti-inflammatory properties but also other various
activities (GABAA receptor agonist, MAO inhibitors, sero-
tonergic, antidepressant, sedative, and analgesic). Further,
computational intelligence analyses of the experimental data
of one of the RCTs using computational intelligence tech-
niques showed the accuracy of the data. Hence, it is recom-
mended that machine learning techniques have potential
and are useful in clinical trials. However, more rigorous
research studies are recommended for in-depth knowledge
of the efficacy of bioactive molecules on premenstrual syn-
drome in clinical trials.
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Background. Osteoarthritis (OA) is a common degenerative joint disease that may be closely linked to inflammation and oxidative
stress destroying the balance of cartilage matrix. Theaflavin-3,3′-digallate (TFDG), a natural substance derived from black tea, has
been reported to restrict the activity of inflammatory cytokines and effectively eliminate reactive oxygen species (ROS) in various
diseases. However, it is not clear whether TFDG can improve OA.Methods. Chondrocytes were treated with or without IL-1β and
20 μM and 40μM TFDG. The effect of TFDG on the proliferation of chondrocytes was detected by CCK8. RT-qPCR was used to
detect the gene expression of inflammatory factors, extracellular matrix synthesis, and degradation genes. Western blot and
immunofluorescence assays were used to detect the protein expression. The fluorescence intensity of reactive oxygen species
labeled by DCFH-DA was detected by flow cytometry. We established an OA rat model by performing destabilized medial
meniscus (DMM) surgery to observe whether TFDG can protect chondrocytes under arthritis in vivo. Results. TFDG was
found to inhibit proinflammatory factors (IL-6, TNF-α, iNOS, and PGE) and matrix-degrading enzymes (MMP13, MMP3, and
ADAMTS5) expression and protected extracellular matrix components of chondrocytes (ACAN, COL2, and SOX9). TFDG
accelerated the scavenging of ROS caused by IL-1β according to the Nrf2 signaling pathway activation. At the same time,
TFDG suppressed the PI3K/AKT/NF-κB and MAPK signaling pathways to delay the inflammatory process. The cartilage of
DMM rats receiving TFDG showed lower Osteoarthritis Research Society International (OARSI) scores and expressed higher
levels of COL2 and Nrf2 compared with those of rats in the DMM group. Conclusion. TFDG could protect cartilage from
degradation and alleviate osteoarthritis in rats, which suggests that TFDG has potential as a drug candidate for OA therapy.

1. Introduction

A chronic degenerative disease of total joints, osteoarthritis
(OA) affects most easily the knee joint, and in second
instance the hand and hip joints [1]. Its clinical symptoms
include joint swelling and pain, joint stiffness and limited
movement, atrophy of the muscles around the joint, and
frictional sounds during movement, which eventually leads
to joint deformity in the late stage of the disease [2]. There
are many risk factors for OA, including age, obesity, being
female, and history of knee joint injury; among these, age
is the most relevant [3, 4]. Therefore, along with the increas-
ing incidence of obesity due to population aging and dietary

changes, the global prevalence of OA is also increasing. It is
estimated that 242 million people are affected by OA world-
wide [5]. The high incidence of OA, combined with the irre-
versibility of disease progression, ranks it alongside diabetes
as one of the fastest-growing causes of disability worldwide;
in particular, OA is expected to become the fourth leading
cause of disability by 2020 [6–8]. At present, because of its
pathogenesis, OA is difficult to cure. Therefore, the corre-
sponding treatment plan is provided according to the situa-
tion of the patient and disease stage. In general, for early
lesions, OA patients with no obvious symptoms usually
adopt preventive nondrug treatment [9]. Furthermore, loss
of weight, avoidance of daily activities that exert pressure
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on the joints for a long time, moderate movement to
enhance joint stability, and physical therapy can help delay
the progression of OA as much as possible [10]. Conversely,
OA patients with obvious clinical symptoms may require
nondrug therapy, nonsteroidal anti-inflammatory drugs,
analgesic drugs, antianxiety drugs, or proprietary Chinese
medicine to relieve pain caused by OA [11, 12]. In particular,
intra-articular injection of the drug will relieve pain more
quickly and effectively. However, conventional drugs and
physical therapy are no longer effective when the disease is
in its final stages, and surgery is the only option to relieve
pain and correct deformities [13]. Surgery practices mainly
consist in articular cartilage repair, arthroscopic debride-
ment, osteotomy, and joint replacement. The latter is cur-
rently the most widely used method worldwide, but its
postoperative complications are still difficult to resolve
completely [14, 15]. Therefore, it is urgent to deepen current
knowledge of OA pathogenesis in order to find better thera-
peutic options for this disease.

Previous studies have explored the pathogenesis of OA,
but the exact mechanism remains unclear. A large number
of cytokines and signaling pathways play a synergistic role
in the pathogenesis of OA, and the related inflammatory
responses and oxidative stress have been widely studied
[16, 17]. Cytokines that trigger inflammatory responses,
such as interleukin 1 (IL-1) and tumor necrosis factor
(TNF), are the most crucial molecules supporting OA
pathogenesis [18]. Previous clinical studies have found
the synovial fluid of OA patients have escalated IL-1β
secretion [19]. Moreover, Tesche and Miosge reported
IL-1β overexpression in osteoarthritic cartilage [20]. These
findings implied that IL-1β plays a relevant role in OA.
Inflammatory factors such as IL-1β can either directly
promote the synthesis of matrix-degrading enzymes in
chondrocytes, thereby promoting extracellular matrix deg-
radation, or amplify the inflammatory response and accel-
erate chondrocytes apoptosis by activating downstream
signaling pathways or other inflammatory factors [21,
22]. For example, IL-1β can activate the ERK, p38, and
JNK, NF-κB, and PI3K pathways or other cytokines to
accelerate the progression of arthritis [23–25]. Oxidative
stress also plays a major role in OA progression [26]. In
chondrocytes, mitochondrial electron transfer generated
mostly reactive oxygen species (ROS). Upon normal mito-
chondrial function, the production and clearance of ROS
are maintained in a dynamic balance [27]. However, when
mitochondria are dysfunctional and ROS generation
exceeds the mitochondrial clearance capacity, such balance
is disrupted, and excessive ROS accumulation lead to cell
damage [28, 29]. Excess ROS, when released in chondro-
cytes, damage DNA and proteins, induce mitochondrial
dysfunction, and activate proinflammatory mediators and
matrix-degrading enzymes. Conversely, the application of
antioxidants can significantly improve the condition of
chondrocytes [30]. In summary, both inflammation and
oxidative stress are involved in the pathogenesis of OA
and can mutually reinforce. Therefore, inhibiting inflam-
mation and oxidative stress is believed to be an effective
approach to treat OA.

Many natural active substances in herbs and plants have
been proven to exert beneficial biological effects as they can
play anti-inflammatory and antioxidant roles both in vitro
and in vivo [31]. Therefore, further research on these sub-
stances may yield new antiarthritic drugs. In particular,
theaflavin-3-3′-digallate (TFDG), the active substances
extracted from black tea, have been shown to exert a variety
of biological effects. For instance, TFDG have been reported
to alleviate cardiomyocyte reperfusion through the inhibi-
tion of autophagy [32]. These molecules can also improve
lipopolysaccharide-induced bronchitis in rats by suppressing
the release of inflammatory factors [33]. As for the skeletal
system, previous studies have found that theaflavins can
inhibit the activation of osteoclasts and prevent bone loss
in castrated mice, thereby preventing osteoporosis [34].
Finally, Liu and Li reported that TFDG alleviates rheuma-
toid arthritis by inhibiting the NF-κB and MAPK pathways
in mice model [35]. Therefore, we aimed to investigate
whether TFDG can bring into play anti-inflammatory and
antioxidant function in OA models, verify whether TFDG
treatment can retard OA progression, and further study its
mechanism of action.

2. Materials and Methods

2.1. Regents and Antibodies. TFDG (CSN20910) was
obtained from CNS Pharmaceuticals (Chicago, IL, USA),
configured with ethyl alcohol (Sigma-Aldrich, USA), and
diluted to a concentration of 10mM. Recombinant IL-1β
of rats was offered by PeproTech Inc. (East Windsor, NJ,
USA) and dissolved in a 5% trehalose solution. Primary anti-
bodies against collagen II (ab188570), COX-2 (ab179800),
MMP3 (ab52915), ADAMTS5 (ab41037), SOX9
(ab185230), iNOS (ab178945), and SOD2 (ab68155) were
acquired from Abcam (Cambridge, UK). Antibodies against
p85 (#4257), p110 (#4255), AKT (#9272), phospho-AKT
(#4060), ERK1/2 (#9102), phospho-JNK (#4668), p38
(#8690), phospho-p38 (#4511), phospho-ERK1/2(#4370),
phospho-p65 (#3033), p65 (#8242), phospho-IκBα (#2859),
IκBα (#9242), and JNK (#9252) were supplied by CST (Bev-
erly, USA). Anti-Nrf2 (16396-1-AP), anti-ACAN (13880-1-
AP), anti-MMP13 (18165-1-AP), anti-β-actin (20536-1-
AP), and anti-HO-1 (10701-1-AP) antibodies were taken
from Proteintech (Wuhan, China).

2.2. Extraction and Culture of Rat Chondrocytes. 6–8-week-
old Sprague-Dawley (SD) rats supplied by the Experimental
Animal Center of Soochow University were used for primary
chondrocytes isolation. SD rats were sacrificed and then
confirmed dead according to their lack of respiration and
heartbeat. The articular cartilages were exposed and sepa-
rated from their subchondral bone. The cartilage was
chopped into little pieces, placed in cell culture dishes, and
digested using type II collagenase (0.2%, Thermo Fisher Sci-
entific) for 6 h at 37°C. DMEM/F12 containing 100U antibi-
otics and 10% fetal bovine serum (FBS) (Thermo Fisher
Scientific) were used for collected chondrocytes culturing
at 37°C and 5% CO2. The medium was replaced every 3 days
and chondrocytes were passaged with 0.25% trypsin/
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ethylenediaminetetraacetate (Thermo Fisher) at 90% cell
density. Chondrocytes from the first and second passages
were used for study.

2.3. Cell Proliferation Analysis. The effects of TFDG on cell
viability were monitored by CCK-8 KIT (Beyotime, Shang-
hai, China). Chondrocytes in 96-well plates (5000 cells/well)
were cocultrued with multiple concentration of TFDG after
adhering to the wells; untreated cells were set for negative
control. After discarding the original culture medium and
washing the wells twice, the chondrocytes were handled with
CCK-8 solution (10%) at 37°C for 1 h. Microplate reader
(BioTek, USA) was used for measuring the optical density
(OD) of the cell cultures at 450nm. The cell viability was cal-
culated according to the following formula. Cell viability = ½
ðODexperimental well −ODblank wellÞ/ðODcontrol well −ODblank wellÞ�
∗ 100%.

2.4. Detection of Intracellular Reactive Oxygen Species. After
treatment with IL-1β and TFDG for 24 h, chondrocytes cul-
tured in six-well plates were collected and cocultured with
10μM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) at
37°C for 20min. The mean fluorescence intensity was mea-
sured by flow cytometry (Thermo Fisher Scientific), and
FlowJo software 10.7 (BD Life Sciences, Franklin Lakes, NJ,
USA) was employed for dealing with data.

2.5. RNA Isolation and Quantitative Real-Time PCR. TRI-
zol® (Thermo Fisher Scientific) was applied for total RNA
extracting from chondrocytes, and RNA reverse transcrip-

tion was performed using the PrimeScript RT Reagent Kit
(Takara, Tokyo, Japan) to obtain complementary DNA
(cDNA). Real-time reverse transcription quantitative PCR
(RT-qPCR) was carried out on a Real-Time PCR System
(Bio-Rad, USA) using iTaq™ Universal SYBR® Green Super
Mix with 1μg of cDNA and primers. Gapdh as an internal
reference was used to normalize gene expression, which
was calculated using the 2−(ΔΔCt) method. Supplementary
Table 1 shows the primer sequences used to detect target
genes.

2.6. Western Blotting. Chondrocytes cultured in six-well
plates were washed twice, and RIPA lysis buffer was utilized
for total protein isolation. Nuclear and Cytoplasmic Protein
Extraction Kit (Beyotime) was used for separating proteins
from nuclei and cytoplasm. Quantified protein concentra-
tion was detected using a Pierce™ BCA Kit (Thermo Fisher
Scientific); equal proteins diluted in loading buffer were iso-
lated by 10% SDS-PAGE and then delivered to nitrocellulose
membranes. Western blocking buffer (Beyotime) was uti-
lized for membranes blocking which then was incubated
with the corresponding primary antibodies overnight at
4°C. Next, at room temperature, incubation with horseradish
peroxidase- (HRP-) conjugated secondary antibodies was
performed for 1 h. Membranes were exposed using ECL
(Thermo Fisher Scientific) and visualized using a GS-800
scanner (Bio-Rad). ImageJ software (National Institutes of
Health, Bethesda, MD, USA) was used for analyzing the
density of band.
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Figure 1: The structure of TFDG and effect of TFDG on cell viability. (a) The molecular structure of TFDG. (b, c) Different concentrations
of TFDG (1, 10, 20, 40, 80, or 120 μM) to determine its cytotoxicity at 24 h and 48 h. The bar graph shows the mean ± SD of data (n = 6).
∗p < :05, ∗∗p < :01, ∗∗∗p < :001, and ∗∗∗∗p < :0001.
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Figure 2: Continued.
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2.7. Immunofluorescence. 24-well plates were applied for cul-
ture of chondrocytes treated with IL-1β or TFDG. After cells
reaching 50% density, the medium was replaced with PBS
for rinsing cells twice, subsequently experienced fixation
for 4% paraformaldehyde for 10min, and then 0.25% Triton
X-100 was used for cells permeabilization for 15min and
then blocked for 1 h. Cells were then soaked into diluted
antibodies solution at 4°C overnight, and at room tempera-
ture, cells were incubated with fluorescent secondary anti-
bodies for 1 h. 4′,6-Diamidino-2-phenylindole (DAPI,
Abcam) was used to counterstain nuclei via incubation for
10min. Fluorescence microscope (Zeiss, Germany) was used
for obtaining pictures.

2.8. siRNA Transfection. After reaching 50% confluence,
chondrocytes cultured in six-well plates were transfected
with siNrf2 and siNC, which were provided by RiboBio
(Guangzhou, China), using Lipofectamine 3000 transfection

reagent on the base of the instruction for 6 h at 37°C. Trans-
fected cells were used for subsequent experiments.

2.9. Animal Surgical Model and Treatments. All animal
experiments were checked by the Ethics Committee for Ani-
mal Experiments at the First Affiliated Hospital of Soochow
University. Thirty 6–8-week-old SD rats provided by the
Experimental Animal Center of Soochow University were
randomly assigned to three groups: the sham, OA, and OA
+TFDG. A knee OA model was established according to giv-
ing rise to surgical destabilization of the medial meniscus
(DMM). After all rats were anesthetized inhaling 2% isoflur-
ane, a medial parapatellar incision in the right knee joint was
performed to disclose the medial meniscotibial ligaments
(MML). Rats in the OA and TFDG-injected groups under-
went excision of MML, while the sham group retained intact
MML. Intra-articular injections were performed 2 weeks
after modeling. 100μL of this saline solution, containing
4mM TFDG, was infused into the right knee joint of rats
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Figure 2: TFDG alleviates inflammatory responses in chondrocytes. (a–d) The transcription levels of iNOS, Ptgs2, TNF-α, and IL-6 were
determined by RT-qPCR. (e–g) The protein expressions of iNOS and COX2 were analyzed by western blotting. The grey values
normalized with β-actin and control group were quantified by ImageJ. (h–k) Proinflammatory cytokines such as PGE2, IL-1β, IL-6, and
TNF-α from chondrocytes in different groups detected by ELISA. The bar graph shows the mean ± SD of data (n = 4). ∗p < :05, ∗∗p < :01,
∗∗∗p < :001, and ∗∗∗∗p < :0001.
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Figure 3: Continued.
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in the TFDG group every 2 days for 6 weeks. Rats in other
two groups received the same volume of saline solution in
the knee joint.

2.10. Histology and Immunohistochemistry. All groups of
rats raised for 8 weeks were sacrificed for collecting the right
knee joints and 4% paraformaldehyde-fixed tissue under-
went decalcification in 10% EDTA for 1 month. The speci-
mens wrapped in wax were cut into 6μm thick slices for
hematoxylin-eosin (HE) and safranin O/fast green (SO)
staining, and the severity of cartilage degradation was esti-
mated according to the Osteoarthritis Research Society
International (OARSI) scoring system. Immunohistochem-
istry was performed as follows: xylene and gradient alcohol
were used for dewaxing and dehydrating slices. After
removal of endogenous peroxidase, the slices were incubated
with 0.25% tyrisin for 60min to restore the masked epitope,
and then, goat serum was used for blocking slices for 20min.
Slices were then covered with anti-nrf2 and anti-COLII anti-
bodies overnight at 4°C, and after that, secondary antibodies
were used for 1 h at room temperature. Finally, a diamino-

benzidine (DAB) substrate kit was used to visualize the anti-
gens, and hematoxylin was used for nuclear counterstaining.
The calculation method of the staining ratio of positive cells
is the number of stained cells/total number of cells in limited
area, and the number of positive cells was marked and ana-
lyzed using ImageJ. All images were photoed under a Zeiss
Axiovert 40CFL microscope.

2.11. Enzyme-Linked Immunosorbent Assay (ELISA). The
medium of cells treated with various concentrations of
TFDG was collected and added to appropriate 96-well plates
included in the ELISA kit (MultiSciences, China). TNF-α,
PEG2, and IL-1β cytokine concentrations in the medium
were quantified according to the detection of stop buffer
absorbance at 450nm and calculated through the standard
curve.

2.12. Statistical Analysis. GraphPad Prism 8.0 software (San
Diego, CA, USA) was used for performing all data process-
ing. One-way analysis of variance (ANOVA) and Tukey’s
test were used for multiple comparisons. Comparison
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Figure 3: TFDG protects the cartilage matrix of chondrocytes. (a and b) The gene levels ofMmp3,Mmp13, and Adamts5 and Col2a1, Sox9,
and ACAN were analyzed by RT-qPCR. (c–j) The protein expressions of COL2, SOX9, aggrecan, MMP13, MMP3, and ADAMTS5 were
analyzed by western blotting. The grey values normalized with β-actin and control group were quantified by ImageJ. The bar graph
shows the mean ± SD of data (n = 4). ∗p < :05, ∗∗p < :01, ∗∗∗p < :001, and ∗∗∗∗p < :0001. (k and l) COL2 and MMP13 protein expressions
were detected by immunofluorescence. Scale bar: 100 μm.

7Oxidative Medicine and Cellular Longevity



500

400

300

200

100

0

0–104 104 106105

120

90

60

30

0

0–104 104 106105

150

100

50

0

0–104 104 106105

200

100

150

50

0

0–104 104 106105

DCFH-DA DCFH-DA

DCFH-DA DCFH-DA

Co
un

t

Co
un

t

Co
un

t

Co
un

t

Co
un

t

DCFH-DA

CTRL IL-1𝛽

IL-1𝛽+TFDG (20 𝜇m) IL-1𝛽+TFDG (40 𝜇m)

(a)

6000

4000

2000

⁎⁎⁎⁎

⁎⁎⁎⁎⁎⁎⁎⁎

0

CT
RL

IL
–1
𝛽

IL
–1
𝛽

+T
FD

G
(2

0 
𝜇

m
)

D
CF

H
-D

A
 in

te
ns

ity
 m

ea
n 

IL
–1
𝛽

+T
FD

G
(4

0 
𝜇

m
)

(b)

Nucleus Nrf2 110KD

Lamin B1

Cytoplasm Nrf2

68KD

110KD

𝛽-actin 42KD

IL-1𝛽
TFDG (𝜇m)

–
0

+ 
0

+ 
20

+ 
40

(c)

CT
RL

IL
–1
𝛽

+T
FD

G
(2

0 
𝜇

m
)

2.5

2.0

1.5

1.0

0.5

0.3

⁎⁎⁎

⁎⁎⁎⁎

⁎⁎⁎⁎

N
uc

le
us

 N
rf2

 n
or

m
al

iz
ed

fo
ld

 ch
an

ge

IL
–1
𝛽

+T
FD

G
(4

0 
𝜇

m
)

IL
–1
𝛽

(d)

CT
RL

IL
–1
𝛽

+T
FD

G
(2

0 
𝜇

m
)

1.5

1.0

0.0

⁎⁎⁎⁎

⁎⁎⁎⁎⁎⁎⁎

Cy
to

pl
as

m
 N

rf2
 n

or
m

al
iz

ed
fo

ld
 ch

an
ge

0.5

IL
–1
𝛽

+T
FD

G
(4

0 
𝜇

m
)

IL
–1
𝛽

(e)

HO-1

SOD2

33KD

25KD

𝛽-actin 42KD

IL-1𝛽
TFDG (𝜇m)

–
0

+ 
0

+ 
20

+ 
40

(f)

CT
RL

IL
–1
𝛽

+T
FD

G
(2

0 
𝜇

m
)

2.5

2.0

1.5

1.0

0.5

0.0H
O

-1
 n

or
m

al
iz

ed
 fo

ld
 ch

an
ge

⁎⁎⁎

⁎⁎⁎⁎

⁎⁎⁎⁎

IL
–1
𝛽

+T
FD

G
(4

0 
𝜇

m
)

IL
–1
𝛽

(g)

CT
RL

IL
–1
𝛽

+T
FD

G
(2

0 
𝜇

m
)

3

2

1

0SO
D

2 
no

rm
al

iz
ed

 fo
ld

 ch
an

ge ⁎⁎⁎⁎

⁎⁎⁎⁎

⁎⁎

IL
–1
𝛽

+T
FD

G
(4

0 
𝜇

m
)

IL
–1
𝛽

(h)

Figure 4: Continued.
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between two groups was evaluated using Student’s t-test. All
experiments were performed at least three times, and p <
0:05 was regarded as statistical significance.

3. Results

3.1. Effect of TFDG on Cell Viability. The molecular structure
of TFDG is shown in Figure 1(a). Various concentrations of
TFDG (1, 10, 20, 40, 80, or 120μM) were added to the cell
culture medium to determine its cytotoxicity. Chondrocytes
treated with TFDG at concentrations lower than 80μM
showed increased viability with respect to control cells; in
particular, treatment with 20μM and 40μM TFDG signifi-
cantly promoted cell proliferation at 24 h (p < 0:05),
although this effect was not apparent at 48 h. When the con-
centration of TFDG exceeded 80μM, its toxicity was not
obvious at 24 h, but it significantly inhibited cell prolifera-
tion at 48 h (Figures 1(b) and 1(c)). Based on the above
results, TFDG concentrations of 20μM and 40μM were
used in the following experiments.

3.2. TFDG Alleviates Inflammatory Responses in
Chondrocytes. IL-1β (10 ng/mL) was used to simulate the
environment where chondrocytes were affected by inflam-
mation. Compared to the control group, the transcription
levels of iNOS, ptgs2, Tnf-α, and Il-6 were significantly
upregulated in chondrocytes treated with IL-1β which also
led to elevating iNOS and COX-2 protein expression. How-
ever, TFDG reversed the effect of IL-1β on chondrocytes as
it downregulated the expression of the above-mentioned
inflammation-related factors at both the gene and protein
expression (Figures 2(a)–2(d)). ELISA results also suggested
that TFDG inhibits IL-1β-induced secretion of IL-1β, PGE2,
IL-6, and TNF-α from chondrocytes (Figures 2(h)–2(k)).

3.3. TFDG Protects the Cartilage Matrix of Chondrocytes. IL-
1β treatment suppressed Col2a1, Sox9, and ACAN expres-

sions in chondrocytes, while treatment with TFDG partly
restored the expression of these genes associated with matrix
synthesis (Figure 3(a)). At the same time, RT-qPCR revealed
that IL-1β remarkably promoted the transcription of
Adamts5, Mmp3, and Mmp13 which was prevented by
TFDG treatment (Figure 3(b)). Western blotting results also
confirmed that IL-1β dramatically downregulated COLII,
SOX9, and aggrecan expression while upregulating matrix-
degrading enzymes expression, including MMP3, MMP13,
and ADAMTS5 at the protein level; however, TFDG blocked
this effect (Figures 3(c)–3(j)). Consistently, an immunofluo-
rescence assay confirmed that TFDG promoted COLII syn-
thesis but suppressed IL-1β-induced MMP13 expression
(Figures 3(k) and 3(l)).

3.4. TFDG Reduces IL-1β-Induced ROS Accumulation by
Activating the Nrf2 Pathway. The production of intracellular
ROS stimulated by IL-1β was measured by inspecting
changes in DCFH-DA fluorescence. After being treated with
IL-1β and/or TFDG, chondrocytes were collected and incu-
bated with DCFH-DA. Subsequently, DCFH-DA fluores-
cence was measured by flow cytometry, and stronger green
fluorescence intensity indicated greater ROS accumulation
in chondrocytes. Flow cytometric analysis suggested that
IL-1β treatment resulted in a robust production of ROS in
cells, whereas TFDG treatment assisted chondrocytes in
scavenging ROS and reduced their accumulation
(Figures 4(a) and 4(b)). To determine the mechanism by
which TFDG inhibits ROS accumulation, the activity status
of the Nrf2/HO-1 signaling pathway, which plays an impor-
tant role in ROS detoxification, was further investigated.
Western blotting results demonstrated that the Nrf2/HO-1
signaling pathway is involved in the ROS-scavenging activity
of TFDG. In fact, TFDG significantly promoted the expres-
sion of Nrf2 in the nucleus, where it binds to ARE elements,
as well as HO-1 and SOD2 expression. Conversely, IL-1β
upregulated Nrf2 expression mainly in the cytoplasm;

CTRL

Nrf2 DAPI Merge

IL-1𝛽

IL-1𝛽+TFDG

(i)

Figure 4: TFDG reduces IL-1β-induced ROS accumulation by activating the Nrf2 pathway. (a and b) The intensity mean of ROS marked by
DCFH-DA was quantified by flow cytometry. (c–h) The protein expressions of Nrf2 in nucleus and cytoplasm, HO-1, and SOD2 were
analyzed by western blotting. The grey values of Nrf2 protein in nucleus normalized with Lamin B and other protein normalized with β-
actin and control group were quantified by ImageJ. The bar graph shows the mean ± SD of data (n = 4). ∗p < :05, ∗∗p < :01, ∗∗∗p < :001,
and ∗∗∗∗p < :0001. (i) Nrf2 protein expressions were detected by immunofluorescence. Scale bar: 100μm.
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Figure 5: Continued.
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moreover, HO-1 and SOD2 expressions were upregulated
only slightly compared to that of the control (Figures 4(c)–
4(h)). Similarly, immunofluorescence also revealed that
Nrf2 mainly accumulated in the nuclei, confirming that
TFDG can enhance Nrf2 translocation into the nucleus
(Figure 4(i)).

3.5. The Blockade of Nrf2/HO-1 Signaling Partly Reverses the
Protection of TFDG. To verify that the Nrf2/HO-1 signaling
pathway participates in the protection against OA offered by
TFDG, chondrocytes were transfected with siNrf2 to knock
down Nrf2 expression; siNC was used as a negative control
to account for the effects of the transfection process. Accord-
ing to flow cytometric analysis, green fluorescence intensity
remained elevated in siNrf2-transfected cells, indicating that
the inhibition of the Nrf2 weakened the clearance effect of
TFDG on ROS and thus led to ROS accumulation
(Figures 5(a) and 5(b)). Western blot analysis indicated that
Nrf2 expression in the nucleus decreased significantly upon
siNrf2; in turn, this suppression also resulted in HO-1 and
SOD2 protein expression decreasing (Figures 5(c)–5(f)).
The blockade of the Nrf2/HO-1 pathway also interfered with
the defendant of the cartilage matrix caused by TFDG. In
fact, compared to those of the TFDG group and the TFDG
+siNC group, the expression of COL2A1, SOX9, and aggre-
can in chondrocytes was decreased in the TFDG+siNrf2
group, although it remained higher than that of the IL-1β
group. The opposite was observed for MMP3, MMP13,

and ADAMTS5 protein expressions in the TFDG+siNrf2
group, which was higher than that of the TFDG group and
the TFDG+siNC group but lower than that of the IL-1β
group (Figures 5(g)–5(n)).

3.6. TFDG Inhibits Inflammation-Related Pathways Induced
by IL-1β. The MAPK and PI3K/AKT/NF-κB signaling path-
ways are believed to hasten OA, and some article showed
that TFDG can inhibit these pathways in other diseases. To
confirm that TFDG can repress these two pathways, western
blotting assays were carried out. In IL-1β-treated chondro-
cytes, the expression of phosphorylated PI3K, AKT, p65,
IκBα, ERK, JNK, and p38 was significantly upregulated,
whereas IκBα expression was downregulated, which repre-
sents the activation of the inflammation-related axis. Never-
theless, the expression of phosphorylated PI3K, AKT, p65,
IκBα, ERK, JNK, and p38 was reduced, while IκBα expres-
sion was increased in the presence of TFDG, which hindered
the activation of these pathways (Figures 6(a)–6(i)). An
immunofluorescence assay was performed to observe
changes in p65 expression and localization: the results dem-
onstrated that the in control group p65 protein was mostly
in the cytoplasm, while IL-1β treatment caused p65 transfer
into the nucleus. However, in TFDG-treated group, p65
expression restored in the cytoplasm (Figure 6(j)).

3.7. TFDG Prevented DMM-Induced Cartilage from
Degradation. To explore the effects of TFDG in vivo, rats
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in the OA and TFDG-injected groups underwent DMM sur-
gery accompanied or not by TFDG treatment. All rats were
sacrificed 8 weeks after surgery, and the extracted knee joints
were sliced into sections. To analyze the degree of cartilage
destruction, the sections were stained by HE and safranin
O/fast green. The articular surface from the control group
was complete, and the cartilage could secrete abundant gly-
cosaminoglycans. However, OA induced severe joint wear
and loss of glycosaminoglycans in the cartilage. Conversely,
the cartilage of rats that had received TFDG injection for 6
weeks after surgery was protected from degradation and
could accumulate more glycosaminoglycans (Figures 7(a)
and 7(b)). The severity of OA was quantified according to
the OARSI scoring system: rats in the TFDG group exhibited
higher scores than those in the OA group (Figure 7(e)).
Immunohistochemistry assays revealed a higher number of
cells positive for COLII and Nrf2 expression in the TFDG-
injected group than in the OA group; this suggests that
TFDG can protect the cartilage matrix from inflammation
via activation of Nrf2 (Figures 7(c), 7(d), 7(f), and 7(g)).

4. Discussion

According to the literature, the occurrence of OA depends
on a variety of mechanisms. In addition to inflammatory
responses, mechanical load, oxidative stress, and cell senes-
cence may all promote the degradation and inhibit the syn-
thesis of the extracellular matrix, resulting in cartilage
damage and ultimately OA [36–39]. Therefore, early sup-
pression of inflammatory responses in chondrocytes and
mitigation of oxidative stress levels may delay the onset of
OA. Many natural compounds with antioxidant and anti-
inflammatory properties have been explored as candidates
for delaying the progression of OA [40]. TFDG is a charac-
teristic compound of black tea, and its excellent anti-
inflammatory and antioxidant properties have been demon-
strated in a variety of diseases [41]. For example, Ai et al.
found that TFDG treatment could reduce RANKL-induced

intracellular ROS accumulation in RAW cells and inhibit
osteoclast formation, thereby promoting osteogenesis and
alleviating bone loss in immunized mice [34]. Similarly,
San Cheang et al. found that TFDG can delay
hypertension-induced apoptosis of endothelial cells through
their antioxidant properties [41]. Therefore, we aimed to
investigate whether TFDG can exert anti-inflammatory and
antioxidant effects in chondrocytes to delay the progression
of arthritis. To determine the appropriate dose of TFDG
for chondrocytes in an inflammatory environment in vitro,
we selected six gradually increasing concentrations (1, 10,
20, 40, 80, and 120μM) by referring to the application of
TFDG in other diseases. Then, the CCK-8 assay was used
to measure the effect of TFDG at these six concentrations
on chondrocyte proliferation, to facilitate the selection of a
low concentration and a high concentration for subsequent
experiments. According to the results of the CCK-8 assay,
TFDG is safe for chondrocytes when administered at a con-
centration below 40μM but can significantly inhibit the
growth of chondrocytes after treatment at a higher dose.
At the same time, TFDG was found to promote the growth
of chondrocytes within 24h, especially at a concentration
of 40μM, but this effect was no longer obvious after 48 h.
Therefore, the treatment duration was 24 h, and 20μM
TFDG was used for the low-concentration treatment group,
while 40μM TFDG was used for the high-concentration
treatment group. After determining the working dose of
TFDG, we treated chondrocytes with IL-1β and/or TFDG
and observed changes in inflammatory indexes, matrix syn-
thesis, and degradation indexes. We found that IL-1β-medi-
ated inhibition of chondrocyte proliferation was alleviated
by combined IL-1β/TFDG treatment. TFDG was found to
exert a dose-dependent effect on decreasing inflammatory
indicators in chondrocytes and to significantly downregulate
IL-1β and TNF-α expression; similarly, the expression levels
of COX-2 and iNOS, two landmark inflammatory proteins,
were significantly reduced, especially in the high-
concentration TFDG-treated group; all other indicators were
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close to normal levels. When measuring matrix synthesis
and degradation indexes, we found that the expression of
type II collagen and proteoglycans at both the gene and pro-

tein levels increased with increasing TFDG concentrations,
while the expression of Mmp3, Mmp13, and Adamts5
decreased with increasing TFDG concentrations.

HE

Sham DMM

(a)

(b)

(c)

(d)

(e) (f) (g)

DMM+TFDG

SO

Nrf2

COLII

10

8

6

4

2

0

Sh
am

D
M

M

D
M

M
+T

FD
G

O
A

RS
I s

co
re

⁎⁎⁎⁎ ⁎⁎⁎⁎

Sh
am

D
M

M

D
M

M
+T

FD
G

N
rf2

 p
os

iti
ve

 ce
lls

 (%
)

⁎⁎⁎ ⁎⁎⁎80

60

40

20

0

100

80

60

40

20

0

Sh
am

CO
LI

I p
os

iti
ve

 ce
lls

 (%
)

D
M

M

D
M

M
+T

FD
G

⁎⁎⁎⁎⁎⁎⁎

Figure 7: TFDG protects DMM-induced cartilage from degradation. (a and b) The rats of joint sections were stained by HE and safranin O/
fast green. (c and d) The COLII and Nrf2 protein expressions in cartilage were determined by immunohistochemistry staining. (e) The
OARSI scores of cartilages in different groups. (f and g) The Nrf2 and COLII positive cells were quantified. The bar graph shows the
mean ± SD of data (n = 4). ∗p < :05, ∗∗p < :01, ∗∗∗p < :001, and ∗∗∗∗p < :0001. Scale bar: 100 μm.
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Previous studies have found that oxidative stress pro-
motes the onset of OA and plays a key role in its progression
[42, 43]. On the other hand, TFDG has been reported to be
an effective antioxidant. Consistent with this background,
the results of our flow cytometry assay using the fluorescent
probe DCFH-DA, a marker of ROS in cartilage cells, aiming
to quantify the indirect fluorescence intensity of intracellular
ROS, showed that IL-1β can induce the production of intra-
cellular ROS, but TFDG treatment can counteract such
accumulation. Keap1/Nrf2, as a classical antioxidant path-
way, is expressed in multiple organs where it plays an impor-
tant role [44]. Under normal conditions, the DGR region of
Keap1 binds to the DLG and ETGE sequences of Nrf2,
which stabilizes Nrf2 in the cytoplasm and induces Nrf2
degradation through the ubiquitination system to inhibit
its activity [45]. Keap1 transforms its connection with Nrf2
by sensing changes in electrons and ROS which reduces
the degradation of Nrf2 through ubiquitination, accelerating
the accumulation of nucleus Nrf2 binding with the promoter
ARE to promote transcription and translation of down-
stream antioxidant proteases. Therefore, the imbalance or
deletion of Keap1/Nrf2 pathway often leads to the damage
of the organ and the progression of the corresponding dis-
ease [46]. On the contrary, upregulating keap1/Nrf2 expres-
sion can effectively resist chronic inflammation,
degenerative changes, and even cancer caused by oxidative
stress [47–49]. Adeel Safdar found that keap1/Nrf2 pathway
is also involved in the musculoskeletal diseases. The ROS

generation rate and Nrf2 expression level are both low in
young individuals. However, with the aging of individuals,
at first, the increased Nrf2 expression is consistent with the
increased ROS level. Thus, cells can still maintain oxidative
stress balance, however, which is transient. With aging, tran-
scription of Nrf2 regulated by ARE will be destroyed eventu-
ally, resulting in the decrease of Nrf2 expression, and the
accumulation of ROS is difficult to clear, leading to cell apo-
ptosis and musculoskeletal degeneration [50]. Cai et al.
found that after the onset of OA in a murine model of
DMM, the expression of Nrf2 and its downstream antioxi-
dant enzymes significantly increased to limit OA progres-
sion, while Nrf2-KO mice lost the ability to activate Nrf2
to reduce MMPs and protect cartilage [51]. Therefore, the
spontaneous increase of Nrf2 expression in the aged popula-
tion after the occurrence of OA is insufficient to remove the
intracellular ROS, and further stimulation of Nrf2 expres-
sion through exogenous intervention may be an effective
means to treat OA and protect cartilage. Our study found
that after the chondrocytes were stimulated by IL-1β, the
expressions of Nrf2 in the nucleus and the downstream anti-
oxidant proteases SOD2 and HO-1 were slightly increased,
so the intracellular ROS still maintained a high level. After
TFDG intervention, the expression of Nrf2 in the nucleus,
SOD2, and HO-1 was significantly increased, and the scav-
enging of ROS was accelerated. To confirm that the activa-
tion of Nrf2 pathway is an important way for TFDG to
protect articular cartilage, we used siRNA to interfere with
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Nrf2 transcription and found that the effect of TFDG was
reversed and the levels of Nrf2 in the nucleus as well as
SOD2 and HO-1 in the cytoplasm decreased, while intracel-
lular ROS increased again. These results indicated that
TFDG reduced ROS in the articular chondrocytes relying
on Nrf2 mediated and the protective effect of TFDG on the
extracellular matrix of chondrocytes was also weakened. In
vivo immunohistochemical results also showed Nrf2 activa-
tion in OA group, but Nrf2 activation was more significant
after TFDG injection, which was conducive to maintaining
the homeostasis of the joint environment.

Previous studies found that after Nrf2/HO-1 pathway
was inhibited, the protective effect of TFDG on chondro-
cytes was not completely lost, which may depend on the
anti-inflammatory effect of TFDG. Therefore, PI3K/AKT/
NF-κB and MAPK pathways were investigated succes-
sively. The NF-κB signaling pathway is responsible for
the transmission and amplification of inflammatory signals
and activated NF-κB was seen in the synovium of both
osteoarthritis and rheumatoid arthritis patients [52]. In
response to endogenous or exogenous inflammatory cyto-
kines (IL-1β and TNF-α), IKKβ is activated first, leading
to phosphorylation of IκBα protein which degraded
through ubiquitination which releases NF-κB dimer into
the nucleus binding to specific DNA sequences and pro-
mote transcription of inflammatory factors, chemokines,
and metalloproteinases promoting the progression of oste-
oarthritis [53, 54]. Phosphoinositide-3 kinase (PI3K) con-
sists of two subunits, p85 and P110, which regulate and
catalyze the phosphorylation of the downstream Serine/
threonine kinase AKT through lipid secondary messengers
and regulate immune and inflammatory responses [55,
56]. More studies have shown that activation of NF-κB
pathway is often accompanied by activation of AKT. Inhi-
bition of phosphorylation of PI3K/AKT pathway can par-
tially block NF-κB pathway and reduce transcription of
downstream cytokines and protein-degrading enzymes
[57, 58]. Our study also found that IL-1β stimulated chon-
drocytes increased the phosphorylation of PI3K and AKT
and activated the NF-κB pathway, while TFDG signifi-
cantly inhibited the PI3K/AKT/NF-κB pathway, thereby
reducing the transcription of downstream inflammatory
factors and metalloproteinases. Mitogen-activated protein
kinase (MAPK) has three forms: C-Jun N-terminal
kinases, P38 MAPKs, and ERKs. Among them, JNK and
P38 MAPK pathways are activated mainly by receiving
stimulation of inflammatory factors and signals of extra-
cellular pressure [59, 60]. Many growth factors, cytokines,
and bacterial metabolites can activate the ERKs pathway.
Significantly increased IL-1β in synovium of patients with
osteoarthritis can strongly activate C-Jun, P38 MAPKs,
and ERKs through IL-1R. Previous studies have found that
activation of MAPK pathway can increase the transcrip-
tion of MMPs and ADAMTs and accelerate the degrada-
tion of extracellular matrix, while inhibitors of MAPK
pathway can effectively protect the extracellular matrix
and reduce chondrocyte apoptosis in vivo and in vitro
[61, 62]. Similarly, we found that TFDG can effectively
inhibit IL-1β-induced MAPK pathway activation by reduc-

ing c-Jun, P38 MAPKs, and ERKs phosphorylated proteins
in chondrocytes.

Our study found that TFDG could protect cartilage from
degradation via its anti-inflammatory and antioxidant prop-
erties involving the enhancement of Nrf2/HO-1 signal path-
way and the inhibition of PI3K/AKT/NF-κB and MAPK
pathways (Figure 8). However, our research has some limita-
tions. Firstly, anti-inflammatory and antioxidant signal
pathway may have crosstalk and we cannot separate them
to analyze their function [63]. On the one hand, declined
ROS which mediated by antioxidant enzymes can also
reduce iNOS or COX2 protein expression and lessen the
inflammatory reactions by decreased stimulation of NF-κB
pathway. HO-1, a downstream target gene of Nrf2, can even
directly inhibited p65 nuclear translocation and NF-κB
mediated transcription including MMPs [64, 65]. On the
other hand, the reduction of endogenous inflammatory fac-
tors due to the suppression of PI3K/AKT/NF-κB and MAPK
pathways decreased the production of ROS according to
NOX4 complex, which also contributes to maintain redox
homeostasis [66]. Secondly, we were unable to find specific
agonist activating PI3K/AKT/NF-κB and MAPK pathways
to reverse the therapeutic effects of TFDG; thus, we cannot
rule out interference between the pathways. Thirdly, we
did not verify the inhibition of PI3K/AKT/NF-κB and
MAPK pathways in vivo via immunohistochemistry
detection.

5. Conclusions

In conclusion, TFDG was found for the first time to exert
anti-inflammatory effects in chondrocytes in vivo and vitro
through the PI3K/AKT/NF-κB and MAPK pathways and
promote the antioxidant ability of chondrocytes through
the Nrf2/HO-1 pathway. These results suggest a novel ther-
apeutic approach for the treatment of OA.

Abbreviations

OA: Osteoarthritis
IL-1: Interleukin 1
TNF: Tumor necrosis factor
ERK: Extracellular signal-regulated kinase
MAPK: Mitogen-activated protein kinase
JNK: C-Jun N-terminal kinase
NF-κB: Nuclear factor kappa-B
IκBα: Inhibitor kappa B alpha
PI3K: Phosphoinositide-3 kinase
AKT: Protein kinase B
ROS: Reactive oxygen species
TFDG: Theaflavin-3-3′-digallate
SOX9: SRY-related HMG box 9
COL-II: Type II collagen
ACAN: Aggrecan
MMP13: Matrixmetalloproteinase13
MMP3: Matrixmetalloproteinase3
ADAMTS5: A disintegrin and metalloproteinase with

thrombospondin motifs5
Nrf2: Nuclear factor erythroid 2-related factor 2

16 Oxidative Medicine and Cellular Longevity



HO-1: Heme oxygenase-1
SOD2: Superoxide dismutase2
CCK-8: Cell Counting Kit-8
PGE2: Prostaglandin E2
iNOS: Inducible nitric oxide synthase
COX2: Cyclooxygenase-2
ARE: Antioxidant response element.

Data Availability

All data supporting the finding are available within the
study.

Ethical Approval

All animal experiments were approved by the Ethics Com-
mittee for Animal Experiments at the First Affiliated Hospi-
tal of Soochow University.

Conflicts of Interest

The authors declare that no competing interests exist.

Authors’ Contributions

J.Z. and Y.T. designed the experiment. Y.T., Z.J., W.R., M.L.,
M.H., Q.Z., and W.W. performed the study and prepared
the manuscript. Y.T., Z.J., M.L., H.Y., and J.Z analyzed the
data. Y.T., W.R., M.H., and W.W. built the animal model
and were responsible for animal experiments. H.Y. and J.Z.
provided funding support and supervised the experiment.
Y.T., Z.J., and W.R. contributed equally to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (82030068 and 82172506).

Supplementary Materials

Supplementary Table 1: the sequences used to detect target
genes in the study were shown in the table. (Supplementary
Materials)

References

[1] A. Powell, A. J. Teichtahl, A. E. Wluka, and F. M. Cicuttini,
“Obesity: a preventable risk factor for large joint osteoarthritis
which may act through biomechanical factors,” British Journal
of Sports Medicine, vol. 39, no. 1, pp. 4-5, 2005.

[2] D. J. Hunter and S. Bierma-Zeinstra, “Osteoarthritis,” The
Lancet, vol. 393, no. 10182, pp. 1745–1759, 2019.

[3] N. C. Butterfield, K. F. Curry, J. Steinberg et al., “Accelerating
functional gene discovery in osteoarthritis,”Nature Communi-
cations, vol. 12, no. 1, p. 467, 2021.

[4] P. R. Coryell, B. O. Diekman, and R. F. Loeser, “Mechanisms
and therapeutic implications of cellular senescence in osteoar-
thritis,” Nature Reviews Rheumatology, vol. 17, no. 1, pp. 47–
57, 2021.

[5] A. Ghouri and P. G. Conaghan, “Update on novel pharmaco-
logical therapies for osteoarthritis,” Therapeutic advances in
musculoskeletal disease, vol. 11, p. 1759720X1986449, 2019.

[6] X. Tang, S. Wang, S. Zhan et al., “The prevalence of symptom-
atic knee osteoarthritis in China: results from the China health
and retirement longitudinal study,” Arthritis & Rhematology,
vol. 68, no. 3, pp. 648–653, 2016.

[7] S. Jiang, Y. Liu, B. Xu, Y. Zhang, and M. Yang, “Noncoding
RNAs: New regulatory code in chondrocyte apoptosis and
autophagy,” Wiley Interdisciplinary Reviews: RNA, vol. 11,
no. 4, p. e1584, 2020.

[8] V. Francisco, J. Pino, M. A. Gonzalez-Gay et al., “A new immu-
nometabolic perspective of intervertebral disc degeneration,”
Nature Reviews Rheumatology, vol. 18, no. 1, pp. 47–60, 2022.

[9] M. DeRogatis, H. K. Anis, N. Sodhi et al., “Non-operative
treatment options for knee osteoarthritis,” Annals of transla-
tional medicine, vol. 7, Supplement 7, p. S245, 2019.

[10] B. Zampogna, R. Papalia, G. F. Papalia et al., “The role of phys-
ical activity as conservative treatment for hip and knee osteo-
arthritis in older people: a systematic review and meta-
analysis,” Journal of Clinical Medicine, vol. 9, no. 4, p. 1167,
2020.

[11] C. Cadet, E. Maheu, and A. G. The French, “Non-steroidal
anti-inflammatory drugs in the pharmacological management
of osteoarthritis in the very old: prescribe or proscribe?,” Ther-
apeutic advances in musculoskeletal disease, vol. 13, 2021.

[12] H. L. Kim, H. J. Lee, D. R. Lee, B. K. Choi, and S. H. Yang,
“Herbal composition LI73014F2 alleviates articular cartilage
damage and inflammatory response in monosodium
iodoacetate-induced osteoarthritis in rats,” Molecules, vol. 25,
no. 22, p. 5467, 2020.

[13] Y. F. Lai, P. C. Lin, C. H. Chen, J. L. Chen, and H. T. Hsu, “Cur-
rent status and changes in pain and activities of daily living in
elderly patients with osteoarthritis before and after unilateral
total knee replacement surgery,” Journal of Clinical Medicine,
vol. 8, no. 2, p. 221, 2019.

[14] Y. Wu, Y. Teng, C. Zhang et al., “The ketone body β-hydroxy-
butyrate alleviates CoCrMo alloy particles induced osteolysis
by regulating NLRP3 inflammasome and osteoclast differenti-
ation,” Journal of Nanobiotechnology, vol. 20, no. 1, p. 120,
2022.

[15] Y. Wu, F. He, C. Zhang et al., “Melatonin alleviates titanium
nanoparticles induced osteolysis via activation of butyrate/
GPR109A signaling pathway,” Journal of nanobiotechnology,
vol. 19, no. 1, p. 170, 2021.

[16] Y. Dai, S. Liu, J. Li et al., “SIRT4 suppresses the inflammatory
response and oxidative stress in osteoarthritis,” American
Journal of Translational Research, vol. 12, no. 5, pp. 1965–
1975, 2020.

[17] D. Kang, J. Lee, J. Jung et al., “Selenophosphate synthetase 1
deficiency exacerbates osteoarthritis by dysregulating redox
homeostasis,” Nature Communications, vol. 13, no. 1, p. 779,
2022.

[18] T. Ohtsuki, O. F. Hatipoglu, K. Asano, J. Inagaki, K. Nishida,
and S. Hirohata, “Induction of CEMIP in chondrocytes by
inflammatory cytokines: underlying mechanisms and poten-
tial involvement in osteoarthritis,” International Journal of
Molecular Sciences, vol. 21, no. 9, p. 3140, 2020.

[19] F. Liote, R. Champy, M. Moenner, B. Boval-Boizard, and
J. Badet, “Elevated angiogenin levels in synovial fluid from
patients with inflammatory arthritis and secretion of

17Oxidative Medicine and Cellular Longevity

https://downloads.hindawi.com/journals/omcl/2022/3047425.f1.docx
https://downloads.hindawi.com/journals/omcl/2022/3047425.f1.docx


angiogenin by cultured synovial fibroblasts,” Clinical and
Experimental Immunology, vol. 132, no. 1, pp. 163–168, 2003.

[20] F. Tesche and N. Miosge, “Perlecan in late stages of osteoar-
thritis of the human knee joint,” Osteoarthritis and Cartilage,
vol. 12, no. 11, pp. 852–862, 2004.

[21] P. Kongdang, C. Chokchaitaweesuk, S. Tangyuenyong, and
S. Ongchai, “Proinflammatory effects of IL-1β combined with
IL-17A promoted cartilage degradation and suppressed genes
associated with cartilage matrix synthesis in vitro,” Molecules,
vol. 24, no. 20, p. 3682, 2019.

[22] Y. Cao, S. Tang, X. Nie et al., “Decreased miR-214-3p activates
NF-κB pathway and aggravates osteoarthritis progression,”
eBioMedicine, vol. 65, p. 103283, 2021.

[23] M. A. Hossain, M. J. Alam, B. Kim, C. W. Kang, and J. H. Kim,
“Ginsenoside-Rb1 prevents bone cartilage destruction through
down-regulation of p-Akt, p-P38, and p-P65 signaling in rab-
bit,” Phytomedicine, vol. 100, p. 154039, 2022.

[24] Z. L. Zou, M. H. Sun, W. F. Yin, L. Yang, and L. Y. Kong, “Avi-
cularin suppresses cartilage extracellular matrix degradation
and inflammation via TRAF6/MAPK activation,” Phytomedi-
cine, vol. 91, p. 153657, 2021.

[25] S. Ni, D. Li, H. Wei, K. S. Miao, and C. Zhuang, “PPARγ atten-
uates interleukin-1β-induced cell apoptosis by inhibiting
NOX2/ROS/p38MAPK activation in osteoarthritis chondro-
cytes,” Oxidative Medicine and Cellular Longevity, vol. 2021,
Article ID 5551338, 15 pages, 2021.

[26] Y. Yang, P. Shen, T. Yao et al., “Novel role of circRSU1 in the
progression of osteoarthritis by adjusting oxidative stress,”
Theranostics, vol. 11, no. 4, pp. 1877–1900, 2021.

[27] Y. Ohashi, N. Takahashi, K. Terabe et al., “Metabolic repro-
gramming in chondrocytes to promote mitochondrial respira-
tion reduces downstream features of osteoarthritis,” Scientific
Reports, vol. 11, no. 1, p. 15131, 2021.

[28] X. Mao, P. Fu, L. Wang, and C. Xiang, “Mitochondria: poten-
tial targets for osteoarthritis,” Frontiers in Medicine, vol. 7,
p. 581402, 2020.

[29] J. A. Bolduc, J. A. Collins, and R. F. Loeser, “Reactive oxygen
species, aging and articular cartilage homeostasis,” Free Radi-
cal Biology & Medicine, vol. 132, pp. 73–82, 2019.

[30] N. B. Tudorachi, E. E. Totu, A. Fifere et al., “The implication of
reactive oxygen species and antioxidants in knee osteoarthri-
tis,” Antioxidants, vol. 10, no. 6, p. 985, 2021.

[31] T. Jayakumar, P. Saravana Bhavan, and J. R. Sheu, “Molecular
targets of natural products for chondroprotection in destruc-
tive joint diseases,” International Journal of Molecular Sciences,
vol. 21, no. 14, p. 4931, 2020.

[32] Z. Shen, Q. Chen, T. Jin et al., “Theaflavin 3,3′-digallate
reverses the downregulation of connexin 43 and autophagy
induced by high glucose via AMPK activation in cardiomyo-
cytes,” Journal of Cellular Physiology, vol. 234, no. 10,
pp. 17999–18016, 2019.

[33] Y. Wu, F. Jin, Y. Wang et al., “In vitro and in vivo anti-
inflammatory effects of theaflavin-3, 3′-digallate on
lipopolysaccharide-induced inflammation,” European Journal
of Pharmacology, vol. 794, pp. 52–60, 2017.

[34] Z. Ai, Y. Wu, M. Yu, J. Li, and S. Li, “Theaflavin-3, 3′-digallate
suppresses RANKL-induced osteoclastogenesis and attenuates
ovariectomy-induced bone loss in mice,” Frontiers in Pharma-
cology, vol. 11, p. 803, 2020.

[35] W. Liu and J. Li, “Theaflavin-3, 3′-digallate attenuates rheu-
matoid inflammation in mice through the nuclear factor-κB

and MAPK pathways,” Archivum Immunologiae et Thera-
piae Experimentalis (Warsz), vol. 67, no. 3, pp. 153–160,
2019.

[36] R. Wang, J. Li, X. Xu et al., “Andrographolide attenuates syno-
vial inflammation of osteoarthritis by interacting with tumor
necrosis factor receptor 2 trafficking in a rat model,” J Orthop
Translat., vol. 29, pp. 89–99, 2021.

[37] L. Zhang and C. Wen, “Osteocyte dysfunction in joint homeo-
stasis and osteoarthritis,” International Journal of Molecular
Sciences, vol. 22, no. 12, p. 6522, 2021.

[38] C. Ruiz-Fernandez, M. Gonzalez-Rodriguez, V. Francisco
et al., “Monomeric C reactive protein (mCRP) regulates
inflammatory responses in human and mouse chondrocytes,”
Laboratory Investigation, vol. 101, no. 12, pp. 1550–1560,
2021.

[39] T. S. Ramasamy, Y. M. Yee, and I. M. Khan, “Chondrocyte
aging: the molecular determinants and therapeutic opportuni-
ties,” Frontiers in Cell and Development Biology, vol. 9,
p. 625497, 2021.

[40] H. Lee, X. Zhao, Y. O. Son, and S. Yang, “Therapeutic single
compounds for osteoarthritis treatment,” Pharmaceuticals
(Basel), vol. 14, no. 2, p. 131, 2021.

[41] W. San Cheang, C. Yuen Ngai, Y. Yen Tam et al., “Black tea
protects against hypertension-associated endothelial dysfunc-
tion through alleviation of endoplasmic reticulum stress,” Sci-
entific Reports, vol. 5, no. 1, p. 10340, 2015.

[42] K. N. Reed, G. Wilson, A. Pearsall, and V. I. Grishko, “The role
of mitochondrial reactive oxygen species in cartilage matrix
destruction,” Molecular and Cellular Biochemistry, vol. 397,
no. 1-2, pp. 195–201, 2014.

[43] F. J. Blanco, I. Rego, and C. Ruiz-Romero, “The role of mito-
chondria in osteoarthritis,” Nature Reviews Rheumatology,
vol. 7, no. 3, pp. 161–169, 2011.

[44] M. Yamamoto, T. W. Kensler, and H. Motohashi, “The
KEAP1-NRF2 system: a thiol-based sensor-effector apparatus
for maintaining redox homeostasis,” Physiological Reviews,
vol. 98, no. 3, pp. 1169–1203, 2018.

[45] A. S. Marchev, P. A. Dimitrova, A. J. Burns, R. V. Kostov, A. T.
Dinkova-Kostova, and M. I. Georgiev, “Oxidative stress and
chronic inflammation in osteoarthritis: can NRF2 counteract
these partners in crime?,” Annals of the New York Academy
of Sciences, vol. 1401, no. 1, pp. 114–135, 2017.

[46] T. Suzuki and M. Yamamoto, “Molecular basis of the Keap1-
Nrf2 system,” Free Radical Biology & Medicine, vol. 88,
pp. 93–100, 2015.

[47] K. Taguchi and M. Yamamoto, “The KEAP1-NRF2 system as
a molecular target of cancer treatment,” Cancers, vol. 13, no. 1,
2021.

[48] M. Schafer and S. Werner, “Transcriptional control of wound
repair,” Annual Review of Cell and Developmental Biology,
vol. 23, no. 1, pp. 69–92, 2007.

[49] H. Wang, X. M. Zhou, L. Y. Wu et al., “Aucubin alleviates oxi-
dative stress and inflammation via Nrf2-mediated signaling
activity in experimental traumatic brain injury,” Journal of
Neuroinflammation, vol. 17, no. 1, p. 188, 2020.

[50] M. C. Lu, J. A. Ji, Z. Y. Jiang, and Q. D. You, “The Keap1–
Nrf2–ARE pathway as a potential preventive and therapeutic
target: an update,” Medicinal Research Reviews, vol. 36, no. 5,
pp. 924–963, 2016.

[51] D. Cai, S. Yin, J. Yang, Q. Jiang, and W. Cao, “Histone deacet-
ylase inhibition activates Nrf 2 and protects against

18 Oxidative Medicine and Cellular Longevity



osteoarthritis,” Arthritis Research & Therapy, vol. 17, no. 1,
p. 269, 2015.

[52] T. N. Crotti, M. D. Smith, H. Weedon et al., “Receptor activa-
tor NF-kappaB ligand (RANKL) expression in synovial tissue
from patients with rheumatoid arthritis, spondyloarthropathy,
osteoarthritis, and from normal patients: semiquantitative and
quantitative analysis,” Annals of the Rheumatic Diseases,
vol. 61, no. 12, pp. 1047–1054, 2002.

[53] A. K. Roshak, J. F. Callahan, and S. M. Blake, “Small-molecule
inhibitors of NF-kappa B for the treatment of inflammatory
joint disease,” Current Opinion in Pharmacology, vol. 2,
no. 3, pp. 316–321, 2002.

[54] I. E. Wertz and V. M. Dixit, “Signaling to NF-kappaB: regula-
tion by ubiquitination,” Cold Spring Harbor Perspectives in
Biology, vol. 2, no. 3, article a003350, 2010.

[55] L. W. Huang, T. C. Huang, Y. C. Hu et al., “S-equol protects
chondrocytes against sodium nitroprusside-caused matrix loss
and apoptosis through activating PI3K/Akt pathway,” Interna-
tional Journal of Molecular Sciences, vol. 22, no. 13, p. 7054,
2021.

[56] K. Xu, Y. He, S. A. A. Moqbel, X. Zhou, L. Wu, and J. Bao,
“SIRT3 ameliorates osteoarthritis via regulating chondrocyte
autophagy and apoptosis through the PI3K/Akt/mTOR path-
way,” International Journal of Biological Macromolecules,
vol. 175, pp. 351–360, 2021.

[57] H. Lu, C. Fu, S. Kong et al., “Maltol prevents the progression of
osteoarthritis by targeting PI3K/Akt/NF-κB pathway: in vitro
and in vivo studies,” Journal of Cellular and Molecular Medi-
cine, vol. 25, no. 1, pp. 499–509, 2021.

[58] Y. Q. Qian, Z. H. Feng, X. B. Li et al., “Downregulating PI3K/
Akt/NF-κB signaling with allicin for ameliorating the progres-
sion of osteoarthritis: in vitro and vivo studies,” Food & Func-
tion, vol. 9, no. 9, pp. 4865–4875, 2018.

[59] Y. Guo, Z. Min, C. Jiang et al., “Downregulation of HS6ST2 by
miR-23b-3p enhances matrix degradation through p38MAPK
pathway in osteoarthritis,” Cell Death & Disease, vol. 9, no. 6,
p. 699, 2018.

[60] D. H. Rosenzweig, T. M. Quinn, and L. Haglund, “Low-fre-
quency high-magnitude mechanical strain of articular chon-
drocytes activates p 38 MAPK and induces phenotypic
changes associated with osteoarthritis and pain,” International
Journal of Molecular Sciences, vol. 15, no. 8, pp. 14427–14441,
2014.

[61] Y. Xu, Y. Gu, W. Ji, and Q. Dong, “Activation of the
extracellular-signal-regulated kinase (ERK)/c-Jun N-
terminal kinase (JNK) signal pathway and osteogenic fac-
tors in subchondral bone of patients with knee osteoarthri-
tis,” Annals of Translational Medicine, vol. 9, no. 8, p. 663,
2021.

[62] S. M. Hou, P. C. Chen, C. M. Lin, M. L. Fang, M. C. Chi, and
J. F. Liu, “CXCL1 contributes to IL-6 expression in osteoarthri-
tis and rheumatoid arthritis synovial fibroblasts by CXCR2, c-
Raf, MAPK, and AP-1 pathway,” Arthritis Research & Ther-
apy, vol. 22, no. 1, p. 251, 2020.

[63] P. Lepetsos, K. A. Papavassiliou, and A. G. Papavassiliou,
“Redox and NF-κB signaling in osteoarthritis,” Free Radical
Biology & Medicine, vol. 132, pp. 90–100, 2019.

[64] J. D. Wardyn, A. H. Ponsford, and C. M. Sanderson, “Dissect-
ing molecular cross-talk between Nrf2 and NF-κB response
pathways,” Biochemical Society Transactions, vol. 43, no. 4,
pp. 621–626, 2015.

[65] M. J. Alcaraz and M. L. Ferrandiz, “Relevance of Nrf2 and
heme oxygenase-1 in articular diseases,” Free Radical Biology
& Medicine, vol. 157, pp. 83–93, 2020.

[66] F. Rousset, F. Hazane-Puch, C. Pinosa et al., “IL-1beta medi-
ates MMP secretion and IL-1beta neosynthesis via upregula-
tion of p22phox and NOX4 activity in human articular
chondrocytes,” Osteoarthritis and Cartilage, vol. 23, no. 11,
pp. 1972–1980, 2015.

19Oxidative Medicine and Cellular Longevity



Research Article
Mulberrin Confers Protection against Doxorubicin-Induced
Cardiotoxicity via Regulating AKT Signaling Pathways in Mice

Peng Ye ,1 Wen-Lan Li ,2 Long-Tang Bao ,3 and Wei Ke 4

1Department of Pharmacy, Renmin Hospital of Wuhan University, Wuhan 430060, China
2Department of Anesthesiology, Renmin Hospital of Wuhan University, Wuhan, Hubei 430060, China
3Day-Care Unit, The Affiliated Hospital of Inner Mongolia Medical University, Hohhot 010050, China
4Department of Neurology, Renmin Hospital of Wuhan University, Wuhan 430060, China

Correspondence should be addressed to Long-Tang Bao; fyblt@163.com and Wei Ke; vigarmale2021@126.com

Received 29 March 2022; Accepted 13 June 2022; Published 7 July 2022

Academic Editor: Felipe L. de Oliveira

Copyright © 2022 Peng Ye et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Doxorubicin (DOX) is an antitumor anthracycline, but its clinical use was largely limited by its cardiac toxicity. DOX-induced
oxidative damage and cardiomyocyte loss have been recognized as the potential causative mechanisms of this cardiac toxicity.
Growing interests are raised on mulberrin (Mul) for its wide spectrum of biological activities, including antioxidative and anti-
inflammatory properties. The aim of this study was to investigate the effect of Mul on DOX-induced heart injury and to clarify
the underlying mechanism. Mice were given daily 60mg/kg of Mul via gavage for 10 days. Mice received an intraperitoneal
injection of DOX to mimic the model of DOX-related acute cardiac injury at the seventh day of Mul treatment. Mul-treated
mice had an attenuated cardiac injured response and improved cardiac function after DOX injection. DOX-induced oxidative
damage, inflammation accumulation, and myocardial apoptosis were largely attenuated by the treatment of Mul. Activated
protein kinase B (AKT) activation was essential for the protective effects of Mul against DOX-induced cardiac toxicity, and
AKT inactivation abolished Mul-mediated protective effects against DOX cardiotoxicity. In conclusion, Mul treatment
attenuated DOX-induced cardiac toxicity via activation of the AKT signaling pathway. Mul might be a promising therapeutic
agent against DOX-induced cardiac toxicity.

1. Introduction

Doxorubicin (DOX) is a widely used chemotherapy drug.
This drug results in cardiotoxicity, which is manifested as a
progressive and irreversible cardiomyopathy [1]. The inci-
dence of DOX-induced cardiac injury ranges from 11% to
18%, as estimated by previous studies [2, 3]. The onset of
DOX-induced cardiotoxicity can be acute, occurring within
2-3 days or be chronic until several months after the end
of chemotherapy [3]. Current studies pay more attention
to DOX-related chronic cardiomyopathy but lose sight of
the clinical importance of DOX-induced acute cardiotoxi-
city. Several mechanisms are involved in the process of
DOX-related toxicities including mitochondrial dysfunction,
oxidative stress, inhibition of autophagy, and myocardial
apoptosis [4]. Currently, there are no molecules with an
actual cardioprotective effect on DOX-induced acute cardio-

toxicity. It is therefore important to find an approach for
preventing DOX-induced cardiotoxicity in the clinic.

DOX treatment leads to the production of free oxygen
radicals and antioxidant deficiency, which causes oxidative
stress in the heart [1, 4]. Oxidative stress has been estab-
lished as a potential causative mechanism [5, 6]. Overexpres-
sion of antioxidant enzymes can ameliorate DOX-induced
cardiotoxicity in mice [7, 8]. DOX-dependent oxidative
damage induced the release of cytochrome C and subse-
quent activation of caspase 3, causing myocardial apoptosis
[9]. The attenuation of DOX-induced myocardial apoptosis
could protect against DOX-induced cardiotoxicity [10].
These findings highlighted the importance of finding a
promising therapeutic strategy to inhibit oxidative damage
and apoptotic cell death in DOX-related cardiotoxicity.

Mulberrin (Mul) is a natural product of Ramulus mori
and has potent biological abilities, including antioxidant,
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anti-inflammatory, antifibrotic effects [11, 12]. Cao et al.
found that Mul attenuated Parkinson’s disease by activating
the β-catenin signaling pathway in mice [13]. Mul reduced

spinal cord injury-induced apoptosis and inflammation
and attenuated hepatic fibrosis by targeting nuclear factor
E2-related factor 2 (Nrf2) in mice [11, 12]. Mul significantly
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Figure 1: Mulberrin-suppressed DOX-induced ROS generation and oxidative stress in cardiomyocytes. Cell viability (a) and the release of
LDH (b) and CK (c) were performed to estimate the toxic effects on cells in response to DOX. The ROS level (d, e), GSH content (f), MDA
content (g), and protein carbonyl content (h) in the DOX-treated cells were detect to reflect oxidative damage caused by DOX. Nrf2 and
HO-1 protein (i) were detected in the indicated groups. The mRNA levels of Nrf2 downstream gene products (j) were also quantified.
Data are presented as mean ± SEM. n = 5 − 6 for each group at each time point. ∗P < 0:05 compared with the PBS group; #P < 0:05
compared with DOX alone.
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reduced blood glucose and alleviated the metabolic syn-
drome in rodents [14]. Based on these reports, we speculated
that Mul might protect against DOX-related cardiac injury
in mice. Therefore, we designed this study to explore the
effect of Mul treatment on DOX-derived cardiotoxicity.

2. Materials and Methods

2.1. Materials. Mul (#62949-79-5, purity ≥ 95% as detected
by HPLC) was provided by MedChemExpress (Shanghai,

China), and this reagent was dissolved into 0.1% dimethyl
sulfoxide (DMSO). DOX and the protein kinase B (AKT)
inhibitor were purchased from Sigma-Aldrich (St. Louis,
USA). DMEM and fetal bovine serum (FBS) were provided
by Thermo Fisher (Shanghai, China).

2.2. Animals. All animal experimental procedures were
approved by the Institutional Animal Care and Use Com-
mittee at Renmin Hospital of Wuhan University (Wuhan,
China). C57BL/6 male mice with 8-9 weeks of age (body
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Figure 2: Mulberrin at the dose of 100 μM attenuated the upregulation of inflammatory cytokines induced by DOX in vitro. The mRNA
levels of inflammatory factors (a) were examined by qRT-PCR. The protein expression of TNF-α (b) and IL-6 (c) were detected by
ELISA. Luciferase assay (d) was used to reflect NF-κB transactivation in vitro. The nuclear accumulation of NF-κB protein (e) was
detected in the indicated groups. Data are presented as mean ± SEM. n = 5 for each group. ∗P < 0:05 compared with the PBS group;
#P < 0:05 compared with DOX alone.
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weight: 21-24 g) were purchased from HFK Bioscience (Bei-
jing, China) and housed at a standard temperature (24 ± 2°C
) and humidity (50–60%) under a 12 h/12 h photoperiod.
Mice were orally given 60mg/kg Mul by gavage for 10 days.
At the seventh day of Mul treatment, mice received an intra-
peritoneal injection of DOX (20mg/kg) to mimic the model
of DOX-related acute cardiac injury. The dose of Mul was
selected according to a previous study [11]. Normal saline
was used instead of Mul in control groups. Three days after
DOX or normal saline injection, mice were anaesthetized
and sacrificed to evaluate DOX-related cardiac injury.

The adeno-associated virus 9 (AAV9) vectors carrying
protein kinase B- (AKT-) dominant negative mutant
(dnAKT) and GFP were provided by Hanbio Biotechnology
Co. (Shanghai, China). To overexpress this mutant in the
heart, mice were given a single injection of AAV9-dnAKT
at a dose of 1 × 1011 particles per mouse via tail vein [15].
All mice were divided into 6 groups: saline+Con, DOX
+Con, DOX+Mul+Con, saline+dnAKT, DOX+dnAKT, and
DOX+Mul+dnAKT groups (n = 8 for each group). Four
weeks after AAV9-dnAKT infection, these mice received

20mg/kg DOX to mimic DOX-related acute cardiac injury.
Three days after DOX or normal saline injection, all mice
were sacrificed to the phenotypes.

2.3. Invasive Hemodynamics. Invasive hemodynamic moni-
toring was conducted in mice anesthetized with 2% isoflur-
ane by a 1.0 F microtip catheter (PVR 1045), which was
connected to a Millar Pressure-Volume System (MPVS-
400; Millar Instruments). These data were recorded and ana-
lyzed by a PVAN analysis software.

2.4. Cell Culture and Treatment. H9c2 cardiomyocytes were
purchased from the American Type Culture Collection
(ATCC) and cultured in DMEM supplemented with 10%
FBS. Only H9c2 cells at 3-5 passages were used for this
experiment. At approximately 75% confluence, these cells
were starved with a serum-free DMEM medium for 24
hours. After that, H9c2 cardiomyocytes were incubated in
DMEM medium containing PBS, DOX (1μM), DOX
(1μM) plus 25μM Mul, DOX (1μM) plus 50μM Mul, and
DOX (1μM) plus 100μM Mul. Cells were harvested at 0 h,
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Figure 3: Mulberrin treatment prevented the DOX-induced cardiac dysfunction in mice. Body weight (a), heart weight (b), and myocardial
LDH and CK (c, d) content were detected to evaluate DOX-induced cardiac injury. The mRNA level of ANP (e) was examined by qRT-PCR.
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Figure 4: Continued.
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12 h, 24 h, and 48 h. Cell viability was examined using the
Cell Counting Kit-8 assay (CCK-8, #HY-K0301, MedChem-
Express) according to the manufacturer’s instructions. To
inhibit the activation of AKT, H9c2 cardiomyocytes were
pretreated with a specific AKT inhibitor (1μM) for 24h.

H9c2 cardiomyocytes were cultured in a six-well plate.
After serum starvation for 24h, H9c2 cells were electrotrans-
fected with nuclear factor kappa-B- (NF-κB-) luc (0.03μg)
with a Neon® Transfection System (pulse width: 20ms, pulse
voltage: 1700V). After that, these cells were treated with
DOX and Mul (100μM) for 48h. At the end of this experi-
ment, cells were lysed in 100μl of a cell lysis reagent (Pro-
mega, Madison, USA). Luciferase activity was detected
with a Promega Luciferase assay reagent (#E1500).

2.5. Western Blotting and Quantitative Real-Time PCR. Total
protein was extracted from mouse hearts and cultured cells
using the RIPA Lysis Buffer [10]. NE-PER™ Nuclear and
Cytoplasmic Extraction Reagent (#78833, Invitrogen, Carls-
bad, CA, USA) was used to separate nuclear proteins. These
proteins were separated by electrophoresis and transferred
to nitrocellulose membranes and incubated with several pri-
mary antibodies against Nrf2 (#ab62352, 1 : 1000, Abcam,
Cambridge, MA, USA), heme oxygenase-1 (HO-1, Abcam,
#ab52947, 1 : 1000), GAPDH (Abcam, #ab9485, 1 : 1000),

NF-κB p65 (Abcam, #ab207297, 1 : 1000), anti-NF-κB p65
phospho S536 (Abcam, #ab239882, 1 : 1000), inhibitor of
kappa B alpha (IκBα, Abcam, #ab76429, 1 : 2000), phosphor-
ylated-IκBα (Abcam, #ab133462, 1 : 2000), glycogen syn-
thase kinase 3β (GSK3β, Abcam, #ab32391, 1 : 1000),
phosphorylated-GSK3β (Abcam, #ab75814, 1 : 1000), Bax
(Abcam, #ab32503, 1 : 1000), Bcl-2 (Abcam, #ab182858,
1 : 1000), mammalian target of rapamycin (mTOR Abcam,
#ab32028, 1 : 1000), and phosphorylated-mTOR (Abcam,
#ab109268, 1 : 1000). After that, the membranes were then
hybridized with HRP-conjugated secondary antibodies (Pro-
teintech; 1 : 5000) for 2 h at room temperature. The mem-
branes were scanned with the Quant LAS 500 system.

Total mRNA was extracted from heart tissues with a
TRIzol reagent (Invitrogen, Carlsbad, USA). The isolated
RNA was reversely transcribed into complementary DNA
using Advantage® RT-for-PCR Kit (#639505, Takara Bio,
Kusatsu, Shiga, Japan). Quantitative PCR was conducted
with an iQ5 Multi-Color Real-Time PCR Detection System
(Bio-Rad, CA, USA) using the SYBR Green Real-Time
PCR Master Mix kit (#QPK-201, Takara, Dalian, China).

2.6. Biochemical Analyses. Heart tissues were homogenized
in iced PBS, and homogenates were centrifuged at 4800 g
for 20 minutes to isolate the supernatant. Myocardial lactate
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Figure 4: Mulberrin treatment prevented the DOX-induced oxidative damage in mice. 4-Hydroxynonenal (4-HNE) immunohistochemistry
of indicated groups (a). Accumulation of the oxidative stress markers, including GSH content (b), 3-NT (c), MDA content (d), and protein
carbonyl content (e), was quantified by the commercial kits. Total SOD activity (f) was also detected in DOX-treated mice. Nrf2 and HO-1
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dehydrogenase (LDH) and creatine kinase- (CK-) MB were
detected by using the commercial kits. The mouse LDH
ELISA kit was provided by CUSABIO (#CSB-E17733m,
Wuhan, China). The CK-MB assay kit (#A032-1-1) was
obtained from the Nanjing Jiancheng Biological Engineering
Research Institute.

The levels of glutathione (GSH), malondialdehyde
(MDA), 3-nitrotyrosine (3-NT), protein carbonyl, total
SOD activity, tumor necrosis factor-α (TNF-α) level, and
interleukin- (IL-) 6 level were determined using commercial
kits based on the manufacturer’s instructions. GSH assay kit
(#A061), MDA assay kit (A003-1-2), and the total SOD
activity (A001-3-2) were provided by the Nanjing Jiancheng
Institute of Biotechnology (Nanjing, China). 3-NT competi-
tive ELISA (#ab113848) was obtained from Abcam. The pro-
tein carbonyl ELISA kit was provided by Abnova (#KA6397,
Taipei, Taiwan). The TNF-α Mouse ELISA kit (#BMS607-
3TEN) was provided by Invitrogen, and the IL-6 (mouse)

ELISA kit was provided by Biovision (#K4795). All assays
were performed in triplicate.

2.7. Reactive Oxygen Species Production Measurements and
Immunohistochemistry. The reactive oxygen species (ROS)
was measured with 2′,7′-dichlorofluorescein-diacetate
(DCFH-DA, Beyotime Institute) staining. H9c2 cells were
incubated with DCFH-DA (10μM) for 60min in 37°C, and
immunofluorescence was detected via a fluorescence micro-
plate reader and an Olympus IX53 fluorescence microscope.
To detect myocardial lipid peroxidation products, 4-
hydroxynonenal (4-HNE) immunohistochemistry was per-
formed. Prepared heart sections were incubated with an
anti-4-HNE antibody (1 : 200, #ab48506, Abcam) at 4°C
overnight, then with secondary antibodies at 37°C for 1 h,
and detected with 3,3′-diaminobenzidine, and sections were
counterstained with hematoxylin. Immunohistochemistry
images were captured via Aperio VERSA 8 (Leica
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Figure 5: Mulberrin attenuated the expression of inflammatory cytokines in DOX-treated mice. The mRNA levels of inflammatory factors
(a) were also quantified. The protein expression of TNF-α (b) and IL-6 (c) were detected by ELISA. The phosphorylation of NF-κB and IκBα
(d) was detected in the indicated groups. The protein expression of Bax and Bcl-2 (e) was detected by western blotting. Myocardial apoptosis
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for each group. ∗P < 0:05 compared with the saline group; #P < 0:05 compared with DOX alone.
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Biosystems). All images were analyzed by a person blinded
to the treatment by using Image-Pro Plus 6.0.

2.8. Apoptotic Detection. Frozen heart tissues were cut into
sections and fixed in 4% neutral paraformaldehyde. TUNEL
assay was conducted with the in situ apoptosis detection kit
(Takara Bio Inc., Shiga, Japan), and these slides were
observed under a fluorescence microscope. This evaluation
was performed by one person who was blinded to the treat-
ment group. Heart tissues were homogenized in iced PBS.
Cardiac caspase 3 levels were detected using a Caspase-3
Colorimetric Assay Kit (Clontech, USA). DNA fragmenta-
tion assay was detected using the DNA Fragmentation
Detection Kit (#AS20-4459, Agrisera) according to the man-
ufacturer’s instructions.

2.9. Statistical Analysis. Data are represented as mean ±
standard error of mean (SEM). Statistical analysis between
two groups was determined via unpaired Student’s t-test.
We used one-way analysis of variance followed by Tukey’s
test to compare differences between multiple groups. Differ-
ences were considered as statistically significant at P < 0:05.

3. Result

3.1. Mul Treatment-Attenuated DOX-Induced Oxidative
Stress In Vitro. We first used a CCK-8 assay to determine
the viability of DOX-treated cells. Compared with the PBS
group, DOX time-dependently decreased the viability of car-
diomyocytes. However, this pathological reduction was
markedly attenuated by Mul treatment at either 50 or
100μM (Figure 1(a)). However, Mul at the dose of 25μM
did not improve the viability of DOX-treated cells. The levels

of LDH and CK in DOX-treated cells were higher than with
those in the PBS-treated group. However, Mul treatment sig-
nificantly inhibited the release of LDH and CK in response
to DOX administration (Figures 1(b) and 1(c)). It also
showed that the ROS level in DOX-treated H9c2 cells was
increased. And Mul treatment dose-dependently decreased
the cellular ROS level in DOX-treated cells (Figure 1(d)).
DCFH-DA immunofluorescence also revealed that Mul sig-
nificantly decreased DOX-induced ROS production in vitro
(Figure 1(e)). In addition, Mul treatment also dose-
dependently increased GSH content and decreased MDA
and protein carbonyl levels in DOX-exposed cells
(Figures 1(f)–1(h)). The protein expression of Nrf2 and
HO-1 was significantly lower in cardiomyocytes exposed to
DOX than in those exposed to PBS. The expression of
Nrf2 and HO-1 exposure to DOX was higher in cardiomyo-
cytes treated with Mul than in those treated with DOX only
(Figure 1(i)). We also determined the mRNA levels of Nrf2-
regulated downstream targets. The decreased mRNA levels
of HO-1, SOD1, SOD2, NQO1, and CAT were obviously
restored after Mul treatment (Figure 1(j)).

3.2. Mul Treatment-Suppressed Inflammatory Response in
DOX-Incubated Cells. The mRNA levels of several inflam-
matory factors, including TNF-α, IL-1β, IL-6, monocyte
chemoattractant protein-1 (MCP-1), interferon γ (IFN-γ),
and IL-17, in cardiomyocytes were greater in the DOX group
than in the PBS group. Mul treatment (100μM) attenuated
all these pathological elevations except IFN-γ (Figure 2(a)).
Further detection the protein expression of TNF-α and IL-
6 also reveal that Mul at the dose of 100μM suppressed
the inflammatory response induced by DOX (Figures 2(b)
and 2(c)). The luciferase assay also revealed that DOX
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Figure 6: AKT inhibition abolished the anti-inflammatory and antioxidative activities of mulberrin in DOX-stimulated cells. The
phosphorylation of AKT, GSK3β, and mTOR (a) was detected in the indicated groups. Cell viability was detected in cells treated with an
AKT inhibitor (b). Cardiomyocyte injury was assayed by the release of LDH (c). The ROS level (d) and MDA content (e) were detect to
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induced NF-κB transactivation in a time-dependent manner.
And Mul at the dose of 100μM largely suppressed this acti-
vation of NF-κB after DOX incubation in a time-dependent
manner (Figure 2(d)). Detection of nuclear NF-κB found
that Mul at the dose of 100μM suppressed nuclear NF-κB
accumulation in DOX-treated cardiomyocytes (Figure 2(e)).

3.3. Mul Treatment-Attenuated Acute Cardiac Injury in
DOX-Injected Mice. As shown in Figures 3(a) and 3(b), body
weight and heart weight declined in response to DOX injec-
tion. And these declines in DOX-treated mice were largely
blocked by the treatment of Mul (Figures 3(a) and 3(b)).
The release of LDH and CK-MB can reflect the severity of
cardiac injury. DOX significantly upregulated LDH and
CK-MB levels in heart tissues, which were alleviated by
Mul treatment (Figures 3(c) and 3(d)). The detection of
the mRNA level of ANP also revealed that Mul treatment
significantly decreased the elevated ANP mRNA level in
DOX-treated mice (Figure 3(e)). Histological detection
revealed that myofibrillar disarrangement in DOX-injected
mice was attenuated by Mul treatment (Figure 3(f)). Unex-
pectedly, DOX injection did not decrease the heart rate in
mice (Figure 3(g)). Compared to those in the saline group,
ejection fraction (EF), stroke volume (SV), and cardiac out-
put (CO) were significantly reduced in the DOX group
(Figures 3(h)–3(j)). Conversely, these parameters were sig-
nificantly restored by treatment with Mul (Figures 3(h)–
3(j)).

3.4. Mul Treatment-Alleviated DOX-Induced Oxidative
Damage in Mice. As oxidative damage was a fundamental
feature of acute cardiac injury induced by DOX, the effect
of Mul on oxidative status was evaluated. Mul treatment also
suppressed the production of myocardial lipid peroxidation

in DOX-injected mice (Figure 4(a)). Upon DOX injection,
GSH levels in cardiac tissues were decreased, and treatment
with Mul administration almost restored the level of GSH in
the hearts (Figure 4(b)). In addition, compared with the
saline group, all oxidative damage markers, including 3-
NT, MDA, and protein carbonyl, in heart tissues were signif-
icantly increased (Figures 4(c)–4(e)). Conversely, Mul treat-
ment largely suppressed the elevations in these markers. We
also found that the impaired SOD activity in DOX-treated
hearts was improved via the treatment of Mul (Figure 4(f
)). As shown in Figure 4(g), Nrf2 protein expression and
the downstream HO-1 of DOX mice were assessed via west-
ern blotting, and we found that Nrf2 and HO-1 protein
expressions were significantly decreased via DOX injection
compared with the saline group. However, compared with
the DOX group, Mul treatment significantly increased Nrf2
and HO-1 protein expression (Figure 4(g)). Further detec-
tion of the mRNA levels of Nrf2-regulated genes also sug-
gested that Mul treatment significantly increased the
mRNA expression of HO-1, SOD1, SOD2, NQO1, and
CAT in DOX-treated mice (Figure 4(h)).

3.5. Mul Treatment-Alleviated Inflammation and Apoptosis
in DOX-Treated Cardiac Tissues. The mRNA levels of sev-
eral cytokines in heart samples were measured, and the
results demonstrated that the expression of these cytokines
in the hearts was significantly increased after exposure to
DOX (Figure 5(a)). Treatment with Mul largely alleviated
the DOX-induced inflammatory response in mice
(Figure 5(a)). Further detection revealed that Mul treatment
prevented the production of cardiac TNF-α and IL-6 in
DOX-treated mice (Figures 5(b) and 5(c)). DOX induced
the transactivation of NF-κB, which played a key role in
DOX-associated inflammation [16]. In response to DOX
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Figure 7: Infection of AKT-dominant negative mutant blocked the protection of mulberrin against DOX-induced cardiac injury in vivo.
The phosphorylation of AKT (a) was detected via western blotting in mice at 4 weeks after AAV9-dnAKT or AAV9-Con injection.
Heart weight (b) and myocardial LDH (c) were detected to evaluate DOX-induced cardiac injury. Cardiac function including ejection
fraction (d) and cardiac output (e) were detected using an invasive hemodynamic monitoring. Oxidative stress markers, 3-NT (f) and
protein carbonyl content (g), were quantified by the commercial kits. Nrf2 protein expression (h, i) was detected via western blotting.
The nuclear accumulation of NF-κB protein (h, i) was detected in an isolated nuclear fraction. The levels of inflammatory factors (j, k)
were also quantified. Myocardial apoptosis was evaluated by caspase 3 activity (l) and DNA fragmentation test (m). Data are presented
as mean ± SEM. n = 8 for each group. ∗P < 0:05 compared with the control groups.
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injection, the activated IKK complex phosphorylates IκBα,
thereby leading to nuclear accumulation of NF-κB to regu-
late inflammatory gene expression. As indicated in
Figure 5(d), the phosphorylation of IκBα and NF-κB was
increased in DOX-injected hearts; these pathological alter-
ations were not observed in Mul-treated hearts. In view of
the anti-inflammatory effects of Mul, we hypothesized that
Mul treatment might suppress cardiomyocyte apoptosis in
mice with DOX injection. As expected, DOX increased the
proapoptotic protein Bax but decreased the antiapoptotic
protein Bcl-2. However, these abnormal alterations were
prevented by Mul (Figure 5(e)). The number of TUNEL-
positive cells was much higher in the DOX group than in
the control group, and Mul largely decreased the number
of these apoptotic cells (Figure 5(f)). Caspase 3 activation
and DNA fragmentations in DOX hearts were increased
compared with the saline group, and these effects were
reduced via Mul treatment (Figures 5(g) and 5(h)).

3.6. Mul-Enhanced AKT Signaling Pathway in the Hearts of
DOX-Treated Mice. Given that AKT was responsible for
the activation of Nrf2 and that AKT activation could provide
benefit against DOX-induced cardiomyocyte apoptosis [17],
we asked whether Mul exerted its protective effects on DOX-
induced injury through an AKT-dependent manner. DOX
caused a significant decrease in the phosphorylation of
AKT and downstream kinase GSK3β and mTOR in the
heart tissues (Figure 6(a)). Mul treatment prevented the
DOX-induced inactivation of the two kinases (Figure 6(a)).
To test the role of AKT in the protection provided by Mul,
we used a specific AKT inhibitor. As expected, AKT inhibi-
tion blocked the beneficial effect of Mul on cell viability and
LDH release (Figures 6(b) and 6(c)). DOX-induced oxida-
tive stress which was reflected by ROS and MDA production
was suppressed by the treatment of Mul, and these protec-
tive effects were offset by the use of this AKT inhibitor
(Figures 6(d)–6(e)). AKT inhibition blocked the beneficial
effects of Mul on inflammatory response, as reflected by
the luciferase assay of NF-κB transactivation and TNF-α
mRNA expression (Figures 6(f) and 6(g)).

3.7. AKT Signaling Was Responsible for Mul-Mediated
Protective Role in the Hearts. To further verify the effect of
AKT in Mul-mediated protective actions, we used an
AKT-dominant negative mutant to alter the activation of
AKT in the hearts. As shown in Figure 7(a), this dominant
negative mutant significantly reduced myocardial AKT acti-
vation at 4 weeks after AAV9-dnAKT or AAV9-Con injec-
tion. AKT-dominant negative mutant infection almost
completely abolished the Mul-mediated protective role in
the hearts, as indicated by the alterations in heart weight,
cardiac LDH release, and cardiac function (EF and CO)
(Figures 7(b)–7(e)). DOX-induced oxidative stress, as
reflected by the 3-NT content and protein carbonyl, was
suppressed by the treatment of Mul. And these effects were
abolished by the AKT-dominant negative mutant infection
(Figures 7(f) and 7(g)). Nrf2 protein expression was
decreased in response to DOX exposure but restored by
the treatment of Mul. This restoration of Nrf2 was blocked

by this AKT-dominant negative mutant infection
(Figures 7(h) and 7(i)). Mul treatment lost its anti-
inflammatory effects, as detected by the alteration of NF-
κB, TNF-α, and IL-6 levels (Figures 7(h)–7(k)). The protec-
tive effects of Mul treatment on caspase 3 activity and DNA
fragmentations were also blocked by this AKT-dominant
negative mutant infection (Figures 7(l) and 7(m)).

4. Discussion

Previous studies have confirmed a high affinity of DOX to
the heart, and DOX could be accumulated in the cardiomyo-
cytes, thus causing myocardial apoptotic loss and congestive
heart failure [10]. Dexrazoxane was the only drug that was
approved by FDA for the treatment of DOX-induced cardi-
otoxicity [18]. However, this drug had life-threatening side
effects, including myelosuppression and coagulation disor-
der. Clearly, finding an effective approach to treat DOX-
induced cardiac injury would of great clinical significance.
Actually, several scavengers of ROS were capable of attenu-
ating DOX-related cardiotoxicity in animal experiments
[19, 20]. The reasons for their failure in clinical practice
included low bioavailability and secondary reactions with
other molecules [21]. Here, we observed that Mul treatment
could attenuate DOX-induced cardiac damage and inhibit
DOX-induced inflammatory response, oxidative damage,
and myocardial apoptosis in mice. Supplementation of Mul
might serve as a novel therapy for DOX-induced
cardiotoxicity.

Emerging evidence suggested that oxidative stress and
inflammatory response were the major mediators of DOX-
related cardiotoxicity [22]. DOX was rapidly reduced to a
semiquinone through one-electron reduction of the quinone
moiety, semiquinone autoxidized, and produced superoxide
anions [23, 24]. Excessive ROS production provoked oxida-
tive damage to the lipid and protein, thus causing cardiac
dysfunction [25]. In our study, multiple lines of findings
suggested that DOX-induced ROS generation and oxidative
damage in cardiac tissues were prevented by Mul treatment.
In addition, heart samples had lower levels of endogenous
antioxidant enzymes. What was more serious was that
DOX significantly reduced the endogenous antioxidant, ren-
dering the heart more vulnerable to DOX-induced oxidative
stimuli. In this aspect, the restoration of antioxidant systems
via the treatment of Mul might also contribute the protec-
tion of Mul against cardiotoxicity. It has been reported that
Nrf2, a basic leucine zipper bZIP protein, was closely
involved into DOX-induced cardiomyopathy. Nrf2 defi-
ciency aggravated DOX-related cardiotoxicity and cardiac
dysfunction in mice [26]. Conversely, activation of Nrf2 via
a pharmacological agent protected against DOX toxicity
through upregulation of antioxidant and antielectrophile
enzyme expression in mice [27]. In our study, the expression
of Nrf2 and its downstream targets was found to be
decreased after DOX exposure, and treatment of Mul signif-
icantly blocked these pathological alterations, suggesting
that Mul might improve antioxidant capacity in DOX-
related hearts via activation of Nrf2.
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Proinflammatory factors were closely involved into
DOX-induced heart dysfunction [28]. Surprisingly, we dem-
onstrated that treatment with Mul not only attenuated the
DOX-induced upregulation of inflammatory factors but also
inhibited the phosphorylation of IκBα and transactivation of
NF-κB. However, there sounds a different voice about alter-
ation of NF-κB in DOX-induced acute cardiac injury. Riad
et al. reported that DOX treatment did not induce a signifi-
cant alteration of NF-κB binding activity [29]. This finding
could not compromise the fundamental functions of NF-
κB and NF-κB-dependent inflammation in cardiac injury
caused by DOX injection. Taken together, these data indi-
cated that the protection of Mul against DOX-related car-
diac injury might partly be attributed to the inhibitory
effects on IκBα/NF-κB association and subsequent transcrip-
tion of inflammatory factors.

The increase in myocardial apoptosis was another land-
mark of DOX-induced cardiac injury [30]. Attenuation of
p53-dependent apoptosis improved cardiac function in
DOX-injected mice [31]. In agreement with these findings,
we observed a marked elevation in myocardial apoptosis
and caspase 3 activity after DOX injection. After Mul treat-
ment, TUNEL-positive cells, DNA fragmentation, and the
Bax/Bcl-2 ratio were all decreased in DOX-injected mice.
The results indicated that Mul treatment could suppress
DOX-induced these apoptotic alterations in mice.

AKT inactivation played a critical role in DOX-induced
cardiac injury, and restoration of AKT activity protected
against cardiac apoptosis and prevented DOX-induced car-
diac dysfunction [32]. Here, for the first time, we showed
that Mul treatment activated the AKT signaling pathway
and provided benefits against DOX-induced cardiac injury.
This finding was in line with a study that reported that
AKT inactivation was closely involved in the process of
DOX-induced cardiotoxicity [33]. AKT inactivation resulted
in GSK3β/FYN activation, thus promoting the nuclear
exclusion of Nrf2 and its degradation in cytoplasm [34].
Here, we also reported that DOX decreased Nrf2 expression,
and Mul treatment restored Nrf2 protein expression. And
this restoration was blocked by the use of AKT-dominant
negative mutant infection, suggesting that Mul treatment
regulated Nrf2 activation through an AKT-dependent man-
ner in DOX-treated mice.

In conclusion, these data suggested that Mul treatment
attenuated DOX-induced acute cardiotoxicity via the AKT-
dependent attenuation of oxidative damage, inflammation
accumulation, and myocardial apoptosis. Our present find-
ings suggest that Mul could be useful in the therapy of
DOX-induced acute cardiotoxicity.
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Mastitis, caused by a variety of pathogenic microorganisms, seriously threatens the safety and economic benefits of the dairy
industry. Vitexin, a flavone glucoside found in many plant species, has been widely reported to have antioxidant, anti-
inflammatory, antiviral, anticancer, neuroprotective, and cardioprotective effects. However, few studies have explored the effect
of vitexin on mastitis. This study is aimed at exploring whether the antioxidant and anti-inflammatory functions of vitexin can
improve Staphylococcus aureus-induced mastitis and its possible molecular mechanism. The expression profiles of S. aureus-
infected bovine mammary epithelial cells and gland tissues from the GEO data set (GSE94056 and GSE139612) were analyzed
and found that DEGs were mainly involved in immune signaling pathways, apoptosis, and ER stress through GO and KEGG
enrichment. Vitexin blocked the production of ROS and increased the activity of antioxidant enzymes (SOD, GSH-PX, and
CAT) via activation of PPARγ in vivo and in vitro. In addition, vitexin reduced the production of inflammatory cytokines
(TNF-α, IL-1β, and IL-6) and inhibited apoptosis in MAC-T cells and mouse mammary tissues infected with Staphylococcus
aureus. Moreover, vitexin decreased the expression of PDI, Ero1-Lα, p-IRE1α, PERK, p-eIF2α, and CHOP protein but
increased BiP in both mammary gland cells and tissues challenged by S. aureus. Western blot results also found that the
phosphorylation levels of JNK, ERK, p38, and p65 were reduced in vitexin-treated tissues and cells. Vitexin inhibited the
production of ROS through promoting PPARγ, increased the activity of antioxidant enzymes, and reduced inflammatory
cytokines and apoptosis by alleviating ER stress and inactivation MAPKs and NF-κB signaling pathway. Vitexin maybe have
great potential to be a preventive and therapeutic agent for mastitis.

1. Introduction

Staphylococcus aureus (S. aureus) is an important patho-
genic microorganism that causes food-borne infections,
and it is also the main pathogen that causes mastitis in rumi-
nants [1, 2]. Milk produced by cows suffering from S. aureus
mastitis is one of the most important sources of milk con-
tamination, whereas raw milk and dairy products are the
natural medium for the growth of S. aureus [3]. S. aureus
is a common opportunistic pathogen in the farm environ-
ment. Lactating dairy cows are highly susceptible to infec-

tion and transmission of S. aureus due to open lactation
passages and exposure to contaminants such as milking
equipment. The exotoxin produced by S. aureus can easily
cause food poisoning [4]. Once exotoxin enters the gut, the
T-cell inflammatory cytokine storm is triggered in the host
[5, 6]. S. aureus is a common pathogen of dairy cow mastitis,
which seriously affects milk production and quality and
causes huge economic losses to the dairy industry [7, 8].
The mechanisms by which S. aureus challenge the host
immune response are complicated. During the colonization
and invasion of S. aureus, white blood cells are recruited to
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the site of infection, and white blood cells produce a series of
reactive substances (including superoxide, hydrogen perox-
ide, nitric oxide, and hypohalous acid), which can modify
and inactivate cells large molecules, even lead to growth
defects or death [9]. Oxidative stress caused by S. aureus
produces oxidants that react with cell macromolecules
[10]. The accumulation of a large number of reactive oxygen
species (ROS) attacked oxidized proteins, lipids, and DNA to
cause oxidative damage is a characteristic of many inflam-
matory diseases [11]. ROS causes endoplasmic reticulum
(ER) stress, which breaks the ER redox environment and
induces protein folding errors [12, 13]. Persistent ER stress
can also trigger an inflammatory response through the
unfolded protein response (UPR) pathway [14]. ER partic-
ipates in the modification (including disulfide bonds,
aminoglycosylation, and folding) of secreted proteins and
transmembrane proteins. Immunoglobulin heavy chain
binding protein (BiP) and protein disulfide isomerase
(PDI), molecular chaperone proteins in the ER, play an
important role in protein folding and oxidation [15]. Pro-
tein kinase R- (PKR-) like endoplasmic reticulum kinase
(PERK) and inositol-requiring enzyme 1α (IRE1α) serve
as a quality controller for protein synthesis in the endo-
plasmic reticulum [16–18]. Once UPR is activated in the
context of ER stress, BiP will separate from PERK and
IRE1α and cause their activation, promoting the transcrip-
tion of ER stress response genes [16, 19]. PERK directly
phosphorylates eIF2α after autophosphorylation, thereby
reducing protein translation and promoting the produc-
tion of C/EBP homologous protein (CHOP) [20]. Elevated
CHOP plays an important role in apoptosis induced by
ER stress [21]. S. aureus also induced a cell-mediated
immune response in the mouse mammary gland, which
significantly promoted the production of IFN-γ and
increased the percentage of CD4+ and CD8+ T cells [22].
The treatment of dairy cow mastitis usually uses antibiotics
including penicillin, sulfonamides, tetracyclines, and glyco-
peptides [23]. However, the emergence of antibiotic resistance
to S. aureus (such as methicillin-resistant S. aureus) compli-
cates the treatment [24, 25]. Natural compounds have a vari-
ety of biological activities (anti-inflammatory, antioxidant,
anticancer, etc.), which is a huge treasure house for screening
potential mastitis treatment drugs.

Vitexin (8-beta-D-glucopyranosyl-apigenin) is an api-
genin flavonoid glycoside found in food and medicinal
plants, which has a variety of pharmacological effects,
including anti-inflammatory, anticancer, antioxidant, anal-
gesic, and neuroprotective effects [26, 27]. Vitexin inhibited
the recruitment of neutrophils and also regulated the tran-
scription factors of proinflammatory mediators and reduced
the expression of p-p38, p-ERK1/2, and p-JNK in LPS-
induced cells [28]. Studies have reported that vitexin
repressed the activation of TLR4/NF-κB signaling pathway
in colitis liver injury [29]. Many studies have also found that
vitexin exerts anti-inflammatory effects on endothelial cell
damage [30], acute lung injury [31], allergic asthma [32],
and neuroinflammation [33]. Both in vitro and in vivo data
show that vitexin can enhance the body’s antioxidant capac-
ity and reduce the occurrence of oxidative stress [34].

Vitexin has been proven to produce a powerful antioxidant
defense by acting as an effective oxygen free radical scaven-
ger to increase the activity of antioxidant enzymes and
upregulate the protein of antioxidant reactions [35]. Based
on the various biological activity properties of vitexin, we
hypothesized that vitexin could improve the oxidative stress
and inflammation induced by S. aureus.

In this study, to confirm the therapeutic effect of
vitexin on mastitis stimulated by S. aureus, we simulated
mastitis on cow mammary epithelial cells and mouse
mammary glands in vitro and in vivo and explored the
possible molecular mechanisms of vitexin exerting antiox-
idation and anti-inflammation.

2. Materials and Methods

2.1. High Pressure Liquid Chromatography (HPLC). HPLC
was performed to measure vitexin purity. Briefly, vitexin
was diluted to 0.5mg/mL by the solution (methanol :
DMSO : water = 6 : 2 : 2). 20μL vitexin was added to a
SinoChrom ODS-BP chromatographic column (4:6mm ×
250mm, 5μm). Hereafter, the 0.1% phosphate water/aceto-
nitrile mobile phase was used to elute. The flow rate was
1.0mL/min, and the detection wavelength was 335nm.

2.2. Cell Culture and Treatment. The cow mammary epithe-
lial cell line MAC-T was purchased from the American Type
Culture Collection (ATCC, USA). The cell culture method
was referred to previous studies [36]. Briefly, cells were
grown in DMEM/F-12 (1 : 1) medium (Gibco, USA) supple-
mented with 10% fetal bovine serum (FBS; AUSGENEX,
AUS), 5μg/mL insulin (Biosharp, China), 5mmol/L L-gluta-
mine (Biosharp, China), 1μg/mL hydrocortisone (Sigma-
Aldrich, USA), and 100U/mL penicillin and 100μg/mL
streptomycin (Invitrogen, USA) at 37°C incubator with 5%
CO2. S. aureus CVCC3051 strain was available at China Vet-
erinary Culture Collection (CVCC, China), which was cul-
tured with lysogeny broth (LB) and its colony forming unit
(CFU) was calculated using the LB plate counting method.
S. aureus was inactivated in a water bath at 85°C for
15min and then diluted it with DMEM/F-12 medium
according to CFU. MAC-T cells were seeded into a six-well
plate at 5 × 105 cells/well. When the degree of cell fusion
reached 60%-70%, S. aureus was added to the four wells of
the six-well plate at a multiplicity of infection (MOI) of
100. After infected for 6 h, different concentrations of vitexin
were added to the four wells, respectively. The six groups are
(1) Control, (2) S. aureus, (3) S. aureus+10μM vitexin, (4) S.
aureus+20μM vitexin, (5) S. aureus+40μM vitexin, and (6)
40μM vitexin. After incubating for another 24h, cell sam-
ples were harvested for RNA or protein extraction.

2.3. Cell Counting Kit-8 (CCK-8) Assay. The effect of vitexin
on the viability of MAC-T cells was analyzed by CCK-8.
Detailed methods referred to previous research [37]. In
short, MAC-T cells were planted into 96-well plates at a den-
sity of 1 × 104 cells/well, and then, the cells were treated with
different concentrations of vitexin (0, 10, 20, and 40μM) for
24 h. 10μL CCK-8 reagent (Yeasen, Shanghai, China) was
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added to each well and incubated at 37°C for 4 h. The micro-
plate reader measured the OD value at 450nm.

2.4. Flow Cytometry Analysis. Apoptosis was examined with
Annexin V-FITC/PI Double Stain Apoptosis Detection Kit
(BestBio, China). MAC-T cells were treated with S. aureus
and/or vitexin, and then, the cells were digested and cen-
trifuged to collect suspended cells. 400μL 1× Annexin V
binding solution was used to resuspend the cells at a con-
centration of approximately 1 × 106 cells/mL. Then, 5μL
Annexin V-FITC solution was added to the cell suspen-
sion, mixed gently, and incubated for 15min at 4°C in
the dark. Then, 5μL PI was added and incubated for
5min at 4°C in the dark. Finally, the flow cytometer was
hired immediately to obtain the results.

2.5. Mouse and Mastitis Animal Models. A total of 60 KM
female mice (6-7 weeks old, 32–34 g weight) were gained
and fed in Huazhong Agricultural University Laboratory
Animal Research Center (Wuhan, China). All mice were
allowed to obtain food and water ad libitum in the environ-
ment maintained at 25°C ± 1°C and 65% humidity. All pro-
cedures of this study were carried out in accordance with
standards provided by the Ethical Committee on Animal
Research at Huazhong Agricultural University.

All mice were randomly divided into 6 groups: control
group, S. aureus group, S. aureus+vitexin (15, 30, and
60mg/kg) groups, and vitexin (60mg/kg) group. S. aureus
was injected into the mammary ducts of mice to produce
mastitis in mice according to previous studies [7]. Vitexin
was diluted with sterile PBS to 20mg/mL. After mouse
mammary gland infection with S. aureus for 24 h, the con-
trol group was intraperitoneally injected with sterile PBS.
As the previous study described the dosage of vitexin [38,
39], the S. aureus+vitexin (15, 30, and 60mg/kg) groups
were intraperitoneally injected with vitexin at different doses
(15, 30, and 60mg/kg); the vitexin (60mg/kg) group was

intraperitoneally injected with vitexin at 60mg/kg. All
groups were injected three times with an interval of 8 h.
Then, the mice were euthanized at 8 h after the last drug
treatment, and breast tissues were harvested and stored at
−80°C refrigerator.

2.6. Hematoxylin and Eosin (H&E) Staining. H&E staining
was used to evaluate the histopathology of S. aureus infec-
tion in mouse breast tissue. The experimental method was
in accordance with the previous research [40]. In short, the
collected fresh mouse breast tissue was immediately fixed
in 4% paraformaldehyde solution, paraffin embedded, sec-
tioned, transparent, dehydrated, and H&E stained. Finally,
the histopathological changes were checked by an optical
microscope.

2.7. Myeloperoxidase (MPO) Activity. MPO Assay Kit
(Nanjing Jiancheng Bioengineering Institute, China) was
bought to detect MPO activity. The mouse mammary gland
tissue was accurately weighed, and the homogenization
medium (w : v = 1 : 19) was added to prepare a 5% tissue
homogenate.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). The
effect of vitexin on proinflammatory cytokine production
was examined in S. aureus challenge-MAC-T cells and
mouse breast tissues. The concentration of TNF-α, IL-1β,
and IL-6 was detected by ELISA kits (BioLegend, San Diego,
CA, USA) following the manufacturer’s instructions.

2.9. ROS Detection. Intracellular ROS level was measured
with DHE-ROS Detection Kit (BestBio, Shanghai, China)
according to the manufacturer’s manual. Briefly, MAC-T
cells were pretreated for 30min with GW9662 (10μM) or
GW1929 (10μM) to downregulate or upregulate the expres-
sion of PPARγ, respectively. Cells were stimulated with S.
aureus to mimic inflammatory stimulation and then treated
with vitexin (40μM) for 24 h. The DHE probe was diluted

Table 1: Primers used for qPCR.

Species Gene name Primer sequence (5′–3′) GenBank accession number Product size (bp)

Bos taurus

IL-1β
Sense: GGCAACCGTACCTGAACCCA

Antisense: CCACGATGACCGACACCACC
NM_174093.1 206

IL-6
Sense: ATGCTTCCAATCTGGGTTCA

Antisense: GAGGATAATCTTTGCGTTCTTT
NM_173923.2 268

TNF-α
Sense: ACGGGCTTTACCTCATCTACTCA
Antisense: GGCTCTTGATGGCAGACAGG

NM_173966.3 141

GAPDH
Sense: TGCTGGTGCTGAGTATGTGGTG

Antisense: CAGTCTTCTGGGTGGCAGTGAT
NM_001034034.2 296

Mus musculus

IL-1β
Sense: TGCCACCTTTTGACAGTGATG

Antisense: AAGGTCCACGGGAAAGACAC
NM_008361.4 220

IL-6
Sense: TCTTGGGACTGATGCTGGTG

Antisense: TTGCCATTGCACAACTCTTTTC
NM_031168.2 178

TNF-α
Sense: GGTCCCCAAAGGGATGAGAAGT
Antisense: TTGCTACGACGTGGGCTACA

NM_013693.3 124

GAPDH
Sense: AAGAGGGATGCTGCCCTTAC

Antisense: CCAATACGGCCAAATCCGTTC
NM_001289726.1 123
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1000 times with DMEM/F-12 medium and then added to
the cells to continue to incubate in the dark for 30min at
37°C. The cells were washed with PBS to remove the DHE
probe and finally observed with a fluorescence microscope
at the excitation wavelength (Ex) of 535nm and the emis-
sion wavelength (Em) of 610 nm.

Tissue ROS Detection Kit (BBoxiProbe O13®) was
obtained from BestBio (Shanghai, China). The harvested
fresh mouse mammary gland tissue was accurately weighed
and then prepared into a homogenizer with a glass homog-
enizer. The homogenate supernatant was collected by centri-
fugation and added into 96-well plate with 2μL probe O13.
After incubating for 30min at 37°C in the dark, the fluores-
cence intensity was detected with a fluorescence microplate
reader at Ex/Em = 535/610nm.

2.10. Antioxidant Biochemical Indicators. Total antioxidant
capacity (T-AOC), superoxide dismutase (SOD), glutathione
peroxidase (GSH-PX), catalase (CAT), and malondialde-
hyde (MDA) were determined to assess antioxidant capacity.
T-AOC assay kit, SOD assay kit (WST-1 method), GSH-PX
assay kit, CAT assay kit (visible light), and MDA assay kit
(TBA method) were bought from Nanjing Jiancheng Bioen-
gineering Institute (Nanjing, China), and the inspection pro-
cess was carried out in accordance with the instructions.

2.11. Real Time-Quantitative Polymerase Chain Reaction
(RT-qPCR). The total RNA of mouse mammary gland tissue
and MAC-T cells was extracted with TRIzol reagent (Solar-
bio, Beijing). Q5000 ultramicro spectrophotometer (Qua-
well, USA) was used to evaluate RNA purity and measure
RNA concentration. Hifair® III 1st Strand cDNA Synthesis
SuperMix for qPCR (gDNA digester plus) and Hieff® qPCR
SYBR® Green Master Mix were acquired from Yeasen
(Shanghai, China) and used to examine target gene expres-
sion by qPCR with 2−ΔΔCq method. The primers used in this
study are shown in Table 1.

2.12. Western Blot. The total protein of mouse breast tissues
and MAC-T cells was separated by RIPA reagent (Biosharp,
China). The BCA Protein Assay Kit (Thermo Scientific, MA,

USA) was performed to detect protein concentration. The
protein was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE); then, poly-
vinylidene difluoride (PVDF) membranes were used to
receive the transferred protein from the gel. The membranes
were blocked with 5% skimmed milk for 2 h; then, the pri-
mary antibodies (BiP, Ero1-Lα, PDI, IRE1α, PERK, CHOP,
JNK, ERK, p38, p65, and β-actin from Cell Signaling Technol-
ogy, USA; PPARγ from Abcam, UK) were incubated at 4°C
overnight, and then, the secondary antibody (anti-rabbit IgG
and HRP-linked antibody from Cell Signaling Technology,
USA) was incubated at 37°C for 1h. Finally, the immunoblot
signal was displayed with ECL ultrasensitive chemilumines-
cent solution with chemiluminescence imaging system.

2.13. Bioinformatics Analysis. Expression profiles of S.
aureus-infected bovine mammary epithelial cells and glandu-
lar cistern (GSE94056 and GSE139612) were downloaded
from the GEO dataset (https://www.ncbi.nlm.nih.gov/gds/
?term=). Differentially expressed genes (DEGs) were screened
from these two datasets, and commonDEGs were further ana-
lyzed by the online tool Draw Venn Diagrams (http://
bioinformatics.psb.ugent.be/webtools/Venn/). Gene Ontology
Resource (GO, http://geneontology.org/) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG, https://www.kegg.jp/)
were used to analyze GO and KEGG enrichment of common
DEGs. In addition, protein-protein interaction (PPI) network
was built by STRING database (https://string-db.org/).

The druggability of vitexin was assessed by the Tradi-
tional Chinese Medicine System Pharmacology Database
(TCMSP, https://tcmspw.com/), and the potential targets
of vitexin were identified using SwissTarget Prediction
(http://www.swisstargetprediction.ch/).

2.14. Statistical Analysis. Statistical analysis was processed
with the GraphPad Prism 9.00 software. Statistical data were
expressed as mean ± SEM of three individual experiments.
After the normality test, differences between groups were
analyzed by one-way ANOVA or Student’s t-tests.
#p < 0:01 vs. the control group, ∗p < 0:05 vs. the S. aureus
group, and ∗∗p < 0:01 vs. the S. aureus group.
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Figure 1: DEG analysis of S. aureus-induced mastitis from GEO database. (a) The Venn diagram displayed the distribution of DEGs in two
GEO datasets (GSE94056 and GSE139612). (b) KEGG enriched these common DEG pathways. (c–e) GO enrichment analysis on 283 DEGs,
including biological process, cellular components, and molecular functions. (f) The interaction between 283 DEGs was analyzed through the
STRING database. (g) Emphasized the interaction relationship with CHOP- (DDIT3-) related DEGs.
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3. Results

3.1. DEG Analysis of S. aureus-Induced Mastitis from GEO
Database. Given that the host infection event usually
undergoes a large number of complex gene expression
changes, we analyzed the expression profiles of bovine mam-
mary epithelial cell and gland cistern infected with S. aureus
from the GEO dataset (GSE94056 and GSE139612) [41, 42].
In these two GEO datasets, GEO2R was used to analyze the
DEGs [43, 44]. Furthermore, the intersection of these DEGs

was calculated through drawing Venn diagrams. The DEGs
of two GEO datasets contained 283 identical DEGs
(Figure 1(a)). These 283 DEGs were further analyzed by
KEGG and GO enrichment. We found that these DEGs
mainly involve innate immunity and apoptosis signaling
pathways (MAPK signaling pathway, TNF signaling path-
way, Toll-like receptor signaling pathway, RIG-I-like recep-
tor signaling pathway, etc.) (Figure 1(b)). The biological
process that DEGs participated in included extracellular
structure organization, extracellular matrix organization,
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Figure 2: Network pharmacology analysis of vitexin. (a) The chemical structural formula of the searched molecule. (b) The target classes of
vitexin. (c) The potential targets of vitexin were predicted on the SwissTarget Prediction. (d) The common target genes of vitexin and S.
aureus-induced mastitis.
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small GTPase-mediated signal transduction, muscle cell dif-
ferentiation, positive regulation of cell adhesion, regulation
of small GTPase-mediated signal transduction, positive
regulation of GTPase activity, regulation of muscle cell dif-
ferentiation, platelet degranulation, and adherens junction
organization (Figure 1(c)). These DEGs were involved in
the extracellular matrix, collagen-containing extracellular
matrix and glutamatergic synapses in cellular components
term (Figure 1(d)). The molecular functions of these DEGs
were enzyme activator activity, GTPase regulator activity,
nucleoside-triphosphatase regulator activity, GTPase activa-
tor activity, extracellular matrix structural constituent, integ-
rin binding, extracellular matrix structural constituent,
conferring compression resistance, and MAP kinase activity
(Figure 1(e)). To further explore the interaction between
these DEGs, we used the STRING database to build an inter-

action network diagram (Figure 1(f)) and built an interac-
tion network diagram for the extremely significant DEGs
separately (Figure 1(g)).

3.2. Network Pharmacology Analysis of Vitexin. As displayed
in Figure 2, our results showed that vitexin has good drugg-
ability with 79 potential target genes. There were three target
genes (PPARγ, MMP2, and GCGR) that intersect with com-
mon DEGs, among which PPARγ was involved in oxidative
stress.

3.3. The Purified Substance Vitexin Had No Effect on the
Viability of MAC-T Cells. Vitexin is the natural 8-C gluco-
side of the flavone apigenin (mung bean [45], chia leaf [46],
Prosopis cineraria leaves [47], etc.), which is very likely to
become a natural antioxidant. As illustrated in Figure 3(a),
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Figure 3: The purified substance vitexin had no effect on the viability of MAC-T cells. (a) The chemical structure of vitexin. (b) HPLC for
purity inspection of vitexin. (c) CCK-8 assessed the effect of vitexin on the viability of MAC-T cells.
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Figure 4: Continued.
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vitexin is a flavone glucoside, also known as apigenin-8-C-β-
D-glucopyranoside. The purity of the extracted vitexin was
detected by HPLC, and the extract was found to be a high-
purity vitexin (Figure 3(b)). For the follow-up in vivo and in vi-
tro experiments of vitexin, we tested and analyzed the effect of
vitexin on cytotoxicity through CCK-8. CCK-8 results showed
that vitexin was not toxic to MAC-T cells at least in the con-
centration range below 40μM (Figure 3(c)).

3.4. Vitexin Ameliorated Cell Damage on S. aureus Challenged-
MAC-T Cells. MAC-T cells infected with S. aureus experi-
enced significant apoptosis (Figure 4(a)). But vitexin reduced
the apoptosis rate of S. aureus-infected MAC-T cells in a
dose-dependent manner (Figure 4(b)). In addition, the level
of proinflammatory cytokine production was evaluated in
S. aureus-induced MAC-T cells by qPCR and ELISA. The
mRNA level of proinflammatory cytokines was greatly
increased under the stimulation of S. aureus. On the other
hand, vitexin inhibited the production of inflammatory fac-
tors in a dose-dependent manner (Figures 4(c)–4(e)). The
released TNF-α, IL-1β, and IL-6 concentrations in the cell
supernatant were evaluated by ELISA, whose results were
consistent with the trend of qPCR (Figures 4(f)–4(h)).

3.5. Vitexin Inhibited ROS Production on S. aureus
Stimulated-MAC-T Cells. The level of intracellular ROS
was evaluated by DHE probe, and the results revealed that
S. aureus infection of MAC-T cells rapidly promoted the
production of intracellular ROS. However, vitexin could
effectively suppress the MAC-T cells stimulated by S. aureus
to produce a large amount of ROS (Figures 5(a) and 5(b)).
The body’s antioxidant capacity is closely related to enzymes
such as SOD, GSH-PX, and CAT, which eliminate free rad-
icals and ROS so as not to trigger lipid peroxidation. We
tested the T-AOC and the abovementioned enzyme activity.
The T-AOC and enzyme activities of SOD, GSH-PX, and
CAT in MAC-T cells stimulated by S. aureus were much
lower than control, but vitexin obviously increased the T-
AOC, SOD, GSH-PX, and CAT activities on S. aureus
challenged-MAC-T cells (Figures 5(c)–5(f)). Conversely,
vitexin prevented the production of MDA in a dose-
dependent manner on MAC-T cells stimulated by S. aureus
(Figure 5(g)). To further explore the mechanism of the anti-
oxidant effect of vitexin, PPARγ was predicted as an inter-
acting protein by investigating the possible target genes of
vitexin. Western blot results revealed that PPARγ was inhib-
ited after S. aureus infection, whereas vitexin greatly promoted
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Figure 4: Vitexin ameliorated cell damage on S. aureus challenged-MAC-T cells. (a) MAC-T cells were stimulated with S. aureus at MOI of
100 for 6 h. And then, different concentrations of vitexin (10, 20, and 40 μM) were added to coincubate for 24 h. Flow cytometry was used to
evaluate the effect of vitexin on the apoptosis of MAC-T cells stimulated by S. aureus. The horizontal axis represented Annexin V-FITC, and
the vertical axis expressed PI. (b) Flow cytometry results were statistically analyzed for apoptosis rate by the GraphPad Prism 9.00 software.
(c–e) The cells were dealt with S. aureus and/or vitexin; the relative expression of TNF-α, IL-1β, and IL-6 mRNA was examined by RT-
qPCR. GAPDH served as an internal reference gene. (f–h) The proinflammatory factors produced were tested by ELISA. Data were
presented as means ± SEM of three independent experiments. #p < 0:01 vs. the control group. ∗p < 0:05 vs. the S. aureus group; ∗∗p <
0:01 vs. the S. aureus group.
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Figure 5: Continued.
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PPARγ expression (Figures 5(h) and 5(i)). Agonists
(GW1929) and antagonists (GW9662) of PPARγ were hired
to further study the effect of vitexin on PPARγ. As shown in
Figure 5(j), vitexin, like PPARγ antagonists, reduced ROS
levels in uninfected cells. ROS levels increased sharply under
S. aureus stimulation, whereas agonists significantly reduced
ROS levels in S. aureus-stimulated cells and were less effective
than vitexin and agonist combination treatment. Meanwhile,
PPARγ antagonists accelerated the increase of ROS in S.
aureus-infected cells, but when antagonists were used in com-
bination with vitexin, GW9662 prevented the ROS inhibitory
effect of vitexin under S. aureus challenge.

3.6. Vitexin Suppressed the Activation of MAPK and NF-κB
Signaling Pathways by Blocking the ER Stress Caused by S.
aureus on MAC-T Cells. To investigate the effect of vitexin
on ER stress, ER stress-related proteins were examined by
Western blot. The levels of BiP in S. aureus-infected cells
were lower than normal cells, but vitexin greatly promoted
their expression levels under the stimulation of S. aureus.
Meanwhile, S. aureus infection drastically increased the

expression of PDI, Ero1-Lα, p-IRE1α, PERK, p-eIF2α, and
CHOP, while vitexin repressed their expression (Figures 6(a)
and 6(b)). In addition, Western blot was also hired to evaluate
MAPK and NF-κB signaling pathways. The phosphorylation
levels of JNK, ERK, p38, and p65 in S. aureus-induced
MAC-T cells dramatically increased compared to the control.
Reversely, vitexin significantly restricted the expression of p-
JNK, p-ERK, p-p38, and p-p65 (Figures 6(c) and 6(d)).

3.7. Vitexin Improved S. aureus-Induced Mastitis in Mice. A
mouse model of mastitis was established to assess the protec-
tive effect of vitexin. H&E staining was performed to evalu-
ate the degree of damage to the mammary gland tissue of
mice infected with S. aureus. As illustrated in Figure 7(a),
the acinar cavity epithelial cells of mice mammary glands
were attacked by S. aureus causing degeneration, necrosis,
and even shedding to the acinar cavity. At the same time,
the acinar cavity was also filled with serum and a large num-
ber of neutrophils and macrophages. Vitexin maintained the
integrity of the acinar cavity epithelial cells and relieved the
infiltration of inflammatory cells. Moreover, MPO was
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Figure 5: Vitexin inhibited ROS production on S. aureus stimulated-MAC-T cells. (a) The cells were stimulated with S. aureus for 6 h and
then treated with different concentrations of vitexin (10, 20, and 40μM) for 24 h. ROS red fluorescence was displayed with DHE probe. (b)
ROS levels were quantified by the ImageJ software. Relative ROS levels were expressed as red fluorescence intensity/cell number. (c) The
level of T-AOC. (d) The activity of SOD. (e) The activity of GSH-PX. (f) The activity of CAT. (g) The concentration of MDA. (h)
Western blot detection of the expression level of PPARγ. (i) PPARγ gray values were measured by the ImageJ software. (j) MAC-T cells
were pretreated with GW9662 (10 μM) or GW1929 (10 μM) for 30min to downregulate or upregulate the expression of PPARγ,
respectively, then stimulated with S. aureus to mimic inflammatory stimulation, and finally treated with vitexin. ROS was detected with
DHE probe. Data was expressed as means ± SEM of three independent experiments. #p < 0:01 vs. the control group. ∗p < 0:05 vs. the S.
aureus group; ∗∗p < 0:01 vs. the S. aureus group.
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Figure 6: Vitexin suppressed the activation of MAPK and NF-κB signaling pathways by blocking the ER stress caused by S. aureus on MAC-
T cells. (a) The protein levels of PDI, BiP, Ero1-Lα, p-IRE1α, PERK, p-eIF2α, and CHOP were detected by Western blot on MAC-T cells. (c)
The expression levels of JNK, ERK, p38, and p65 proteins in MAC-T cells were determined by Western blot. (b, d) Protein gray values were
measured by the ImageJ software. Data was expressed as means ± SEM of three independent experiments. #p < 0:01 vs. the control group.
∗p < 0:05 vs. the S. aureus group; ∗∗p < 0:01 vs. the S. aureus group.
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Figure 7: Vitexin improved S. aureus-induced mastitis in mice. All mouse mammary gland tissues were stimulated with S. aureus for 24 h,
then intraperitoneally injected with different concentrations of vitexin (15, 30, and 60mg/kg) three times. (a) Histopathological analysis of
mammary gland tissues with H&E staining. Left images scale bar = 100 μm, right large images scale bar = 50 μm. (b) The activity of MPO.
(c) The expression of TNF-α, IL-1β, and IL-6 mRNA in vivo was measured by RT-qPCR. GAPDH was used as an endogenous control. (d)
The proinflammation cytokines TNF-α, IL-1β, and IL-6 in mammary gland tissues were detected by ELISA. Data was expressed as
means ± SEM of three independent experiments. #p < 0:01 vs. the control group. ∗p < 0:05 vs. the S. aureus group; ∗∗p < 0:01 vs. the S.
aureus group.
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checked to evaluate the degree of inflammation in the
mammary gland tissues, and the result indicated that
vitexin remarkably suppressed MPO vitality in a dose-
dependent manner (Figure 7(b)). In addition, qPCR and

ELISA were employed to examine proinflammatory cyto-
kines (TNF-α, IL-1β, and IL-6) which were depressed by
vitexin both in mRNA and protein levels (Figures 7(c)
and 7(d)).
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Figure 8: Vitexin reduced ROS production in mammary tissues of mice infected with S. aureus. (a) The level of tissue ROS. (b) The level of
T-AOC. (c) The activity of SOD. (d) The activity of GSH-PX. (e) The activity of CAT. (f) The concentration of MDA. (g) PPARγ protein
was examined with Western blot. (h) PPARγ gray values were calculated by the ImageJ software. Data was expressed as means ± SEM of
three independent experiments. #p < 0:01 vs. the control group. ∗p < 0:05 vs. the S. aureus group; ∗∗p < 0:01 vs. the S. aureus group.
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Figure 9: Vitexin relieved ER stress to inactivate MAPK and NF-κB signaling pathways in S. aureus-induced mastitis on mice. (a) The
protein levels of PDI, BiP, Ero1-Lα, p-IRE1α, PERK, p-eIF2α, and CHOP in mammary gland tissues. (c) The expression levels of JNK,
ERK, p38, and p65 proteins in mammary gland tissues. (b, d) Protein gray values were measured by the ImageJ software. Data was
expressed as means ± SEM of three independent experiments. #p < 0:01 vs. the control group. ∗p < 0:05 vs. the S. aureus group; ∗∗p <
0:01 vs. the S. aureus group.
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3.8. Vitexin Reduced ROS Production in Mammary Tissues of
Mice Infected with S. aureus. The tissue ROS and antioxidant
capacity of mice with mastitis were determined. We found
that S. aureus infected mouse mammary tissue strikingly
increased the level of tissue ROS, whereas vitexin hindered
the rise of ROS (Figure 8(a)). Furthermore, vitexin reversed
S. aureus induced the fall of T-AOC (Figure 8(b)), SOD
(Figure 8(c)), GSH-PX (Figure 8(d)), and CAT (Figure 8(e)).
In contrast, MDA level was impeded by vitexin, compared
with the S. aureus group (Figure 8(f)). PPARγ protein levels
were downregulated in S. aureus-infected cells, and vitexin
reversed this decline (Figures 8(g) and 8(h)).

3.9. Vitexin Relieved ER Stress to Inactivate MAPK and NF-
κB Signaling Pathways in S. aureus-Induced Mastitis in
Mice. To explore the molecular mechanism of vitexin’s anti-
oxidant and anti-inflammatory effects, Western blot was
used to study the protein expression of ER stress and
MAPK/NF-κB pathway. As displayed in Figures 9(a) and
9(b), the expression of BiP in the mouse breast tissue stimu-
lated by S. aureus was significantly reduced compared to the
control group, while PDI, Ero1-Lα, p-IRE1α, PERK, and
CHOP protein levels were restrained in the vitexin-treated
mice with mastitis. Besides, p-JNK, p-ERK, p-p38, and p-

p65 proteins were decreased in the S. aureus+vitexin group
compared with the S. aureus group (Figures 9(c) and 9(d)).

4. Discussion

Dairy cow mastitis drastically reduces milk production and
milk quality, posing a serious threat to the economic benefits
of the dairy industry [25, 48]. The decrease in milk produc-
tion during mastitis in dairy cows is due to pathogens (such
as S. aureus and Escherichia coli) that induce hypoxia, oxida-
tive stress, and apoptosis, while suppressing the expression
of milk genes (Csn2, Lalba, and Csn1s1) in the mammary
gland [49, 50]. Through the analysis of the GEO dataset
(GSE94056 and GSE139612), we also found that S. aureus
infection caused a large number of DEGs in the bovine
mammary gland tissues and cells, which are inseparable
from the activation of oxidative stress induced-ER stress
and inflammation-related signaling pathways. Therefore,
looking for Chinese herbal medicines that have both antiox-
idant and anti-inflammatory properties is very likely to
become drugs for the treatment of mastitis.

Vitexin, a natural flavonoid compound found in many
plant species [35], has been widely reported to have antiox-
idant, anti-inflammatory, antiviral, neuroprotective, and
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and apoptosis by alleviating ER stress and inactivation MAPKs and NF-κB signaling pathways.
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cardioprotective effects [27, 34]. However, few studies have
explored the effect of vitexin on mastitis. In this study,
in vivo and in vitro models of mastitis were successfully
established. We found that vitexin reduced the production
of ROS, protected the activity of antioxidant enzymes, and
inhibited cell apoptosis and the production of proinflamma-
tory cytokines in both MAC-T cell and mouse breast tissues.
Previous studies have also confirmed that vitexin enhanced
cell viability and/or decreased tissue damage by upregulating
cell resistance to oxidative stress inducers [30, 31, 51]. Mean-
while, the anti-inflammatory activity of vitexin has attracted
more and more attention, and there has been a lot of
research involved. Vitexin downregulated the release of
inflammatory cytokines (TNF-α, IL-1β, and IL-6) and
enzymes (iNOS) by regulating transcription factors and
kinases (Nrf-2, NF-κB, and MAPKs) [52, 53]. To explore
the molecular mechanism of vitexin’s antioxidation and
anti-inflammation, we focused on the connection between
ER stress and inflammation.

As a nuclear receptor transcription factor, PPARγ is
involved in the regulation of ROS by regulating redox and
biosynthetic processes in mitochondria [54, 55]. Activation
of PPARγ inhibited oxidative stress and also negatively reg-
ulated the expression of AP-1, NF-κB, and other inflamma-
tory response genes [56]. In the present study, PPARγ was
found through the intersection of prediction target genes
of vitexin and inflammatory disease-related genes. The
expression level of PPARγ was suppressed during S. aureus
infection, while vitexin treatment enhanced its protein
expression. Moreover, GW1929 significantly hindered the
increase of ROS in S. aureus-infected cells. GW9662
reversed vitexin-induced ROS inhibition under S. aureus-
stimulated conditions. From these results, we speculated that
vitexin might alleviate oxidative stress by regulating PPARγ.
Oxidative stress is caused by the excessive production of
ROS, which interferes with the ER protein folding mecha-
nism to result in the accumulation of abnormal proteins in
the ER, thereby causing ER stress [16, 52]. Our study found
that vitexin significantly inhibited PDI, Ero1-Lα, p-IRE1α,
PERK, and CHOP protein and promoted the expression of
BiP in S. aureus-induced mastitis, suggesting that vitexin
effectively prevented the production of ROS amplified by
ER and programmed cell death triggered by CHOP.

ER stress is also involved in the regulation of immune
signal pathways, such as MAPK and NF-κB signaling path-
ways [57]. IRE1α can stimulate the activation of apoptosis
signal kinase-1 (ASK1) and then activate downstream
kinases Jun-N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase (p38 MAPK) [21, 58]. In this study,
p-JNK, p-ERK, and p-p38 were significantly increased under
S. aureus challenge. Vitexin treatment downregulated
MAPK signaling proteins in the infected group compared
with the untreated group. Therefore, we conjectured that
vitexin might reduce the production of inflammatory factors
by inhibiting the activation of MAPKs. PERK can also indi-
rectly induce NF-κB through eIF2α [59]. Vitexin inhibited
p-p65 protein expression when S. aureus activated p65, indi-
cating that vitexin alleviated inflammation and apoptosis
partly by regulating the NF-κB signaling pathway.

5. Conclusion

In summary, S. aureus-induced mastitis produced a large
number of DEGs, which were mainly involved in immune
signaling pathways, apoptosis, and ER stress. Vitexin could
inhibit the production of ROS by promoting PPARγ activity,
increased the activity of antioxidant enzymes, and reduced
inflammatory cytokines and apoptosis, possibly by alleviat-
ing ER stress and inactivation MAPKs and NF-κB signaling
pathway (Figure 10). Vitexin may become a potential drug
for the treatment of mastitis in dairy cows.
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Metabolic syndrome (MS), commonly known as syndrome X or insulin resistance syndrome, is a collection of risk factors for
cardiovascular diseases and type II diabetes. MS is believed to impact over a billion individuals worldwide. It is a medical
condition defined by visceral obesity, insulin resistance, high blood pressure, and abnormal cholesterol levels, according to the
World Health Organization. The current dietary trends are more focused on the use of functional foods and nutraceuticals that
are well known for their preventive and curative role against such pathological disorders. Caralluma fimbriata is one such
medicinal plant that is gaining popularity. It is a wild, edible, succulent roadside shrub with cactus-like leaves. Besides its main
nutrient contents, various bioactive constituents have been identified and linked with positive health outcomes of appetite-
suppressing, hypolipidemic, antioxidant, hepatoprotective, and anticancer potentials. Hence, such properties make C. fimbriata
an invaluable plant against MS. The current review compiles recent available literature on C. fimbriata’s nutritional
composition, safety parameters, and therapeutic potential for MS. Summarized data in this review reveals that C. fimbriata
remains a neglected plant with limited food and therapeutic applications. Yet various studies explored here do prove its
positive health-ameliorating outcomes.

1. Introduction

Food was mostly acquired from nature or forest resources in
nomadic societies [1]. Plants have been the primary source
of food, bioactive components, and a necessity for survival
and environmental conservation [2]. Likewise, medicinal
plants are a real gift from nature to mankind, aiding them
in their pursuit of greater health. Such natural foods and
their products have been recognized and used as the primary
source of therapeutic medications since prehistoric times.
They remain a source of effective bioactive compounds that
can be utilized directly as medications. According to current
estimates, the plant kingdom has about 250,000 species,

from which approximately 10% of medicinal plants have
been investigated or discovered for the treatment of various
diseases [3]. Hence, there is a dire need to explore more hid-
den components in the plant kingdom.

When compared to conventional medicine, many plants
and herb-based therapies have a long history of usage in the
prevention and management of various disorders [4].
According to the World Health Organization, the use of
herbs, herbal materials, herbal preparations, finished herbal
products containing active ingredients of plants, or combi-
nations thereof as drugs are known as herbal, phyto, or
botanical medicines [5]. Such medicinal herbs are widely
distributed among plant sources and have wide therapeutic
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applications [6]. The worth of such plants or herbs lies in
their secondary metabolites, which are nonnutritive but
can exert certain physiological actions in humans against
different types of infectious diseases and metabolic disorders
[7]. Various plant species throughout the world have been
studied for their therapeutic properties, and bioactivity dif-
fers from plant to plant, as they pose diverse physiological
impacts on the human body [8]. Medicinal plants play an
important role in public health, particularly in underdevel-
oped countries owing to their better affordability and lower
toxicity [9]. The extensive use of plants with therapeutic
properties does not lead to intoxication, whereas overutiliza-
tion of allopathic medicines has been associated with adverse
effects. Drug residues may lead to the growth of drug-
resistant microorganisms that are difficult to treat; hence,
the globe is looking for safer alternatives [6].

Recent advances in nutraceuticals and functional foods
research have proved that bioactive components in our diet
have an important therapeutic role in the treatment of
human maladies. Dietary scientists place a high value on iso-
lating nutraceutical bioactive components from food sources
[10]. Nutraceuticals, in contrast to traditional diets, are
foods or part of food that combine nutritional and pharma-
cological effects. Hence, nutraceuticals contain any natural
component with a nutritional value that has a positive effect
on the human body, which are available in the form of pow-
der/pill/dietary supplements or products containing concen-
trated food derivatives-nutrients. They are typically found in
the most common functional foods. Some molecules, micro-
nutrients, and macronutrients including alkaloids, polyphe-
nols, terpenoids, some vitamins (A, B6, B12, C, D, and E),
folate, and some trace elements like zinc, iron, selenium,
and magnesium are present in these products that are
believed to be responsible for the therapeutic effects [11].
Caralluma species are gaining more interest among nutra-
ceutical companies owing to the presence of various phyto-
chemicals with antioxidative potential [12]. Caralluma
species have been extensively used for the treatment of var-
ious ailments like diabetes, rheumatism, leprosy, paralysis,
malaria, and inflammation. A considerable number of active
chemicals have been extracted from several Caralluma spe-
cies. Therefore, scientists are working to produce nutraceuti-
cals from natural products and their derivatives that can aid
in enhancing human health while avoiding side effects [13].

Adherence to a nutritious plant-based diet and an active
lifestyle, similar to that of our forefathers, may help in the
prevention and management of this growing menace of
MS. Among plant-based food sources, many indigenous,
wild edible plants are still lacking the attention of food scien-
tists, nutritionists, and processors. Thus, there is a need to
target such underutilized plant resources to address these
lifestyle-related disorders. Unfortunately, still no well-
defined studies are conducted to encourage the utilization
of historically known wild edible plants as a source of nutri-
tion and therapeutic. Purposely, numerous studies on the
nutritional content of wild edible plants are being carried
out to raise public attention to their use [2]. One such over-
looked plant with significant nutritional and nutraceutical
potential is C. fimbriata. Henceforth, this review has been

designed to compile the latest available scientific literature
on C. fimbriata to drive the attention of food and nutrition
experts, food technologists, dietitians, and clinicians toward
its nutritional and nutraceutical utilization at household,
industrial, and clinical levels. The primary motivation was
to select the underutilized medicinal plant, which is dis-
cussed in depth in this review, along with their mode of
action and potential mechanism, and could potentially be
utilized in the management and prevention of metabolic dis-
orders. This review focuses on different varieties and their
important bioactive compounds that have been presented
to target MS to open up new avenues for various treat-
ments/therapies [3]. Henceforth, this review has been
designed to compile the latest available ten years of scientific
studies on C. fimbriata to drive the attention of experts in
food and nutrition departments towards its encouraged die-
tary utilization. For this purpose, scientific studies from 2012
onwards were collected using advanced search options on
Google Scholar, ScienceDirect, and Scopus with the follow-
ing keywords: “Caralluma fimbriata” OR “Caralluma
adscendens” OR “Choong” AND “Metabolic Syndrome”
OR “Diabetes” OR “Hyperlipidemia” OR “hypertension”
OR “Obesity”.

2. C. fimbriata: An Edible Wild Medicinal Plant

The use of many indigenous medicinal plants is recom-
mended by the WHO owing to their accessibility, affordabil-
ity, and fewer adverse effects. Britain was the first to cultivate
C. fimbriata formally in 1830 [14]. Unfortunately, authori-
ties and agricultural entities continue to disregard or over-
look the production/cultivation of such wild plants.
Furthermore, as a result of overexploitation by the pharma-
ceutical industry, agriculture, mining, and fodder lopping,
these plants are fast disappearing and may become extinct
in the near future [15]. Therefore, to meet the global func-
tional food and nutraceutical industry demands, new power-
ful strategies are required to end this threatening decline
[16]. C. adscendens var. fimbriata, commonly known as C.
fimbriata [17], is locally known as “Choong” or “Choonga”
and “Kalli moolian” or” Karallamu” in Pakistan and India,
respectively [18]. It is a resilient roadside shrub with
cactus-like leaves and is well known in Ayurvedic medicine.
The plant is about 20-30 cm tall, erect, branching herb with
leafless four-angled green stem tapered to the tips. Its leaves
are small that only appear on young branches and fall off
quickly leaving spiky projections. Flowers bloom either sin-
gly or in groups at the ends of branches on short stalks. Its
flowers are 2 cm in diameter, with small petals of purple
color marked with golden and hairy borders [19]. Natural
bioactive supplements are becoming increasingly popular
for weight reduction, and C. fimbriata is currently regarded
as one such functional plant that has exhibited potential out-
comes [20].

C. fimbriata is an edible wild medicinal plant that grows
in dry areas and is known as “famine food” by tribal Indians.
Traditionally, it is eaten as a pickle or vegetable [21].
Through appropriate selection and climate adjustments, this
wild plant can be easily adapted for its large-scale cultivation
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[16]. History has reported its use during long hunting
periods since hunting tribes in the form of chewable por-
tions or chunks of the C. fimbriata to suppress hunger and
quench thirst. No incidence of adverse effects has been
reported after the use of C. fimbriata in the Indian subconti-
nent [22]. It contains pregnane glycosides that are known to
suppress hunger and increase endurance. The plant has been
studied for its antihyperglycemic and hypolipidemic proper-
ties, as well as hepatoprotective and antioxidant activities,
yielding significant results [18, 23]. It is also used to treat
pain, fever, and inflammation. The plant is commonly con-
sumed by ethnic populations of Central India to manage
obesity [24]. It also stimulates the central nervous system,
and its therapeutic benefits are attributable to the pregnane
group of glycosides found abundantly in them [25]. Flavone
glycosides, pregnane glycosides, saponins, triterpenoids, and
other flavonoids are important phytochemical constituents
of C. fimbriata that have been studied against various path-
ological conditions and metabolic disorders. Pregnane glyco-
sides are the secondary metabolites of C. fimbriata that are
the steroidal compounds conjugated with sugar moiety
[26]. They are related to altered lipid metabolism and inhibit
the synthesis of fatty acids [18, 27]. They also act on the
hypothalamus and cortisol, causing a feeling of fullness,
thereby reducing hunger, and are most likely responsible
for appetite suppression [28]. This occurs without any side
effects compared to the known appetite suppressant
drugs [29].

C. fimbriata extract (CFE) is commercially available in
several countries including Australia and New Zealand [30].
CFE has been granted generally recognized as safe (GRAS)
classification for use as a nutraceutical in the fight against
the world’s most significant public health problem (i.e., obe-
sity) [31]. For example, GenaSlim is a brand of CFE that has
been approved for weight loss programs. The use of CFE as
a therapeutic intervention is well known in Ayurvedic medi-
cine [32]. CFE can also be used as a natural antioxidant [33].
Other therapeutic applications of CFE reported in the litera-
ture include carminative, febrifugal, anthelmintic, antirheu-
matic, anti-inflammatory, antinociceptive, and antioxidant
actions [25]. Therefore, CFE could serve as an appropriate
chemically tested, safe, and effective appetite suppressant
resulting in weight loss, blood glucose, and lipid reduction
[34]. In addition, it has been used against malaria, hyperglyce-
mia, ulcers, cancers, and other diseases. Future research for
antiobesity and appetite-suppressant medications and nutra-
ceuticals should focus on this significant phytochemical-
pregnane glycoside [31]. It has been known to have hypolipid-
emic, antioxidant, hepatoprotective, antiobesogenic, and anti-
cancer properties with few side effects [23].

In the Indian Health Ministry’s comprehensive compila-
tion of medicinal plants, it is listed as a vegetable [22]. Also,
it is classified as famine food, hunger suppressor, and thirst
quencher in Indian Materia Medica [35]. Its aerial parts
are traditionally used as a culinary herb and cooked with
meat during the winter [24]. For decades, tribal communi-
ties in India have consumed this as a traditional vegetable
alternative. CFE is also largely available and easy to consume
despite its bitter taste. Its safety and toxicity profile has been

thoroughly investigated [30]. While in the semiarid areas of
Pakistan, its species have been used as emergency food for
centuries [21]. C. fimbriata’s dietary or supplemental utiliza-
tion is shown in Figure 1.

3. Nutritional and Phytochemical
Constituents of C. fimbriata

C. fimbriata has about 45% moisture, 9% ash, 4.8% fat,
0.67% fiber, 0.66% protein, 40% carbohydrates, and
207 kcal/100 grams in terms of its nutritive value with a sig-
nificant load of iron, manganese, zinc, and copper [36].
Another study indicated some variations but significant
amounts of fats, ash, sugars, and caloric contents accounting
for 8%, 6%, 30%, and 554 kcal/100 grams, respectively [20].
The examination of amino acid composition (mg/100 g dry
weight) of aerial parts of C. fimbriata revealed aspartic acid
21.6, glutamic acid negligible, alanine 120.72, methionine
22.56, tyrosine 130.08, lysine 316.56, threonine negligible,
proline 483.8, isoleucine 1578.24, phenylalanine 141.58,
tryptophan 157.36, glycine 108.29, arginine 51.58, histidine
84.48, and valine 342.95. Likewise, moisture 82%, lipid
5.6%, carbohydrates 55.4%, protein 3.5%, total free amino
acid 27.5%, crude fiber 15.3%, and ash 2.1% were also found
[27]. Table 1 elaborates on the phytochemicals identified in
C. fimbriata along with their bioactive potentials reported
in various studies. Future investigations for bioactive pep-
tides and genetic variations are still awaited in this regard
[37, 38].

Extraction of CFE based on various extraction methods
along with the detection and identification of bioactive nonnu-
tritive compounds of C. fimbriata as explained in Table 2
revealed considerable amounts of steroids, coumarin, phytos-
terol, flavonoids, and alkaloids and medium levels of diter-
penes and saponins while the relative absence of
anthocyanins, phenols, tannins, phlobatannins, and cardinal
glycosides. Similarly, steroids, coumarin, proteins, carbohy-
drates, diterpenes, phytosterol, flavonoids, saponins, and alka-
loids were identified positively along with the high
concentration of minerals and elemental compounds [22].
One more study looked into the existence of phytochemical
ingredients, total phenolics, and flavonoid contents along with
the antioxidant capacity of whole plant CFE utilizing various
in vitro assays based on Soxhlet’s extraction, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), nitric oxide (NO) scavenging, and fer-
ric reducing antioxidant power test (FRAP) techniques. The
total phenolic and flavonoid content of the plant ethanolic
extract were found to be 80:08 ± 0:629mg and 70:88 ± 1:170
mg, respectively. The ethanolic extract has higher antioxidant
activity than the other extracts as measured by DPPH, NO,
and FRAP [8]. Moreover, a study was conducted to check
the phytochemical constituents of CFE using different solvents
(aqueous, ethanolic, methanolic, and ethyl acetate). Methano-
lic extract revealed that the whole plant was rich in alkaloids,
flavonoids, glycosides, phenolic compounds, saponins, and
quinones. Mainly oleic acid (21.08%) and n-hexadecanoic acid
(44.23%) were detected [61]. Another study indicated that C.
fimbriata had total free phenolic 13.56mg/100g, while antinu-
tritional compounds, namely, tannins (112mg/100g) and
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oxalates (125mg/100g), were also observed [2]. CFE included
roughly 12% pregnane glycosides and 1.3% polyphenols
according to phytochemical analyses. The current findings
point to presumed C. fimbriata effects on ingestive behavior
which are most likely mediated by cerebral and peripheral
processes [55].

4. Therapeutic Potential and Bioactive
Compounds of Genus Caralluma

There are almost 18,000 flowering plant species that account
for nearly 11% of all plants in the world [6]. Caralluma is
among such beneficial medicinal flowering plants that

Caralluma fimbriata

Leaves and 
flowers

Herbal tea Raw/cooked as 
vegetable

Extract

Slimming tea Anti-obesity 
drugs

Supplemented 
foods drugs

Figure 1: C. fimbriata utilization in various dietary and supplemental forms.

Table 1: Phytochemical constituents in C. fimbriata.

Phytochemical
constituents

Bioactive potential Reference

Total polyphenolic
compounds

Antioxidant; cardioprotective; neuroprotective; and antihyperglycemic
[8, 22, 39, 40,

41, 42]

Flavonoids
Antioxidant; antiaging; anti-inflammatory; antifungal; immunomodulatory; cardioprotective;

antiviral; antimicrobian; antibacterial; and antiparasitic
[8, 22, 34, 40,

43]

Saponins Antitumor; antioxidative; anti-inflammatory; antidiabetic; and neuroprotective
[8, 22, 35, 40,

44]

Alkaloids Antiadipogenic; antihyperglycemic; and antioxidant
[8, 22, 39, 42,

45]

Anthocyanins
Protective against cardiovascular diseases; cancers; neurodegenerative disorders; and aging-

associated bone loss
[34, 46, 47]

Coumarins Antioxidants; antitumor [8, 22, 35, 48]

Tannins/gallic-
tannins

Antiulcerative; anti-inflammatory; antioxidant; antidiabetic; anticancer; and cardioprotective
[8, 39, 40, 49,

50]

Steroids — [22, 34].

Diterpenes Antiobesogenic; antihyperlipidemic; and anticarcinogenic [51, 52, 22]

Phytosterol Antihyperlipidemic; anticancer; antiapoptotic; cardioprotective; and anti-inflammatory [8, 40, 53]

Quinones — [8]

Terpenoids Anti-inflammatory; antitumor; and antiparasitic [8]

Anthraquinones Diuretic; antibacterial; antiulcer; anti-inflammatory; anticancer; and antinociceptive [8, 54]

Pregnane glycosides
Antidiabetic; antiobesity; antinociceptive; antiulcer; anti-inflammatory; antiarthritis; and wound

healing activities
[31, 55–58]

Pregnane steroids — [31]

Trigonelline Anti-inflammatory; antioxidant; antipathogenic; and antiaging [55, 59]

Glycosides — [60]
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belong to the family Apocynaceae and is found throughout
Asia (Afghanistan, India, Iran, Pakistan, and Sri Lanka),
Africa, Arabian Peninsula, Canary Islands, and Southeast
Europe. The name “Caralluma” is derived from the Arabic
word “qarh al-luhum” meaning “flesh wound” or “abscess”
[24]. Caralluma has approximately 200 genera and 2500 spe-
cies distributed all over the world, especially in tropical Asia
and the Mediterranean regions [31, 62]. The chemical com-
position of different species of Caralluma depends on the
growing conditions, morphological features, and genetic
characterization. The presence of different phytochemical
constituents makes them unique and diversified from one
another [63]. Different species of Caralluma, i.e., C. stalag-
mifera, C. adscendens var. attenuate, C. tuberculata, C. arab-

ica, C. attenuateWight, C. burchardii, C. edulis, C. europaea,
C. flava, C. indica, C. lasiantha, C. negevensis, C. sinaica, and
C. umbellata Haw, have been reported in the literature for
their beneficial outcomes. These species have antimalarial,
antiulcer, antioxidant, and antiproliferative properties and
are extensively used in traditional medicines for the treat-
ment of diabetes, rheumatism, paralysis, leprosy, and
inflammation. Table 3 elaborates some of the major bioac-
tive components of the Caralluma genus that are known
for their role against MS including pregnane glycosides, fla-
vonoid glycosides, flavones, magastigmane glycosides, preg-
nane steroids, steroidal glycosides, saturated and
unsaturated hydrocarbons, aromatic and nonaromatic vola-
tile chemicals, and β-sitosterol [31].

Table 2: Extraction and biochemical activity of C. fimbriata extracts (CFE).

Extraction Methodology Result References

Shade dried, powdered, and extracted in
Soxhlet’s apparatus using several solvents
including pet ether (PE), chloroform (C), ethyl
acetate (EA), ethanol (E), and aqueous (A)

Phytochemical screening:
TPC, TFC, and antioxidant
radical scavenging activity

analysis

Ethanolic extraction has shown a better
antioxidant profile, whereas saponins were

found in extracts of PE, C, and E
Alkaloids and phenols in EA and E
Anthraquinones in C, EA, and E

Carbohydrates in C
Flavonoids in E

Steroids in C and EA
Coumarins in EA, E, and A
Quinones in C, EA, and E
Tannins in C and EA

[8]

Dried (fluidized-bed drier at 45°C for 60min)
Homogenized (food processor)
Mixed with hot water (at 65°C for 3 h in a
temperature-controlled incubator shaker)
Cooled (room temperature)
Filtered (No.1 sinter glass funnel)
Centrifuged extract

Phenolic and flavonoid
content were analyzed

C. fimbriata acted as a natural antioxidant
against acrylamide and oxidative deterioration

due to higher phenolics and l flavonoid
content

[33]

Slimaluma®, a dry ethanolic extract from the
aerial portions of C. fimbriata

Phytochemical analysis using
NMR spectroscopy

Amino acids: leucine, isoleucine, alanine,
glutamine, and tryptophan

Organic acids: lactate, acetate, and formate
Carbohydrates: glucose, sucrose trigonelline,

and pregnanes

[55]

Shade drying method
Nutritional and

phytochemical analysis

Following phytochemicals detected steroid,
coumarin, proteins, carbohydrates, diterpenes,

phytosterol, flavonoids, and alkaloids
[22]

Shade drying method
Free phenolics and

antinutritional content were
analyzed

Total free phenolics and antinutritional
content (tannin and oxalates) were detected

positively
[2]

Shade dried, powdered, and extracted in
Soxhlet’s apparatus using several solvents
including chloroform, ethyl acetate, methanol,
and water

Phenolic and flavonoid
content were analyzed

Methanol and water extraction has shown
better antioxidant profiles and phenolic

compounds
[21]

Shade drying method
The amino acid composition

was checked

Following phytochemicals detected aspartic
acid, alanine, methionine, tyrosine, lysine,
isoleucine, glycine, and phenylalanine,

negligible amounts detected for glutamic acid
and threonine

[27]

Shade drying method using several extracts
Aqueous, ethyl acetate, ethanolic, and
methanolic extracts

GC-MS analyses were done

Alkaloids, flavonoids, glycosides, phenolic
compounds, saponins, quinones, oleic acid,
and n-hexadecanoic acid were positively

detected in methanolic extract

[61]
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Table 3: Bioactive compounds isolated from various Caralluma species.

Bioactive component Extraction
Therapeutic
potential

Species
variety

Reference

Pregnane glycosides (27 compounds) Methanolic extraction
High cytotoxic

activities
C. gracilis
C. dalzielii

[64]

Novel Pregnane glycoside
Ether eluates of methanol and benzene fractions

of ethanolic extract
— C. umbellate [64]

New pregnane glycosides (2-13) Ethanolic and butanolic extraction

Appetite
suppressant
Antiobesity

High cytotoxic
activity

C. fimbriata [64]

New pregnane glycosides (1-20) Chloroform and methanol extracts —
C. negevensis
C. russeliana
C. sinaica

[64]

Four tetrasaccharide pregnane
glycosides (desflavasides A-D)

Sap
Antidiabetic and

antiulcer
C. flava [64]

Pregnane glycosides (nizwaside) Sap
Anticancer
Antidiabetic
Antiulcer

C. flava [64, 65]

Pregnane glycosides (carumbelloside-
III and dihydro russelioside)

Ethanolic extraction

Antidiabetic
Antiobesity

Antinociceptive
Antiulcer

Anti-inflammatory
Antiarthritis effects
Wound healing

activities

C. pauciflora [58, 64]

Pregnane glycoside (russelioside B) n-Butanol fraction of methanol extract
Antidiabetic

Antihyperlipidemic
C.

quadrangular
[64]

Five pregnane glycosides
(caratuberside A-E); pregnant
glycoside-russelioside

Chloroform fraction of MeOH extract
Antimalarial

Antitrypanosomal
Cytotoxic potential

C.
tuberculata

[64]

Pregnane glycosides (desmiflavasides
A and B)

Sap
Antiproliferative
Antidiabetic
Antiulcer

C. flava [64, 65]

Pregnane glycosides (C15 oxypregnane
glycosides (penicillosides A–C))

Chloroform fraction of ethanol extract — C. penicillata [64]

Four acylated pregnane glycosides
(russeliosides E–H)

Methanolic extraction; chloroform extracts; and
n-butanol fraction of ethanol extract

—
C. penicillata
C. russeliana

[64]

Five pregnane derivatives
HPLC-UV
LC/MS-TOF

—
C. fimbriata
C. attenuata
C. umbellata

[66]

Polyoxy pregnane glycoside
(retrospinoside 1)

n-butanol fraction of methanol extract; ether
extracts

High cytotoxic
activity

C.
retrospections

[64]

Bisdesmosidic C21 pregnane steroidal
glycosides (lasianthosides-A and B)

n-Butanol fraction of ethanolic extract; less polar
solvent extraction

— C. lasiantha [64]

Pregnane steroidal glycoside
(androstan glycoside)

Ethyl acetate extract
Moderate cytotoxic

activity
C.

tuberculata
[64]

Steroidal glycosides (stalagmoside I–
IV)

Butanol fraction Anti-inflammatory
C.

stalagmifera
C. indica

[64]

Steroidal glycosides (Caradalzieloside
A-E)

CHCl3/MeOH — C. dalzielii [64]

Flavones glycoside (luteolin-4-O-
neohesperiodoside)

Methanolic extract; an n-butanol fraction of
ethanol extract

—
C. lasiantha
C. russeliana

[64]

Methanolic extract Anti-inflammatory C. negevensis [64]
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5. Metabolic Syndrome (MS)

Recent advancements in contemporary civilization have
resulted in a convenient lifestyle accompanied by poor nutri-

tion, fast food intake, lack of physical activity, and excessive
stress which are the major causes of many metabolic disor-
ders. Among these, diabetes, hypertension, and hyperlipid-
emia are the most common ones that can lead to serious

Table 3: Continued.

Bioactive component Extraction
Therapeutic
potential

Species
variety

Reference

Flavones glycoside (megastigmane
glycosides)

Flavone glycosides Methanolic extract; Antioxidant
C. negevensis
C. attenuate

[64]

Steroids/triterpenoids; pentacyclic
triterpenoid

n-Hexane; butanone, ethylene acetate, and n-
butanol; ethanolic extraction; and chloroform

extract

Antiapoptotic
Neuroprotective
Antioxidative
Anticancer

Anti-inflammatory

C. attenuate
C.

nilagiriana
C. russeliana
C. edulis

[64,
67–69]

Stigmasterol Less polar solvent extraction

Anti-inflammatory
Antiasthmatic
Antioxidative

Antiproliferative
Neuroprotective

C. lasiantha
C.

wissmannii

[64, 70,
71]

Two sterols Chloroform extract — C. russeliana [64]

Flavonoids
Butanone, ethylene acetate, and n-butanol;
ethanolic extraction; and chloroform extract

Antioxidant
Antitumor

Antimutagenic

C. attenuate
C.

nilagiriana
C. sinaica

C. umbellate
C.

tuberculata
C. edulis

[64, 67,
72]

Rutin Ethanolic extraction

Antidiabetic
Antibacterial

Anti-inflammatory
Cardioprotective

C.
nilagiriana
C. arabica

[64, 73]

Alkaloids Ethanolic extraction Antiadipogenic

C.
nilagiriana

C.
tuberculata
C. edulis

[45, 64,
67, 72,
74]

Tannins Ethanolic extraction

Anti-inflammatory
Antioxidant
Antidiabetic
Anticancer

Cardioprotective

C.
nilagiriana
C. umbellate
C. edulis

[50, 64,
67]

Quercetin —

Secondary
metabolite

Cardioprotective
Neurological
protection
Antioxidant

C. arabica
[64,

74–76]

Polyphenols/phenolic compounds Ethanolic extraction Antioxidant
C.

nilagiriana
C. edulis

[64, 67]

Saponins Butanone, ethylene acetate, and n-butanol
Immune system

enhancers

C. attenuate
C. umbellate

C.
tuberculata
C. edulis

[64, 67,
72]

7Oxidative Medicine and Cellular Longevity



ailments, i.e., cardiovascular diseases, atherosclerosis, cere-
brovascular diseases, and cancers. All such pathological con-
ditions have led to increased mortality attributable to
noncommunicable diseases related. Metabolic syndrome
(MS) is a collection of interrelated conditions that may lead
to type 2 diabetes and cardiovascular diseases. Dyslipidemia
(high levels of low-density lipoprotein (LDL), triglycerides
(TG), or low levels of high-density lipoprotein (HDL)), high
blood pressure, obesity, poor glucose metabolism, and/or
insulin resistance are the key biomarkers of MS [77]. MS,
also known as syndrome X or insulin resistance syndrome,
is a group of risk factors for heart diseases affecting over a
billion people worldwide [78]. MS is the leading cause of
sickness and mortality in both developed and developing
countries with significant economic consequences [79]. Obe-
sity, diabetes mellitus, nonalcoholic fatty liver disease,
stroke, and cardiovascular diseases have all reached epi-
demic proportions in recent decades and have become cru-
cial for clinical and translational research [80].
Interestingly, each of these disorders has distinct physiolog-
ical and clinical symptoms; they appear to share pathological
traits such as intracellular stress and inflammation caused by
metabolic disturbances resulting from excessive nutrition
which is frequently aggravated by a modern sedentary life-
style [81].

MS, whether inherited or acquired, has been regarded as
a critically important health issue worldwide that needs
quick and effective management. A significant proportion
of these ailments is still difficult to manage effectively despite
enormous advancements in contemporary medicines. Multi-

ple underlying causes including hereditary transmission,
imbalanced diet, and unhealthy lifestyle are attributed to
the growing burden of the said diseases [4]. Common bio-
markers used for early detection and differential diagnosis
of numerous metabolic disorders have been called into ques-
tion owing to significant interindividual variability. For
example, not all obese individuals have metabolic issues later
in life, and 25–40% of them can lead healthy lives as well.
Hence, early screening of high-risk individuals is critical
for the prevention and management of MS [80]. The most
prevalent features of the pathogenesis of MS are insulin
resistance and visceral adiposity, even though it is diagnosed
based on at least three metabolic abnormalities. Currently,
scientists are concentrating their efforts on dietary compo-
nents that have the potential to prevent a variety of chronic
issues. As a result, consumers are shifting away from dietary
supplements toward more nutritious eating habits [77].

6. Therapeutical Potential of C.
fimbriata against MS

Various scientific studies have established the baselines for
the potent therapeutical potential of C. fimbriata due to
the wide range of phytochemicals therein with scientifi-
cally proven nutraceutical active potentials (as elaborated
in Tables 1 and 2). Many of those nutraceutical compo-
nents have been found protective against ailments of MS,
i.e., diabetes mellitus, hypertension, hyperlipidemia, and
obesity, for whom mechanisms of action have been listed
in Table 4. Studies investigating the therapeutical potential

Table 4: Different bioactive compounds of C. fimbriata against MS.

Target health
problem

Bioactive
compound

Mechanism of action Reference

Diabetes
mellitus

Pregnane
glycoside

The hypoglycemic action is mainly due to the lowering of intestinal glucose absorption or
stimulating pancreatic insulin production

[58]

Quercetin
Stimulate the glucose uptake resulted in the translocation of glucose transporter 4

Reduced the production of sugars by downregulating the key gluconeogenesis enzymes
[82]

Rutin
Improves insulin secretions
Restore glycogen content

Inhibit the formation of the advanced glycation end product
[83]

Saponin
Induces insulin production
Oxidative stress amelioration

[83]

Hyperlipidemia

Flavonoids Exhibit inhibitory effect against pancreatic lipase [26]

Quercetin

Able to inhibit lipid peroxidation
Decreased the production of reactive oxygen species and act as an anti-inflammatory
Inhibit the production of lipoxygenase and cyclooxygenase which are induced by

inflammation

[82]

Hypertension Flavonoids
Able to modulate blood pressure by restoring the endothelial function or by affecting nitric

oxide levels
[84]

Obesity

Pregnane
glycoside

Aids in fat burning and hunger suppression
Works by inhibiting the citrate lyase enzyme and stops the body to produce fat

Inhibit malonyl-CoA and block fat synthesis and helps in burning of stored fat resulting in
weight loss

[85]

Quercetin
Decrease the action of an enzyme related to adipogenesis

Downregulate the apoptosis while upregulating substrate acetyl-CoA carboxylase
[82]
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of C. fimbriata against MS have been enlisted in Table 5,
and the important description of these studies has been
discussed here under the relevant subheadings of this
section.

6.1. Antidiabetic Potential of C. fimbriata. Diabetes mellitus
is a metabolic disorder characterized by high blood glucose
levels caused by insufficient or ineffective pancreatic insulin.
According to WHO, diabetes affects 3% of the world’s

Table 5: Various studies of C. fimbriata’s therapeutic potential against MS.

Main component Study subject Material and method Result References

CFE
Overweight

adults
Daily supplementation (16 weeks)

A significant effect on body weight
maintenance was observed

[20]

CFE Adults (97) 500mg for 8 weeks Significant reduction in stress and anxiety [28]

CFE
A 14-year-old
female (PWS)

CFE supplementation over 12 years
Significant effect against hyperphagia and

obesity
[32]

Hydroalcoholic
extract of C.
fimbriata

Animal model
(40 rats)

HFD-induced cardiac damage was
analyzed

Cardiac protective outcomes were observed [62]

C. fimbriata
Human colon
cancer cells

MTT cell viability assay was performed
on KB cell lines

Good antiproliferative activity against KB
mouth cell line

[88]

Hydroalcoholic
extract of C.
fimbriata

Animal model
(Wister rats)

Oxidative stress markers GSH, LO,
PO, SDH, and AR were examined

Reduced oxidative and pancreatic damage
caused by HFD

[89]

Hydroalcoholic
extract of C.
fimbriata

Animal model
(HFD diabetic

rats)

Carbohydrate metabolism was
analyzed in rats with HFD

Significantly restore the levels of glycogen in
the liver and muscles

[18]

Ethanolic leaf
extract of C.
fimbriata

Human colon
cancer cell

Antiproliferative effects were evaluated
using MTT assays

Reduced cell proliferation by inducing
cytotoxicity of COLO 320 cells

[88]

Commercially
available CFE

Animal model
(female rats)

Modulation of brain neuropeptides
NPY and ORX

Significant reduction in weight gain [55]

Ethanolic leaf
extract of C.
fimbriata

Vitro approach
Alpha-amylase and alpha-glucosidase
inhibitory assay with acarbose as

control
Potent antihyperglycemic activity [23]

Hydroalcoholic
extract of C.
fimbriata

Animal model
(male Wister

rats)

Renal functional and oxidative stress
markers were checked

Effectively alleviated the HFD-induced renal
damage

[35]

CFE and
metformin

Wister rats Lipid profile was analyzed Significant reduction in lipid profile [39]

CFE Male Wister rats Oxidative stress markers were checked Significant protection against HF diet [34]

CFE
Animal and
human

Snord116 deletion Significant alteration in appetite [90]

CFE
PWS children
and adolescents

Appetite behavior was recorded Significant reduction in hyperphagia [30]

CFE
Overweight and
obese individuals

Anthropometry, appetite, and
biochemical investigation done

No significant changes in the biochemical and
clinical parameters

[91]

CFE Animal model
Glucose, leptin, and triglycerides were

measured
Significant reduction in insulin resistance and

oxidative stress
[14]

CFE Animal model Metabolic parameters were assessed
Significant reduction in food intake and blood

pressure
[92]

CFE Animal model
Hepatotoxic, diabetic, and renal

toxicities were analyzed
Significant reduction in diabetes [87]

CFE Animal model
Renal and liver function tests were

measured
Significant reduction in body weight and lipid

profile
[93]

CFE Animal model
Serum lipid profile and blood glucose

were measured
Significant alteration in lipid profile and body

weight
[94]

CFE
Overweight and
obese individuals

500mg capsules twice for 12 weeks
CFE showed a reduction in BMI, weight gain,
hip circumference, and systolic blood pressure

[95]
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population, and the prevalence is anticipated to double to
6.3% by 2025 [79]. According to statistics approximately
79.4 million people in India alone will be infected with the
disease by 2030 [23]. As the prevalence of diseases rises,
experts must look for more effective therapies with fewer
side effects. Diabetes is treated with a wide variety of phar-
macological medications. Although there are various types
of oral hypoglycemic drugs and insulins available for the
treatment of diabetes mellitus, people are increasingly seek-
ing natural antidiabetic therapies with fewer adverse effects
[86]. Currently, existing allopathic drugs have the potential
to produce obesity and hyperandrogenemia while reducing
blood glucose levels. Traditional medicinal herbs are used
to treat diabetes mellitus all around the globe since they
are less toxic and less costly and have fewer adverse effects
than synthetic medicines. As a result, research on drugs
derived from traditional medicinal plants has grown in
importance [87].

Diet is one of the key elements that impact metabolic
homeostasis including impaired glucose and lipid metabo-
lism [18]. Insulin resistance and related disorders such as
obesity and type 2 diabetes mellitus are linked to a high die-
tary fat intake. Controlling postprandial hyperglycemia and
fat absorption through inhibition of enzymes responsible
for glycoside and lipid hydrolysis should help to reduce
MS complications [26]. The hypoglycemic action of the
pregnane glycoside is mainly attributed to the lowering of
intestinal glucose absorption or stimulation of pancreatic
insulin production [58].

Figure 2 represents the regulatory mechanism involved
in the antidiabetic and antiobesity potentials of C. fimbriata.
A study was carried out to assess the CFE for its modulatory
effects on carbohydrate metabolism and inhibition of α-
amylase as measured by key enzyme activities and changes

in glycogen content (liver and muscle) in a high-fat diet-
(HFD-) fed diabetic rats. The results revealed that both
CFE and metformin administration prevented changes in
the activities of glucose metabolism enzymes and dramati-
cally restored glycogen levels in the liver and muscle of
HFD-fed rats. Furthermore, muscle myofiber degeneration
and fat accumulation were less pronounced in these groups.
Such findings suggest that CFE is beneficial in regulating
carbohydrate metabolism associated with high-calorie diet
consumption [18]. Another study investigated the antihy-
perglycemic properties of CFE. Purposely, α-amylase and
α-glucosidase inhibitory assays were performed on different
concentrations (1–1000μg/mL) of the C. fimbriata leaf
extract with controlled acarbose. The extract was used
(100μg/mL) in a glucose uptake experiment along with met-
formin and insulin as control treatments. CFE displayed a
significant inhibitory effect on glucose metabolism enzymes.
CFE showed highest glucose absorption (66:32 ± 0:29%) at
100μg/mL, 74:44 ± 1:72% for metformin (10 g/mL), and
85:55 ± 1:14% for insulin (10μmM). The results confirmed
CFE to be safe because the IC50 of extract and metformin
in the cell line examined was 1000μg/mL and 1000μM,
respectively [23].

Another investigation was aimed at checking the effects
of CFE on insulin resistance and oxidative stress caused by
the HFD in Wistar rats. The rats were given the HFD and
CFE (200mg/kg body weight/day) for 90 days. Hyperglyce-
mia, hyperinsulinemia, hyperleptinemia, hypertriglyc-
eridemia, and reduced insulin sensitivity were developed as
a result of HFD. The rats fed on HFD had increased levels
of lipid peroxidation, protein oxidation, lower growth-
stimulating hormone (GSH) levels, and reduced enzymatic
antioxidant activity in the liver, whereas CFE therapy cor-
rected all these abnormalities. Moreover, the study revealed
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that CFE helped to reduce insulin resistance and oxidative
stress caused by HFD [14]. Another study was done to check
the effect of CFE in diabetic rats. At different treatment
periods, oral administration of CFE to diabetic rats at doses
of 100 and 200mg/kg body weight resulted in a significant
reduction in blood glucose. Other parameters of the study
included body weight, glycosylated hemoglobin (HbA1c),
plasma insulin, total protein, liver, and renal biomarkers.
The CFE-treated diabetic rats considerably recovered from
hepatotoxicity, diabetes, and renal toxicity [87].

6.2. Antihypertensive Potential of C. fimbriata. Hypertension
is defined as systolic blood pressure (≥140mmHg) and dia-
stolic blood pressure (≥90mmHg). The use of antihyperten-
sive medication is a major public health concern around the
world. In 2000, 26.4% of people in the world had hyperten-
sion, which was expected to rise to 29.2% by 2025. In 2017,
high blood pressure caused 10.4 million deaths along with
218 million disability-adjusted life-span worldwide [96].
Hypertension is among the major risk factors for heart dis-
eases and strokes [97].

The development of atherosclerotic lesions due to the
alterations in endothelial cell functioning contributes to the
progression of cardiovascular disease. Increased generation
of reactive oxygen species, oxidative stress, and reduced bio-
availability of nitric oxide are all related to endothelial dys-
function, which can lead to arterial hardening and an
increase in blood pressure. Flavonoids are the secondary
metabolites and important constituents of Caralluma that
act as antihypertensive agents by restoring endothelial func-
tion and by affecting the levels of nitric oxide [84]. The
administration of CFE positively affected the metabolic
markers in HFD-fed Wistar rats. After the intervention,
organ weights, belly circumference, total cholesterol, triglyc-
erides, and liver lipid content were all measured. The CFE
appeared to have potential appetite-suppressing, antiobesity,
and antihypertensive outcomes [92].

6.3. Antiobesity Potential of C. fimbriata. Obesity is one of
the most serious public health problems of the 21st century.
Obesity and overweight are both defined as an abnormal or
excessive buildup of fat mass that has the potential to harm
human health. According to the WHO, the global preva-
lence of obesity nearly quadrupled between 1975 and 2016
[98]. In 2016, the World Health Organization estimated that
39% of adults (1.9 billion) and 13% (650 million) were over-
weight or obese, respectively [99]. Obesity has been linked to
a variety of ailments including heart disease, cancer, arthri-
tis, hypertension, stroke, hyperlipidemia, and diabetes
[100]. According to the National Health and Nutrition
Examination Survey, the percentage of adults over the age
of 20 who are obese in the United States grew from 13% to
30% between 1960 and 2000 [14]. Obesity treatment usually
includes dietary modulations and physical activity adapta-
tions in the form of lifestyle changes. When lifestyle modifi-
cations are ineffective, pharmacotherapy is generally
prescribed as a second-line treatment [92]. C. fimbriata aids
in fat burning and hunger suppression. It works by inhibit-
ing the citrate lyase enzyme, causing our bodies to stop pro-

ducing fat and also inhibits the production of malonyl
coenzyme A, which promotes the oxidation of stored fatty
acids. Hence, it can be an effective intervention to block fat
synthesis. Furthermore, it helps in the burning of stored fat
resulting in weight loss [85].

A recent study was carried out to investigate how CFE
affects satiety indicators and body composition in over-
weight adults. For this purpose, 83 men and women aged
20 to 50 years old took 1 g/day of CFE for 16 weeks. The pla-
cebo group’s plasma leptin levels rose at week 16, whereas
the CFE group remained the same. In addition, the CFE
group’s waist circumference decreased by 2.7 cm. The pla-
cebo group gained weight, but the CFE group dropped
weight from the start (0.37 kg gain versus 0.33 kg loss). Evi-
dently, the CFE has been shown to help people maintain
their weight [20].

The CFE has also been used as a “natural slimming” die-
tary supplement because of its high concentration of preg-
nane glycosides. An efficacy trial on “Slimaluma”
containing 100mg/kg of CFE in female rats effectively mod-
ulated ingestive behavior and regulation of the brain neuro-
peptide Y (NPY) and orexin (ORX). Interference of CFE
with the enzymes amylase and lipase has been examined
in vitro as a possible adverse effect mechanism. The chemi-
cal composition of CFE was also figured out using NMR
and spectrophotometric studies. According to the results of
in vivo experiment, CFE did not affect blood parameters
and liver/gut histomorphology. Increased water consump-
tion and hypothalamic levels of NPY and ORX peptides
were shown to minimize body weight gain [55]. A study
was conducted to evaluate the efficacy of CFE in overweight
and obese individuals. For this purpose, 89 patients were
randomized into a treatment group and a placebo group. A
capsule of 500mg of CFE was given for 12 weeks daily.
The results revealed that there were no significant changes
in weight, body mass index, waist, and hip circumference
[91]. Another study was conducted to investigate the effect
of CFE on body weight, appetite, and lipid profile in obese
rats. For this purpose, CFE was given 100mg/kg for 50 days.
The findings showed a significant reduction in body weight
and lipid profile [93]. Likewise, the effect of CFE (500mg
twice daily) with restricted dietary intake and physical exer-
cise was investigated in 33 overweight and obese subjects.
The final results displayed a significant decline in BMI, body
weight, hip circumference, total fat, and systolic blood pres-
sure [95].

6.4. Antihyperlipidemic Potential of C. fimbriata. A study
investigated the hypolipidemic potential of C. fimbriata.
The results of the study revealed that HFD-induced heart
damage in rats had increased the serum lipid profile such
as total lipids, triglycerides, total cholesterol, and free fatty
acids. All such abnormally raised values were considerably
mitigated by CFE therapy due to an increase in lipid perox-
idation and protein oxidation. The activity of antioxidant
enzymes, i.e., creatine kinase, aldose reductase, and sorbitol
dehydrogenase, was also significantly reduced. The study
indicated that CFE was an adjuvant medication to prevent
or manage heart damage caused by the HFD [62]. Similarly,
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a study compared the protective effects of CFE and metfor-
min against HFD-mediated oxidative stress, which contrib-
utes to pancreatic fibrosis in Wistar rats. Reduced
glutathione, lipid oxidation, protein oxidation, and activity
of antioxidant and polyol pathway enzymes, aldose reduc-
tase, and sorbitol dehydrogenase were measured in the pan-
creas after 90 days of intervention. Both CFE and metformin
groups were able to avoid oxidative damage, while CFE had
a better antioxidant status. The CFE therapy reduced acinar
cell degeneration, necrosis, edema, and bleeding. Moreover,
CFE proved an adjuvant therapy in the prevention or man-
aging pancreatic damage caused by HFD [89]. Another
study was conducted to check the effect of CFE (200mg/kg
body weight) and metformin (20mg/kg body weight) on
HFD-induced changes in lipid metabolism of Wister rats.
Hypercholesterolemia and hypertriglyceridemia with
decreased HDL cholesterol, LDL cholesterol, and VLDL
cholesterol were observed in HFD-fed group, while CFE/
metformin proved valuable in ameliorating lipid metabolism
biomarkers [35]. Similarly, a study was carried out to evalu-
ate the impact of CFE (100mg/kg/day) on lipid profile and
body weight for the duration of 50 days. The results showed
a significant reduction in lipid profile and body weight
gain [94].

7. Nutraceutical Potentials of C.
fimbriata against Other Diseases

7.1. Appetite-Suppressant Potential of C. fimbriata. Five
mechanisms by which herbal medicines and their products
can help people lose weight are as follows: (1) appetite sup-
pression, thereby reducing energy intake, (2) stimulation of
thermogenesis, (3) inhibition of pancreatic lipase activity,
(4) reducing fat absorption, and (5) alteration in lipogenesis
[99] (elaborated in Figure 1). Caralluma is a natural appetite
suppressant that can be used as a weight loss supplement.
Supplementation with C. fimbriata can lead to a clinically
meaningful reduction in central adiposity, a key component
of MS associated with other risk factors such as elevated
blood pressure and cardiovascular disease. It contains preg-
nane glycosides, a class of naturally occurring compounds
believed to inhibit the formation of fat [19]. A study
revealed that a 14-year-old girl with Prader-Willi syn-
drome (PWS) was successfully treated for hyperphagia.
At the age of two, the child began taking a supplemented
CFE for appetite control. The CFE was given as a drink
once a day, and the dose was gradually increased for appe-
tite suppression. After extensive testing, blood count, vita-
mins, essential minerals, HbA1c, IGF-1, liver, and thyroid
function tests were all within normal ranges. The study
indicated that CFE may be effective in preventing hyper-
phagia and obesity in PWS through early intervention
[32]. Another study explicated that supplementation of
CFE reduced hyperphagia in children and adolescents with
PWS. The CFE supplementation resulted in a substantial
drop in hyperphagia at the highest dose of 1000mg/day.
The findings suggest that CFE may have a positive impact
on PWS management [30].

7.2. Anticarcinogenic Potential of C. fimbriata. The Indian
plant C. fimbriata has been shown to have cytotoxic activi-
ties against human colon cancer cell lines [88]. Human
colon cancer is a malignant tumor of the digestive tract that
is one of the major causes of death in both men and women
worldwide. Colon cancer is currently the third most com-
mon cancer type in humans, the fourth most common cause
of cancer-related death, and the second most common can-
cer type in terms of people living with cancer about 5 years
after diagnosis. Every year, around 694,000 people world-
wide die from colon cancer [88]. A study revealed against
the KB mouth cell line CFE showed good antiproliferative
action after assessing the drug’s practical application and
clinical efficacy; it may be utilized to treat oral cancer [92].
A study was done to see if CFE affected the COLO 320 cell
line’s cytotoxicity. For 24 hours, COLO 320 cells were
treated with varying amounts of CFE (100–300 g/mL). In
COLO 320 human colon cancer cells, CFE increased cyto-
toxicity. The most cytotoxic effect was seen at the highest
dose of 300μg with an IC50 of 233.87μg. The results revealed
that inducing cytotoxicity in COLO 320 cells with CFE
reduced cell growth [88]. The 2,5-diphenyl2H-tetrazolium
bromide (MTT) cell viability experiment was done on KB
cell lines that had been treated for 24 hours with increasing
doses of ethanolic extract of C. fimbriata. The result was
analyzed using cyclophosphamide as a positive control. In
another study, viability of the cells at maximum concentra-
tion was found to be 28.47%, while the control showed
21.87% cell viability. CFE showed dose-dependent cytotoxic-
ity with maximum toxicity of 71.52% at the maximum con-
centration. The inhibitory concentration (IC50) value of CFE
was found to be 28.39μg/mL. Against the KB mouth cell
line, CFE showed good antiproliferative action [88].

7.3. Antidepressant and Anti-Antioxidative Potential of C.
fimbriata. In Western cultures, the global prevalence of diag-
nosed anxiety disorders is greater than 10%. There are also a
significant number of people who suffer from anxiety but
have not been diagnosed with a mental illness. Stress and
subclinical (mild to moderate) anxiety are now widely
accepted as lowering the quality of life [28]. Increased for-
mation of free radicals causes oxidative stress which is linked
to lower antioxidant levels in the myocardium and plays a
crucial role in cardiovascular disease [62]. A study was done
to check the effect of CFE in lowering anxiety and stress in
healthy individuals. An 8-week double-blind randomized
clinical experiment in which 97 people with mild to moder-
ate anxiety were administered either 500mg CFE (n=49) or
500mg placebo (n=48) in a double-blind placebo-controlled
trial. The GAD-7, perceived stress scale (PSS), positive and
negative affect schedule (PANAS), and salivary cortisol were
used to assess the timing of treatment impact at baseline,
week 4, and week 8. CFE proved superior to placebo in low-
ering subclinical anxiety and stress over 8 weeks [28]. C. fim-
briata revealed protection of testes of male Wister rats from
oxidative stress caused by the HFD. CFE was given orally to
rats in groups C+CFE and HFD+CFE for 90 days (200mg/
kg body weight). HFD-fed rats had greater levels of lipid per-
oxidation, protein oxidation, polyol pathway enzymes,
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reduced GSH levels, and decreased antioxidant activity in
their testes, but CFE therapy corrected all of these abnormal-
ities. CFE provided considerable protection against HFD-
induced testicular oxidative damage [39]. A study used C.
fimbriata as a natural antioxidant succulent cactus. The
results revealed that fresh CFE had the maximum phenolic
level of 96:4 ± 0:1mg GAE/g, while the raw potato extract
had a much lower phenolic content of 27:4 ± 0:3mg GAE/
g. The raw potato had 38:8 ± 0:2mg QE/g of flavonoid con-
tent, while the fresh CFE had 54:4 ± 0:1mg QE/g. After
immersion treatment, CFE was found more effective in
reducing acrylamide levels in French fries (42.5 g/kg) [33].

8. Safety and Tolerability/Toxicity Assessment

For human consumption, C. fimbriata is considered phar-
macologically safe due to its natural occurrence and less tox-
icity. However, in some cases, it has been reported with no
serious adverse effects by subjects of the study. The reported
side effects were minor and limited to mild gastrointestinal
symptoms such as constipation, flatulence, abdominal dis-
tention, and gastritis. All the above symptoms disappeared
within a week, and the drug was shown to be nontoxic up
to a dose of 2000mg/kg. Hence, standardized extract of C.
fimbriata was clinically tested and proven with no known
side effects and was approved by TGA (Therapeutic Good
Administration, Australia) [101]. Similarly, a study was done
to check the toxicological assessment of CFE at different
doses of 100, 300, and 1000mg/kg body weight for six
months in Sprague Dawley rats. No treatment-related toxic-
ity or deaths were seen up to the maximum dose [102].
Another study was conducted to check the limitation of
CFE, resulted in no reported adverse effects at the recom-
mended dose of 1000mg/kg [30]. Moreover, an efficacy
study revealed that it was found to be nontoxic even up to
the dose of 2000mg/kg body weight [103].

9. Conclusion

The Caralluma genus comprises 260 species, and almost all
of them have been considerably used for the treatment of
various diseases. A large number of bioactive compounds
like pregnane glycosides, megastigmane glycosides, alka-
loids, quercetin, and flavone glycosides have been isolated
from Caralluma species and used against obesity, diabetes,
hypertension, ulcers, and cancer. One of these species, C.
fimbriata, is an indigenous, wild, edible, succulent roadside
shrub with cactus-like leaves. Exploration of the nutritional
and nutraceutical potential of C. fimbriata has revealed sig-
nificant bioactive constituents that have shown amelioration
in cardiometabolic biomarkers, hyperglycemia, obesity, and
appetite control. Hence, this neglected and underutilized
vegetable should be more cultivated for its regular dietary
utilization. The summarized data of this review has revealed
that there is still very little work done on C. fimbriata. There-
fore, more research on such a hidden miraculous plant and
its reported active biomolecules should be done to authenti-
cate its GRAS status. Further phytochemical and pharmaco-
logical research with more work done on innovative ideas to

incorporate CFE in diet or supplements should be done to
address critical health concerns prevailing in developed as
well as developing countries. As this plant still needs to get
spotlighted in food and biomedical science, therefore, future
investigations are welcomed to identify its therapeutic
potential against different diseases either metabolic syn-
drome or not. Such studies can serve as a scientific baseline
for designing a safer nutraceutical approach to these
diseases.
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According to a widely accepted theory, oxidative stress is considered to be the number one trigger of aging-associated degenerative
processes including cardiovascular diseases. In the context of aging-research, resveratrol receives special attention with its
surprising number of health benefits. The aim of our study was to examine the anti-inflammatory and antioxidant effects of
this dietary polyphenol in aging rat heart. 20-month-old female and male Wistar rats were divided into control (untreated)
and resveratrol-treated groups. Resveratrol was administered at a dose of 0.05mg/ml for 12 weeks dissolved in drinking water,
while the control rats received ad libitum water. Cardiac level of reactive oxygen species (ROS), nuclear factor kappa B (NFκB),
tumor necrosis factor alpha (TNF-α), and glutathione (GSH) parameters, as well as the activity of myeloperoxidase (MPO) and
heme oxygenase (HO) enzymes were detected. Together with the biochemical measurements, hearts were isolated and used for
an exposure of ischemic-reperfusion injury via Langendorff perfusion system. 12 week of resveratrol treatment suppressed the
age-related inflammatory pathways including the expression of TNF-α, NFκB, and the activity of MPO while intensified the
endogenous antioxidant defenses through the induction of GSH and HO system. Presumably, as a result of these processes, the
necrotic area of the heart in response to an acute injury was also significantly reduced in the resveratrol-treated groups. Our
findings confirmed that resveratrol has cardioprotective effects at several points by counteracting the aging-associated cellular
malfunctions in the heart.

1. Introduction

Aging is a multifactorial biological process driven by a vari-
ety of cellular changes which ultimately affect protein
homeostasis, chromosome structure, and genetic informa-
tion. The hallmarks of aging are postulated to originate from
oxidative damages and the resulting disrupted redox imbal-
ance [1]. Oxidative stress can cause premature apoptosis or

senescence by impairing the cellular milieu, and this altered
cellular fate serves as a major determinant of lifespan [2].
Furthermore, it is important to note that changes in cellular
redox status and cell death signaling pathways are also caus-
ally related to the development of chronic inflammation [3].
Age-related oxidative stress and inflammation inevitably
pose a threat to cardiovascular health; however, with the lat-
est medical advancements, antioxidant active agents, and
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lifestyle changes, it is now possible to slow down aging pro-
cesses and avert the progression of age-related cardiovascu-
lar conditions [4–6].

Resveratrol (RESV) is a stilbenoid polyphenol originally
extracted from the roots of Veratrum grandiflorum but has
been detected in many other plants since then, such as
grapes, berries, and peanuts. It exists in two isoforms,
namely, cis-, trans-resveratrol, the latter of which is consid-
ered to be a more biologically active and stable form [7].
In 1992, Renaud and De Lorgeril were the first who set a
parallel between wine-related polyphenols and reduced risk
of adverse cardiovascular outcomes and named this phe-
nomenon the “French paradox” [8]. RESV has gained an
outstanding scientific interest ever since due to its wide-
ranging biological effects. It has a remarkable ability to coun-
teract a number of noncommunicable diseases and has been
shown to be particularly effective in the treatment of cardio-
vascular diseases (CVD) thanks to its anti-inflammatory and
antioxidant properties. [9–11]. Numerous experimental
studies verified that RESV plays an important role in the
prevention of CVDs by affecting cardiac Ca2+ homeostasis,
hypertrophic signaling pathways, and myocyte apoptosis
[12–14]. Additionally, it has also been demonstrated that
RESV has an exceptional capability to extend the lifespan
of multiple model organisms, bolstering hope that these
findings can be translated into further medical studies in
the future [15].

Based on the literature, we assumed that a long-term
RESV intake may be an effective agent against age-derived
myocardial damages in rat model. Therefore, the aim of
our study was to explore the cardiac anti-inflammatory
and antioxidant effects of RESV and whether these RESV-
mediated protective effects are manifested in acute cardiac
injury.

2. Materials and Method

2.1. Experimental Protocol. In this study, 20 month-old male
and female Wistar rats (n = 7 − 9 rats per group) were used
(Toxi-Coop, Hungary). Animals were kept under standard
circumstances according to the regulations of the Directive
2010/63/EU. At the beginning of the study, within the sexes,
rats were divided into the following two subgroups: control
(CTRL) and RESV-consuming animals. Control rats
received ad libitum water throughout the study, while RESV
animals got 0.05mg/mltrans-resveratrol (AK Scientific,
USA) dissolved in their drinking water for 12 weeks [16].
This dose was chosen to provide the adequate mg/kg body-
weight dose (7.5mg/kg) based on the animals’ consumption
[17]. Dissolved RESV was placed into the cages in a tinted
glass in order to prevent photochemical isomerization. At
the end of the study, rats were sacrificed, and their hearts
were either perfused via Langendorff system in order to
expose the size of infarction as a result of a left anterior
descending coronary artery (LAD) occlusion or were
clamped and stored at -80°C for further biochemical mea-
surements. All procedures were approved by the National
Scientific Ethical Committee on Animal Experimentation
(XX./2317/2021.) and correspond to the ARRIVE guidelines.

2.2. Ischemia-Reperfusion Injury Modelling with Langendorff
Perfusion System. After anesthesia, animals were subjected to
cervical dislocation, and their hearts were removed by max-
imal aortic excision. Using an ice-cold Krebs-Henseleit
buffer (1.24mM KH2PO4, 20.1mM NaHCO2, 1.25mM
CaCl2, 4.7mM KCl, 119mM NaCl, 1.24mM MgSO4,
11.2mM glucose, and 1.24mM MgSO4), hearts were sus-
pended through the aorta and placed on a Langendorff per-
fusion column. Retrograde perfusion of the hearts was
performed under the following conditions: pressure 75mm
Hg, 5% CO2, 95% O2, and 37°C. Ischemic injury was mod-
eled by LAD ligation for 30min followed by reperfusion
for 120min. Hearts were then perfused with Evans blue
solution (1%) and placed in a -20°C freezer until further
analysis.

2.3. Determination of Infarct Size. To determine the area of
infarct, frozen hearts were sliced into 2mm-thick pieces per-
pendicular to the apico-basal axis and incubated at 37°C for
10min in 1% 2,3,5-triphenyl tetrazolium chloride (TTC)
solution. Slices were then immersed in 10% formalin solu-
tion and washed with phosphate buffer (pH7.4). The heart
slices were photographed between two glass slides, and the
infarction area was evaluated using Image J program, its size
was expressed as the percentage of the area at risk.

2.4. Determination of NFκB, ROS, and TNF-α Concentration.
Powdered heart tissues were homogenized with a given
amount of phosphate-buffered saline (PBS; pH7.4) with a
handheld homogenizer. Samples were placed in the centri-
fuge for 20 minutes (at 2000 rpm, 4°C); then, supernatants
were collected and kept on ice. Standards were diluted
according to the manual of the Enzyme-linked Immunosor-
bent Assay (ELISA; GenAsia Biotech) kits. Sample solution
wells included 40μl sample, 10μl antibody, and 50μl
streptavidin-HRP. After covering the plate with a seal plate
membrane, reagents together with samples were incubated
at 37°C for 60 minutes. Color development was initiated by
chromogen solutions A and B and stop solution. At the
end of the assay, absorbance (OD) of each well was mea-
sured under 450nm wavelength. The color shade of the sam-
ples is positively correlated with the concentration of the
aforementioned enzymes. NFκB and TNF-α values were
defined as pg/mg protein, while ROS concentration was
expressed as μU/mg protein.

2.5. Determination of MPO Activity. Heart tissues were
homogenized twice for 10 seconds in a buffer containing
PBS and 0.5% hexadecyltrimethylammonium bromide
(HETAB). Samples were frozen and thawed four times, for
better cell disruption; then, homogenates were centrifuged
for 15 minutes, at 10 000 and 4°C. For the activity measure-
ment, 12μl of standard or sample was added to a 96-well
plate, followed by 280μl of o-dianisidine dihydrochloride.
The reaction was started with 20μl of hydrogen peroxide,
and after shaking the reaction mixture for 30 seconds, the
activity of MPO was detected spectrophotometrically at
490 nm. The values were expressed as μU/mg protein.
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2.6. Determination of Total GSH+GSSG Content. Rat hearts
were first homogenized on ice in a buffer [0.25M sucrose,
20mM Tris, and 1mM dithiothreitol (DTT)], and the result-
ing homogenate (15 000 g, 30min, 4°C) was centrifuged.
From the supernatant obtained after centrifugation, 1ml
was further homogenized with 200μl of homogenization
buffer (0,25M sucrose, 20mM Tris, 1mM DTT, and 0,1M
CaCl2). After incubation on ice for 30min, another centrifu-
gation was performed (21 000g, 30min, and 4°C). The
resulting pure cytosolic fraction was used for enzyme assay.
In a 96-well microplate, 40μl of sample or standard, 20μl of
5,5′-dithio-bis-2-nitrobenzoic acid, and 140μl of nicotin-
amide dinucleotide phosphate (NADPH) were added, and
the resulting mixture was incubated for 5min at 25°C. The
reaction was started by adding 10μl of glutathione reduc-
tase. After shaking for 10min, the formation of 2-nitro-5-
thiobenzoic acid was measured at 405nm, and the resulting
GSH levels were expressed as nmol/mg protein.

2.7. Measurement of HO Activity. Cardiac tissues were
homogenized in ice-cold buffer (10.0mM N-2-hydro-
xyethylpiperazine-N’-2-ethanesulfonate, 0.10mM
ethylenediamine-tetraacetic acid disodium salt dihydrate,
1.0mM DTT, 30.0mM sucrose, 10μg/ml trypsin inhibitor,
2.0μg/ml aprotinin, 10.0μg/ml leupeptin, and pH 7.4),
centrifuged at 15 000×g, for 20min, at 4°C, and the remained
supernatant was used for HO activity measurements. The
reaction mixture consisted of 75μl of sample, 2.0mM glu-
cose-6-phosphate, 0.14U/ml glucose-6-phosphate dehydro-
genase, 15.0μM hemin, and 120.0μg/ml biliverdin
reductase. For the determination of HO activity, two parallel
measurements were performed, a so-called blind and
NADPH line. For the NADPH measurement, 100μl of
reduced β-nicotinamide adenine dinucleotide phosphate
(β-NADPH) was added to the mixture to initiate the reac-
tion and incubated at 37°C for 60min, after which ice cool-
ing was used to stop the reaction. For the blank
measurements, a reaction mixture was prepared in which

β-NADPH was replaced with buffer. The NADPH and
blank solutions were measured spectrophotometrically at
465 nm; the values obtained from the blank series were then
subtracted from the NADPH values. HO activity was plotted
as the amount of bilirubin formed in nmol/hour/mg protein.

2.8. Measurement of Protein Concentration (Bradford
Method). In order to perform the protein measurements,
the samples which were homogenized and centrifuged
according to the previous measurements had to be diluted
appropriately in parallel with the preparation of a new stan-
dard line. After the dilution, 200μl of Bradford reagent was
added to both the standard bovine serum albumin (BSA)
line and our samples. The protein concentration of the sam-
ples was measured at 595nm by a spectrophotometer, results
were expressed at μg protein/ml.

2.9. Data Representation and Statistical Analysis. Experi-
ments were designed to generate groups of equal size using
randomization. Group sizes represent the number of inde-
pendent samples/animals, not technical replicates. Raw data
was analyzed by a blinded reader. Data presented as the
mean value of the group ± standard deviation (mean ± SD).
Normal distribution was estimated by Shapiro-Wilk normal-
ity test; after, statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by Tukey post-
test (only if F in ANOVA achieved p < 0:05, and normality
test was passed) or Kruskal-Wallis test followed by Dunn’s
posttest (when normality test was not passed). Statistical
analysis was performed using the GraphPad Prism 8.4.2.
(GraphPad Software Inc., La Jolla, CA, USA; RRID:SCR_
002798). Probability values (p) less than 0.05 were consid-
ered significantly different; and the level of significance is
marked with asterisks between the corresponding groups
(∗: p < 0:05; ∗∗: p < 0:01; ∗∗∗: p < 0:001; ∗∗∗∗: p < 0:0001).

3. Results

3.1. Measurement of Myocardial Infarct Size. As shown in
Figure 1, aging CTRL animals have shown a higher rate of
infarct size compared to the RESV-treated groups. As a
result of the 12-week-long RESV consumption, a significant
attenuation was detected in the necrotic extension of the
heart in both sexes.

3.2. Cardiac TNF-α and NFκB Concentration. Members of
the inflammatory cascade, namely, TNF-α and NFκB con-
centrations, were markedly elevated in aging CTRL groups
compared to the RESV groups. 12 weeks of RESV adminis-
tration was able to significantly mitigate these elevated pro-
inflammatory values in both females and males. Data are
presented in Figures 2(a) and 2(b).

3.3. Cardiac MPO Activity. Figure 3 presents that similar to
the inflammatory TNF-α and NFκB expression, CTRL aging
female and male rats exhibited the highest MPO activities;
whereas 12 weeks of RESV administration resulted in a
decreased MPO activity in both sexes; furthermore, in
females, this change was found to be significant.
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Figure 1: The effects of a 12-week-long resveratrol treatment on
the magnitude of the infarct size in aged rats. Infarct size (IS) was
calculated as the percentage of the area at risk (AAR). One-way
ANOVA and Tukey posttest result is shown as mean ± SD; n = 8
− 9/group, ∗∗p < 0:01, and ∗∗∗∗p < 0:0001. Statistical significance
between resveratrol-treated and nontreated control counterparts.
RESV: Resveratrol; IS: Infarct size; AAR: Area at risk.
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3.4. Cardiac ROS Concentration. As shown in Figure 4, aging
status resulted in a marked increase in the ROS expression of
male and female rats. Nonetheless, for both sexes, RESV-
treated rats possessed significantly lower ROS values in com-
parison with the CTRL animals.

3.5. Determination of Cardiac Total GSH+GSSG Content. As
a result of the 12-week RESV treatment, a significant
improvement was detected in the cardiac antioxidant status
in both male and female aged rats. As for female rats, GSH
+GSSG content alteration in response to the RESV adminis-
tration was found to be significant. Data are presented in
Figure 5.

3.6. Measurement of Cardiac HO Activity. As shown in
Figure 6, RESV-consuming animals exhibited the highest

HO activity values, whereas a significant decrease was found
in CTRL aging animals; thus, the reduced antioxidant values
precipitated by aging were compensated by 12 weeks of
RESV treatment.

4. Discussion

The quest to discover the secret of longevity has been on-
going for quite some time. It is apparent that life expectancy
and cardiovascular aging are closely interrelated, both from
a cause-and-effect perspective and from a prevalence point
of view [2]. Based on the most widely accepted theories
today, the primary cause of aging is the accretion of ROS
and the resulting accumulative oxidative damage, since the
efficacy of enzymatic and nonenzymatic antioxidant mecha-
nisms dramatically declines with age [18]. The main source
of ROS production is oxidative phosphorylation during
mitochondrial metabolism. Since mitochondria build up
45% of cardiomyocytes, the ROS they generate are of para-
mount importance [19]. Cardiac vulnerability is strongly
linked to this aggravated oxidative injury, as it is responsible
for the premature apoptosis of the cardiomyocytes, by dam-
aging intracellular macromolecules [20]. Our results clearly
show that aging arise an elevated cardiac ROS production
both in males and females; however, 12 weeks of RESV
administration was able to moderate the oxidative processes
by scavenging free radicals. RESV is considered to be an
impressive antioxidant pharmacophore thanks to its 4-
hydroxystilbene skeleton. The antioxidant activity of RESV
is in part attributed to the existence of its free hydroxyl
group. Besides, it potentiates endogenous antioxidant
enzymes such as SOD, GSH, or HO by the interaction of
Nrf2 which is considered to be the main target of RESV.
RESV facilitates the translocation of Nrf2 to the nucleus
and triggers the transcription of antioxidant defense
enzymes [21]. It has been previously reported that RESV
upregulates the gene expression of HO enzymes in a Nrf2-
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Figure 2: (a) The effects of a 12-week-long resveratrol treatment on cardiac NFκB concentration in aged rats (NFκB; expressed as pg/mg
protein). One-way ANOVA and Tukey posttest result is shown as mean ± SD; n = 7 − 8/group. (b) The effects of a 12-week-long
resveratrol treatment on cardiac TNF-α expression in aged rats (TNF-α; expressed as pg/mg protein). One-way ANOVA and Tukey
posttest result is shown as mean ± SD; n = 6 − 8/group. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001: Statistical significance
between resveratrol-treated and nontreated control counterparts. RESV: Resveratrol; NFκB: Nuclear factor kappa B; TNF-α: Tumor
necrosis factor alpha.

Aging male Aging female Aging male
+RESV

Aging female
+RESV

0

10

20

30

40

50 MPO

(𝜇
U

/m
g 

pr
ot

ei
n)

vs.
Aging
female

⁎⁎⁎⁎

Figure 3: The effects of a 12-week-long resveratrol treatment on
cardiac myeloperoxidase enzyme activity in aged rats (MPO;
expressed as μU/mg protein). Non-Gaussian distribution and
Kruskal-Wallis test with Dunn’s post hoc test result is shown as
mean ± SD; n = 7 − 8/group. ∗∗∗p < 0:001: Statistical significance
between resveratrol-treated and nontreated control counterparts.
RESV: Resveratrol; MPO: Myeloperoxidase.

4 Oxidative Medicine and Cellular Longevity



dependent manner, along this exact pathway [22]. During
the breakdown of red blood cells, HO catalyzes the degrada-
tion of heme, resulting in the formation of biliverdin, ferrous
iron, and carbon monoxide (CO). Biliverdin, with the help
of biliverdin reductase, is converted to bilirubin which has
been shown to protect against oxidative mechanisms by
reducing oxygen radicals, NADPH oxidase, and adhesion
molecules [23]. Moreover, a recent research regarding HO
activity attributes its antioxidant role not only to the biliru-
bin/biliverdin redox cycle but also to CO [24]. CO, derived
from HO activity, is responsible for regulating the GSH sys-
tem as well [25]. GSH is a tripeptide of three amino acids
that is synthesized as a primary line of antioxidant defense.
Its free -SH group is capable of binding metal ions, and as
a substrate for glutathione peroxidase (GPx), it is involved
in the reduction of H2O2 and lipid peroxides [26]. Interest-

ingly, the findings of Ungvari et al. supported that RESV also
increases cellular GSH content via Nrf2 activation [27]. Pre-
vious work by our research group has shown that HO and
GSH systems are inseparable, and their coordinated function
is essential for the proper function of cardiac cells [28]. Sev-
eral studies have shown that the efficiency of the HO and
GSH system declines dramatically with age, resulting in a
deterioration of the cell’s tolerance to oxidative stress [28,
29]. Similarly, we observed that HO and GSH values were
diminished in aged groups for both sexes. Nonetheless, a
prolonged RESV treatment intensified the antioxidant
mechanisms by boosting the synergic HO activity and
GSH system. Supporting our results, mounting evidence
indicates that RESV augments cellular antioxidant capacity
through the reduction of reactive oxygen species (ROS) level,
in parallel with the increase of glutathione (GSH), heme oxy-
genase (HO), and superoxide dismutase (SOD) activity [9].
It is also important to note that changes in the redox state
of the cells are causally related to the systematic inflamma-
tory processes. In the 2000s, Claudio Franceschi puts for-
ward an interesting hypothesis, namely, that ageing
organisms tend to develop a chronic inflammatory state
characterized by persistently high level of proinflammatory
cytokines (TNF-α, IL-1, and IL-6) in tissues and cells [30].
In this context, several lifespan-affecting biochemical path-
ways have been discovered over the last decades, the vast
majority of which are mediated through the activation of
NFκB signaling. NFκB is an important dimeric transcription
factor and plays a fundamental role in biological processes
associated with ageing, including inflammation, cell survival,
and stress response. The inflammatory state resulting from
ageing-associated dysregulated NFκB signaling is character-
ized by increased MPO activity, elevated C reactive protein
(CRP), and TNF-α concentrations [31, 32]. Ageing, in fact,
is a progressive spread of inflammatory processes, and it is
now clear that it is one of the main risk factors for CVDs
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Figure 6: The effects of a 12-week-long resveratrol treatment on
cardiac HO activity in aged rats (HO activity; expressed as nmol/
bilirubin/h/mg protein). One-way ANOVA and Tukey posttest
result is shown as mean ± SD; n = 7 − 8/group, ∗∗p < 0:01, and
∗∗∗∗p < 0:0001: Statistical significance between resveratrol-treated
and nontreated control counterparts. RESV: Resveratrol; HO:
Heme oxygenase.
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Figure 5: The effects of a 12-week-long resveratrol treatment on
cardiac GSH+GSSG content in aged rats (GSH+GSSG; expressed
as nmol/mg protein). Non-Gaussian distribution and Kruskal-
Wallis test with Dunn’s post hoc test result is shown as mean ±
SD; n = 7 − 9/group and ∗∗p < 0:01: Statistical significance
between resveratrol-treated and nontreated control counterparts.
RESV: Resveratrol; GSH+GGSG: Total glutathione.
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Figure 4: The effects of a 12-week-long resveratrol treatment on
cardiac reactive oxygen species in aged rats (ROS; expressed as U/
mg protein). Non-Gaussian distribution and Kruskal-Wallis test
with Dunn’s post hoc test result is shown as mean ± SD; n = 7 − 9
/group and ∗p < 0:05: Statistical significance between resveratrol-
treated and nontreated control counterparts. RESV: Resveratrol;
ROS: Reactive oxygen species.
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[33]. Our findings have also underpinned that in the heart of
aging females and males, a severe inflammatory state was
manifested as a result of increased TNF-α concentration
and MPO activity due to the upregulation of the NFκB path-
way. However, 12 weeks of RESV-treatment contributed to
the moderation of cardiac inflammation by decreasing
MPO activity, the expression of TNF-α and NFκB. Confirm-
ing our results, both in vivo and in vitro studies substanti-
ated the anti-inflammatory properties of RESV trough the
inhibition of inflammatory factors and pathways [34]. Previ-
ous studies verified that RESV suppresses NFκB activation
and gene expression along with the expression of proinflam-
matory cytokines [35]. According to Grujic Milanovic et al.,
RESV intake protected the cardiomyocytes through the inhi-
bition of MPO activity, suggesting its promising anti-
inflammatory and cardioprotective properties [36]. A
remarkable finding from Yan et al. discussed that RESV
improved cardiovascular function by decreasing circulating
levels of proinflammatory cytokines such as of tumor necro-
sis factor-α (TNF-α) or interleukin-6 (IL-6) and by sup-
pressing nuclear factor kappa B (NF-κB) pathway [10].
Similarly, another study showed that RESV intake signifi-
cantly reduced myocardial infarction areas together with
myeloperoxidase (MPO) and TFN-α levels in the myocar-
dium [11]. Along with the ability to decrease proinflamma-
tory markers, RESV was observed to increase anti-
inflammatory cytokines in the heart as well [37]. Maintain-
ing a proper equilibrium between oxidant/antioxidant pro-
cesses as well as between proinflammatory and anti-
inflammatory agents provides the integrity of the body and
the heart. In addition to the beneficial effects of RESV dis-
cussed in our study, it has proven to be cardioprotective in
many other ways. RESV modulates the renin-angiotensin
system and enhances the production of nitrogen monoxide
(NO), thus proved to be effective in the pathomechanism
of hypertension, atherosclerosis, or ischemic heart disease

[38, 39]. Growing evidence support that RESV exerts its car-
dioprotective effect by reducing oxidative stress and inflam-
mation, improving Ca2+ homeostasis and decreasing
cardiomyocyte apoptosis [40]. Interestingly, Fourny et al.
found that RESV presents high potential to reduce
ischemia-reperfusion injury in rat heart [41]. To support
the cardioprotective effects of RESV, we analyzed the extent
of cardiac damage induced by an acute cardiac injury. Our
findings demonstrated that the necrotic area of the hearts
was significantly attenuated as a result of 3-month long
RESV treatment in both sexes. In accordance with our
results, Xi et al. also verified the RESV-induced cardiopro-
tection against ischemia-reperfusion injury [42]. Based on
our results and other consistent data, we can conclude that
RESV exerts its cardioprotective actions through its ability
to balance inflammatory and oxidative mediators
(Figure 7). RESV is proved to be a promising bioactive com-
pound in several aspects of healthcare research and should
be considered as a good therapeutic strategy in cardiovascu-
lar fields.

5. Conclusion

RESV is one of the most widely studied bioactive com-
pounds, not only for its anti-inflammatory and antioxidant
effects but also due its apparent lack of toxicity. It is clear
that RESV was able to alleviate the age-related adverse
changes in the heart of female and male rats, thereby making
the myocardium more resistant to ischemic injury. Hence,
our observations indicate that RESV can be considered as a
potential bioactive compound in the regulation of redox
homeostasis and inflammatory responses concurrent with
cardioprotection. Research on RESV focusing its distinct
mechanisms connected to the mitigation of ageing-related
oxidative and inflammatory processes and their pathological
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Figure 7: Summary of the study. Resveratrol sufficiently suppressed the age-related inflammatory pathways including the expression of
TNF-α, NFκB, and the activity of MPO while intensified the endogenous antioxidant defenses through the induction of GSH and HO
system. Presumably, as a result of these processes, the necrotic extension of the heart was also significantly reduced. HO: Heme
oxygenase; GSH+GGSG: Total glutathione; ROS: Reactive oxygen species; NFκB: Nuclear factor kappa B; TNF-α: Tumor necrosis factor
alpha; MPO: Myeloperoxidase enzyme.
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consequences could open up important preventive and ther-
apeutic targets for CVD.
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The present study investigated physicochemical properties and antioxidant activities in vivo and in vitro of purified compound
polysaccharides (CPs-1) from Chinese herbal medicines, composed of lotus leaf, hawthorn, Fagopyrum tataricum, Lycium
barbarum, Semen cassiae, and Poria cocos with the mass ratio of 2 : 4 : 2 : 1 : 1.5 : 1. The HPGPC profile and FT-IR spectra
indicated that the average molecular weight of CPs-1 was 38.7 kDa and possessed the α- and β-D-pyranose, respectively. The
methylation analysis and NMR spectrum demonstrated that CPs-1 had a →6)-β-D-Glcp-(1→6)-β-D-Glcp(1→ backbone.
Furthermore, the antioxidant assays in vitro revealed that CPs-1 displayed high scavenging abilities for DPPH, hydroxyl, and
reducing power, as well as ABTS and superoxide scavenging capacity. The antioxidant experiments in vivo revealed that CPs-1
could significantly enhance CAT, SOD, and GSH-Px activities and dramatically reduce MDA levels in liver and serum of high-
fat mice. Therefore, CPs-1 could be potentially incorporated into pharmaceutical products or functional foods as a natural
antioxidant.

1. Introduction

Free radicals are the generic terms of atoms, atomic groups,
or molecules in a particular state containing unpaired elec-
trons generated during biochemical reactions in the body
[1]. Reactive oxygen species (ROS) are produced in the gen-
eral physiological metabolism of human cells and tissues,
significant in maintaining oxidative balance in antioxidant
defense mechanisms [2]. However, excessive free radicals,
especially ROS, lead to oxidative stress relevant to diabetes
[3], Alzheimer [4] cardiovascular disease [5], nephrosis [6],
cancer [7], arteriosclerosis [8], and many other aging-
related disorders [9]. Antioxidants can protect the body
against oxidative damage and delay chronic disease patho-
genesis to a certain extent via restraining and scavenging
ROS [10, 11]. Due to their antioxidant activity (one of the
most important bioactivities of polysaccharides), polysac-
charides from Chinese herbal medicines (CHMs) have been

broadly used as safe, stable, and effective natural antioxi-
dants, because they possess less toxicity and side effects,
compared with synthetic antioxidants [12, 13]. As a result,
developing new multifarious CHM-derived polysaccharides
has received considerable interest.

As CHMs, lotus leaf, hawthorn, Semen cassiae, Fago-
pyrum tataricum, Poria cocos, and Lycium barbarum are edi-
ble plants with medicinal benefits (called “medicine food
homology” in China) [14]. Many studies have been pub-
lished on the characterization and bioactivities of polysac-
charides obtained from the above CHMs [15–18]. The
compound polysaccharides (CPs) are complex with two or
two more polysaccharides. It has been reported to show
multiple pharmacological activities including antiviral,
anti-inflammatory, antioxidant, and radioresistant and
immunomodulating properties [19–22]. Furthermore, CPs
prevent rats from obesity and related metabolic issues [23].
Moreover, CPs own higher radical scavenging activity than
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that of the single polysaccharide [24]. The compound CHM
ingredients can better enhance immunity than the single
CHM ingredient [25]. The characterization and antioxidant
activities of crude CPs from the above six CHMs have been
investigated in our published article [26]. However, the puri-
fication, structure, and antioxidant activities of polysaccha-
rides from the aforesaid crude CPs still remain unknown.

The current study designated to identify the characteri-
zation and antioxidant activities of purified CPs. Firstly,
crude CPs were isolated with Sephadex G-75 column, and
the preliminary structure was determined by methylation
and nuclear magnetic resonance (NMR), high-performance
gel permeation chromatography (HPGPC), chemical analy-
sis, ion chromatography (IC), UV spectrum, and Fourier
transform-infrared spectroscopy (FT-IR). Furthermore,
in vitro and in vivo antioxidant activities of CPs were inves-
tigated based on their capacities to scavenge radical (DHHP,
ABTS, hydroxyl, and superoxide anion) and reducing pow-
ers, as well as the murine serum and liver concentrations
of catalase (CAT), glutathione peroxidase (GSH-Px), malon-
dialdehyde (MDA), and superoxide dismutase (SOD).

2. Materials and Methods

2.1. Materials and Reagents. The fruits of Poria cocos (Schw.)
Wolf, fruits of Lycium barbarum L., lotus leaves of Nelumbo
nucifera Gaertn., seeds of Cassia tora Linn. (Semen cassiae),
fruits of Fagopyrum tataricum (L.) Gaertn., and Crataegus pin-
natifida (hawthorn) were obtained from Bozhou Shenghao
Biotechnology Co., Ltd. (Anhui, China). Samples were gently
processed for storage at 4°C. The dextran standards were pur-
chased from Pharmacia Co. (New York, USA). Sephadex G-75
was gained from GE Healthcare Life Science (Piscataway, NJ,
USA). The monosaccharide standards were purchased from
Sigma-Aldrich Chemical Co. (St. Louis, USA). The assay kits
of SOD, CAT, MDA, and GSH-Px were acquired from Nan-
jing Jiancheng Bioengineering Institute (Nanjing, China).
Other chemicals or reagents were of analytical grade.

2.2. Extraction and Purification of CPs. The lotus leaf, haw-
thorn, Fagopyrum tataricum, Lycium barbarum, Semen cas-
siae, and Poria cocos were powdered using a grounding
equipment (Model 800C, Yongkang Aizela Electric Appli-
ance Co., Ltd., Zhejiang, China), respectively. Then, the fine
powder was mixed at the mass ratio of 2 : 4 : 2 : 1 : 1.5 : 1 [27,
28]. According to our preliminary experiments [26], 10 g of
the compound was extracted with deionized water (30mL/
g, 65°C, 45min) three times using the ultrasonic-assistant
extraction. After vacuum filtration, the aqueous extracts
were mixed with 2% pectinase, at 50°C for 2 h, followed by
a 5min incubation at 95°C for enzyme inactivation. Then,
a rotary evaporator was initially employed to remove exces-
sive water from the mixture (SY-2000, Yarong Technology
and Science Inc., Shanghai, China) at 55°C with the presence
of vacuum, followed by mixing with ethyl alcohol (1 : 4 dilu-
tion ratio of concentrated mixture and ethyl alcohol). The
diluted sample was stored overnight at 4°C. Then, the mix-
ture was 15min centrifuged at a speed of 4500 r/min. The
pellets were three-time washed with dehydrated ethanol.

After redissolving of collected precipitate (termed crude
CPs), dialysis and the lyophilization were subsequently con-
ducted at -50°C under vacuum. Finally, the obtained solid
was ground to powder.

CPs were dissolved in deionized water to reach 10mg/mL,
followed by separating into different fractions based on molec-
ular weights (MWs) via ultrafiltration centrifugation with a
10kDa MWCO (Sartorius, Göttingen, Germany) (at 4000 rpm
for 20min). Two fractions were obtained, i.e., CPs-1
(>10kDa) and CPs-2 (1-10kDa). The preexperiments revealed
that CPs-1 presented stronger antioxidant activities than CPs-2.
CPs-1 was purified using a permeation column (Sephadex G-75
gel, 4:5 × 60 cm) to acquire homogeneous polysaccharides.
CPs-1 was eluted and collected using 5mL deionized water at
1.0mL/min flow rate. Total carbohydrate was determined by
phenol-sulfuric acid. The protein in CPs-1 was examined by
bovine serum albumin and Coomassie Brilliant Blue G-250.

2.3. Characterization of CPs-1

2.3.1. Analysis of Molecular Weight Distribution. The molec-
ular weight distribution of CPs-1 was determined by
HPGPC based on previously published method [29]. The
calculation of the molecular weight of CPs-1 was based on
the dextran standards.

2.3.2. Analysis of Monosaccharide Composition. The mono-
saccharide composition and molar ratios of CPs-1 were
obtained using Dionex ICS-5000 chromatographic system
(CA, USA). An aliquot of 5mg CPs-1 sample was hydro-
lyzed in 1.0mL trifluoroacetic acid (TFA, 2.0mol/L) at
110°C for 4 h in a sealed tube. The recovery of TFA was
achieved by adding methanol in a N2 atmosphere. The 100
times dilution of the dried hydrolysate was obtained using
1.0mL of deionized water. The elution was completed using
NaAC (200mM) and NaOH (10mM) solutions at 0.5mL/
min flow rate at a column temperature of 30°C to generate
25μL sample [30].

2.3.3. FT-IR and UV Spectrometric Analyses. Potassium bro-
mide (KBr) was added into the CPs-1, and subsequently the
mixture was pressed into a tablet. The resulting signal of
FTIR spectra analysis at the detector (VECTOR-22 IR, Bru-
ker, Karlsruhe, Germany) presents as a spectrum from
4000 cm-1 to 400 cm-1. A UV-2500PC spectrophotometer
(Shimadzu, Kyoto, Japan) in 200-400 nm was utilized to
document the UV spectra of CPs-1 [31].

2.3.4. Methylation Analysis. CPs-1 (5mg) was methylated
using a reported method [32], followed by hydrolyzation
and acetylation in sequence. Then, the samples were evalu-
ated by a gas chromatography-mass spectrometry (GC-
MS) on a 4000 GC-MS system (Varian, CA, USA). The
methodology from the previous literature [33] was employed
to analyze the results of methylation.

2.3.5. NMR Spectroscopy Analysis. 0.5mL of D2O was mixed
with 20mg of lyophilized CPs-1. A Bruker DRX-400 NMR
spectrometer (Rheinstetten, Germany) was used to docu-
ment 1H and 13C NMR spectra.
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2.4. Antioxidant Activity of CPs-1 In Vitro. The radical scav-
enging abilities and reducing powers were estimated by fol-
lowing the published report [26]. 0.25, 0.5, 1.0, 2.0, and
4.0mg/mL of different samples were conducted in this study.
Vitamin C (VC) was served as the positive control.

2.5. Antioxidant Activity of CPs-1 In Vivo

2.5.1. Animal and Treatment. The mouse model generation
and treatment of mice were based on previously published
method with a slight modification [34]. Kunming mice (KM,
male, 20 ± 2 g) were achieved from Si Pei Fu Biotech Co.,
Ltd. (Beijing, China), which the license number was SCXK
(Jing) 2016-0002. Animal studies were conducted following
China’s Guidelines for the Care and Use of Laboratory Ani-
mals. The conduction conforms to the international uses of
experimental animals. Mice were maintained in the standard
experimental condition (relative humidity: 45-55%, adjustable
temperature: 20-25°C), 12h/12h light/dark cycle. A normal
control group consists of ten healthy KM randomly selected
after one-week acclimatization and fed with the basal diet
(0.9% normal saline, 0.2mL/d). The remaining mice were
fed with a high-fat diet, composed of 78.8% basic feed, 10%
egg yolk powder, 10% lard, 1% cholesterol, and 0.2% sodium
cholate, for 30 consecutive days.

After the high-fat mouse model was established, the
high-fat mice were randomly grouped into five sections:
model control (0.9% normal saline, 0.2mL/d), positive con-
trol (simvastatin, 3.33mg/kg, 0.2mL/d), low dose (50mg/kg,
0.2mL/d), medium dose (100mg/kg, 0.2mL/d), and high
dose (200mg/kg, 0.2mL/d) groups. Each group of ten mice
received continuous gavage for 30 d. The normal control
group, throughout the experiment, was fed a basal diet, while
the others received ad libitum feeding of a high-fat diet.

When the last 12 h administration was completed, body
weight and blood samples through eyeballs of the mice were
collected. The serum was obtained by a centrifuge (3000 × g)
at 4°C for 10min. The mice were sacrificed through cervical
dislocation, and their livers were acquired and weighed.
Serum and liver were preserved in the refrigerator at 4°C.

2.5.2. Antioxidant Activity of CPs-1 In Vivo. The indexes of
antioxidant, including MDA, CAT, SOD, and GSH-Px, in
serum and liver were determined with commercially avail-
able kits (Nanjing Jiancheng Bioengineering Institute).

2.6. Statistical Analysis. The experimental data were
expressed as mean ± standard deviation (SD). The one-way
analysis of variance (ANOVA) was conducted using SPSS
for Windows version 19.0 (SPSS Inc. Chicago, IL, USA). P
< 0:05 was used as the cutoff indicating statistical
significance.

3. Results and Discussion

3.1. Purification and Chemical Components of CPs-1. CPs
were prepared in a 7:18 ± 0:24% yield from CHMs under
optimal conditions based on the reported procedure [26].
Deproteinization and separation of CPs were performed
using ultrafiltration centrifugation. As displayed in

Figure 1(a), the purified CPs-1 was obtained using the
deionized water and Sephadex G-75 column.

The lyophilized CPs-1 was the white powder, with a total
carbohydrate content of 97.87%, and no protein or uronic
acid was detected, consistent with the results of UV analysis.
The UV spectrum of CPs-1 is shown in Figure 1(b). The
absence of absorption at 260 and 280nm implied no protein
and nuclear acid in CPs-1, respectively [35].

3.2. Molecular Weight Analysis and Composition of
Monosaccharide in CPs-1. The homogeneity and average
molecular weight of CPs-1 were characterized by HPGPC
(Figure 2(a)). The HPGPC profile demonstrated a single
symmetrical narrow peak at 10.695min, suggesting the
homogeneity and high purity of CPs-1. The HPGPC analysis
revealed that the molecular weight of CPs-1 was 38.7 kDa in
terms of the calibration curves of the standard dextrans.

IC was utilized to determine the composition of mono-
saccharide in CPs-1. Figures 2(b) and 2(c) demonstrated
that CPs-1 included Gal, Ara, Xyl, Man, and Glc at a molar
ratio of 0.5 : 0.5 : 2.7 : 2.7: 93.6, indicating that CPs-1 were
heterogeneous and it is most likely that Glc was the back-
bone of CPs-1. The result was similar to other reports
regarding the MW of polysaccharides extracted from Poria
cocos. The composition of CPs-1 in the present work was
consistent with that from Semen cassiae at an identical
molar ratio of Gal and Glc [36].

3.3. FT-IR Analysis of CPs-1. The FT-IR spectra were used to
analyze the functional groups and chemical bonds of CPs-1
[37]. As shown in Figure 3, the CPs-1 FT-IR spectrogram dis-
played the typical absorption peaks of polysaccharide, particu-
larly in the regions of 800-1200 cm-1, 1400-1700 cm-1, 2800-
3000 cm-1, and 3200-3500 cm-1 [26]. The broad and strong
peak at approximately 3385cm-1 was attributed to the O-H
stretching vibration, associated with the existence of intramo-
lecular and intermolecular hydrogen bonds. The small peaks
at approximately 2933 and 2889cm-1 were relevant to C-H
stretching trembling from alkyl groups, including CH, CH2,
and CH3 [26, 38]. The absorption peak at around 1676 cm-1
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could be ascribed to the existence of bound water, while that at
approximately 1413 cm-1 might be due to the C-H symmetri-
cal deformation vibration [38]. The three absorption bands,
i.e., 1150, 1110, and 1042cm-1, in the 1000-1200 cm-1 range
demonstrated the presence of pyranose ring in the CPs-1
[39]. Moreover, the feature peaks at approximately 920 and
851 cm-1 were associated with β- and α-D-galactopyranose,
respectively [40, 41]. The absorption peak at 761.6 cm-1 was
correlated with α-D-xylopyranose [42]. The results were iden-
tical to those of monosaccharide composition. In summary,
CPs-1 possessed the α- and β-D-pyranose, in agreement with
other polysaccharides from hawthorn and lotus leaf in the pre-
vious study [43, 44].

3.4. Methylation Analysis of CPs-1. The methylation analysis
was executed to evaluate molar ratios and the glycosidic
linkage of sugar residues of CPs-1. The main methylated
alditol acetates of CPs-1 are estimated to be 2,3,4,6-Me4-
D-Glcp, 2,3,4-Me3-D-Glcp, and 2,4-Me2-D-Glcp with a
molar ratio of 5.36 : 84.21 : 10.43. The corresponding peak
times were 12.92, 16.67, and 19.44min, respectively. There-
fore, the results illustrated the presence of high concentra-
tion of the nonreducing terminal glucosyl, (1→6)-linked-
glucosyl and (1→3, 6)-linked-glucosyl, and (1→6)-linked-
glucosyl in CPs-1. In addition, it was suggested that
(1→6)-linked-glucosyl was likely to form the backbone,
while (1→3, 6)-linked-glucosyl was identified as the
branched residues. The relative molar ratio of (1→6)-
linked-glucosyl and (1→3, 6)-linked-glucosyl was 8.07,
revealing one branching point for every nine or ten residues
of backbone. The nonreducing terminal of 1→linked gluco-
syl was detected in the branched residues [33].

3.5. NMR Analysis of CPs-1. As indicated in Figures 4(a) and
4(b), the 1H and 13CNMR spectra of CPs-1 are distributed in a
narrow region within δ3.0-5.3 ppm (1H NMR) and δ60-
121ppm (13C NMR), correlated with polysaccharides [45].
Based on the composition of the monosaccharide, FT-IR,
methylation analysis, and data from literature [33, 46–49], sig-
nals in 1H and 13C NMR spectra of CPs-1 were determined.
Because of the overlapped peaks of the interference signal of

HDO (δH 4.79ppm) and the absence of Ara and Gal in the
CPs-1, two significantly weak anomeric proton signals
occurred at δH 5.0-5.3 ppm, attributed to Ara and Gal. Addi-
tionally, other hydrogen on the anomeric carbon with the
chemical shift (δH4.89ppm) was less than δH 5.0ppm caused
by Glc. This suggested that CPs-1 had both α- and β-glyco-
sidic bonds. The absences of proton signal peak at δH
5.4ppm and signal for sugar-ring carbons from δC 82 to
88ppm (characteristic for furanosides) demonstrated that all
sugar residues were pyranose in the CPs-1. The chemical shifts
of anomeric carbons at δC 120.50, 117.61, 114.72, 111.83, and
97.72ppm corresponded to five monosaccharide residues, as
well as α and β anomeric configurations in CPs-1, consistent
with 1H NMR analysis. The above results were identical with
the monosaccharide composition and FT-IR analysis. At the
anomeric region of the 13C NMR spectrum, signals at
120.50ppm were allocated to Ara and T-linked β-Glcp. Sig-
nals at 117.61 and 114.72ppm were generated from Gal and
Glc, respectively, assigned to 1,6-linked β-Glcp. Xyl was at
111.83ppm, originated from 1,3,6-linked β-Glcp. Signals at
97.92 ppm were caused by Man. The carbon resonances of
CPs-1 from 62.39 to 73.43ppm were attributed to carbons
C2-C6 of various sugar moieties. In general, 13C NMR spec-
trum signals from 67 to 70ppm validated the existence of
(1→6) glycosidic linkages in CPs-1. The methylation analysis
and 1H and 13C NMR spectra of CPs-1 indicated that the pres-
ence of (1→6)-β-D-Glcp backbone and O-3 position of
(1→6)-linked β-D-Glcp was substituted by 1-linked β-D-Glcp
branches, with one branching point for every 15 or 16 back-
bones on average.

3.6. Antioxidant Activities of CPs-1 In Vitro. DPPH has been
extensively used to measure the oxidation resistance of vari-
ous antioxidants, characterized by simple, rapid, and sensi-
tive properties. The ABTS radical scavenging is also
broadly applied to evaluate the total antioxidant capacity of
polysaccharides. Removing hydroxyl radicals and superox-
ide anion will protect the body against oxidization-related
damage. The strong reducing power indicates high antioxi-
dant activities [26].
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Figure 4: 1H (a) and 13C (b) NMR spectrum of CPs-1.
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3.6.1. DPPH Radical Scavenging Activity. Figure 5(a) pre-
sents the scavenging ability of CPs-1 for DPPH compared
to that of VC. It can be observed that the scavenging capacity

increases significantly with the polysaccharides from 0.25 to
4.0mg/mL, inferior to that of VC at all concentrations. The
scavenging activity of CPs-1 and VC at 4.0mg/mL is 73:09
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± 1:35% and 98:47 ± 0:51%, respectively. The scavenging
ability of CPs-1 at 2.0mg/mL is higher than that of haw-
thorn polysaccharides (HTPs) and Lycium barbarum poly-
saccharides (LBPs) in previous research [43, 50]. Thus, CPs
displayed noteworthy DPPH radical scavenging activity
because an electron or a hydrogen atom could be easily
provided.

3.6.2. ABTS Radical Scavenging Activity. CPs-1 displayed the
scavenging capacity against ABTS, highly depending on the
polysaccharide concentration of 0.25 to 4.0mg/mL
(Figure 5(b)). It was indicated that the ABTS scavenging
ability is weaker than that of VC. At a concentration of poly-
saccharide (4.0mg/mL), the scavenging activity is 58:93 ±
2:17%, significantly lower than that of VC (98:13 ± 0:34%).
The conclusion is in agreement with other published reports
in the scavenging capacities for ABTS of HTPs and Fago-
pyrum tataricum polysaccharides (FTPs) [51, 52]. In short,
CPs exhibited great scavenging ability for ABTS, enabling
it potentially to be used as a novel antioxidant from natural
resources.

3.6.3. Hydroxyl Radical Scavenging Activity. As demon-
strated in Figure 5(c), the hydroxyl radical scavenging ability
of CPs-1 is greatly correlated with the polysaccharides con-
centrations between 0.25 and 4.0mg/mL. The scavenging
capacity is 90:75 ± 1:15%, lower than that of VC
(99:79 ± 0:42%) at 4.0mg/mL. The scavenging activity of
CPs-1 for hydroxyl radical exceeds those in LBPs and Poria
cocos polysaccharides (PCPs) reported in other publications
[18, 53]. It is due to the fact that the hydroxyl radicals were
scavenged by polysaccharides interacting with hydrogen
with radicals and discontinued the radical chain reaction.

3.6.4. Superoxide Radical Scavenging Activity. As illustrated
in Figure 5(d), the scavenging capacity of CPs-1 at 4.0mg/
mL for superoxide radical is 32:31 ± 0:79%, compared with
65:54 ± 1:17% of VC. The superoxide radical scavenging
abilities of CPs-1 are lower than those of the results from
previous studies on HTPs, FTPs, LBPs, and Semen cassiae
polysaccharides (SCPs) [16, 51, 53, 54]. To sum up, CPs-1
has relatively weak ability of scavenging the superoxide
radical.

3.6.5. Reducing Power. The comparison of the absorbance
between CPs-1 and VC is demonstrated in Figure 5(e). The
absorbance of CPs-1 (4.0mg/mL) and VC is 1:342 ± 0:002
and 1:738 ± 0:002, respectively. The reducing power of
CPs-1 is stronger than those of PCPs and LBPs in literature
[18, 53].

The highly correlated relationship among the radical
scavenging abilities (ABTS, hydroxyl, and superoxide
anion), reducing powers, and CPs-1 concentration is
described in Table 1, with correlation coefficients (R2) of
0.9571, 0.9861, 0.9716, and 0.9923, respectively. In addition,
a linear relationship (R2 = 0:9369) was observed between the
DPPH scavenging capacity and CPs-1 concentration.

3.7. Antioxidant Activities of CPs-1 In Vivo. SOD is special-
ized in scavenging superoxide anions and can improve the

immunity and resistance of the body to ROS-induced dis-
eases. As one of terminal oxidases, CAT is able to decom-
pose hydrogen peroxide in cells, preventing tissue damage
[55]. GSH-Px can reduce the free hydrogen peroxide to
water and toxic lipid hydroperoxides preventing cells from
ROS toxicity [56]. Therefore, CAT, GSH-Px, and SOD are
the most crucial indexes to assess the antioxidant capacity.
The MDA level reflects the oxidative damage severity and
lipid peroxidation level in vivo [2].

3.7.1. Contents of CAT, GSH-Px, MDA, and SOD in Serum of
Mice. Table 2 illustrates the effects of CPs-1 on serum con-
centrations of CAT, SOD, and GSH-Px, reflecting their
remarkable increases in serum. Moreover, the MDA level
in serum decreases gradually with the increase of the dosage
of CPs-1. It was proved that the impacts of high-dosage CPs-
1 on CAT, GSH-Px, and SOD concentrations in serum were
substantially different from those of the model control
(P < 0:01) and normal control (P < 0:01) groups, indicating
significant differences in the influences of the medium-
dose and the model control group on the concentrations of
CAT, GSH-Px, and SOD in serum. In comparison with the
model control group, the concentrations of MDA in serum
with high- and medium-dosages of CPs-1 were substantially
lower, where the significance level was 0.01 and 0.05, respec-
tively. Compared with the normal control group, the con-
tents of CAT, GSH-Px, and SOD in serum increased by
32.72%, 56.17%, and 87.24% in sequence with high-dosage
CPs-1 (P < 0:01). These demonstrated that CPs-1 could dra-
matically reduce the concentration of MDA in serum since
no significant difference was identified between these two
groups (P > 0:05).

3.7.2. Concentrations of CAT, GSH-Px, MDA, and SOD in
the Liver of Mice. The determinations of CAT, GSH-Px,
MDA, and SOD in the liver of mice are displayed in
Table 3. As shown in Table 3, the concentrations of CAT,
GSH-Px, and SOD were substantially increased, while that
of MDA was reduced gradually with increasing dosage of
CPs-1, demonstrating the differential effects of high-dosage
CPs-1 and the model control group (P < 0:01) on the con-
centrations of CAT, GSH-Px, MDA, and SOD in the liver.
The concentrations of SOD in the liver with high- and

Table 1: The correlation between antioxidant activity and
concentration of CPs.

Antioxidant
arrays

Optimal fitting functions
Determination
coefficients (R2)

DPPH Ya = 18:28Ln Xcð Þ + 52:04 0.9369

ABTS Ya = 13:959Xc + 6:1463 0.9571

Hydroxyl Ya = 5:609Xc + 68:472 0.9861

Superoxide-
anion

Ya = 2:576Xc + 22:499 0.9716

Reducing
power

Ya = 0:3392Xc − 0:0375 0.9923

Xc was the concentration of CPs, and Ya was the antioxidant activity
corresponding to Xc.
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medium-dosage CPs-1 were evidently higher than those of
the model control group, where the significance levels were
0.01 and 0.05, respectively. Compared with that of the nor-
mal control group, the concentrations of CAT, GSH-Px,
and SOD in the liver of mice in the high-dosage group were
increased by 17.39% (P < 0:05), 81.79% (P < 0:01), and
9.77%, respectively. Therefore, CPs-1 could prominently
diminish MDA concentration in the liver of mice.

4. Conclusions

The CPs-1 were successfully purified from crude CPs by
column chromatography, with an average molecular
weight of 38.7 kDa. CPs-1 were heterogeneous polysaccha-
rides, consisting of Gal, Ara, Xyl, Man, and Glc at a molar
ratio of 0.5 : 0.5 : 2.7 : 2.7 : 93.6. In addition, the FT-IR spec-
tra exhibited the presence of the α- and β-D-pyranose in
CPs-1. The methylation analysis and NMR spectrum indi-
cated that CPs-1 had a →6)-β-D-Glcp-(1→6)-β-D-
Glcp(1→ backbone. The results of antioxidant activities
in vitro suggested that CPs-1 showed high scavenging abil-
ities for DPPH (73:09 ± 1:35%), hydroxyl (90:75 ± 1:15%),
and reducing power (1:342 ± 0:002) at 4.0mg/mL, as well
as ABTS and superoxide scavenging capacity. Further-
more, CPs-1 could significantly enhance enzymatic activi-
ties (i.e., CAT, GSH-Px, and SOD) and distinctly reduce
MDA serum- and liver-concentrations in high-fat mice.
Hence, CPs-1 could function as a natural novel antioxi-
dant for medicine and functional foods. Further research
is currently performed to investigate the antioxidation
mechanism of CPs-1.
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The prevalence of viral infections, cancer, and diabetes is increasing at an alarming rate around the world, and these diseases are
now considered to be the most serious risks to human well-being in the modern period. There is a widespread practice in Asian
countries of using papaya leaves (C. papaya L.) as herbal medicine, either alone or in combination with prescribed medications, to
treat a variety of ailments. The importance of conducting the necessary descriptive studies in order to determine the safety of
papaya leaf consumption is also emphasized in the context of their application in the healthcare sector. Electronic databases
such as Google Scholar, Scopus, and PubMed were used to gather information on papaya leaves, their therapeutic potential,
and clinical evidence-based studies. The literature was gathered from publications on papaya leaves, their therapeutic potential,
and clinical evidence-based studies. The antidengue, anticancer, antidiabetic, neuroprotective, and anti-inflammatory effects of
papaya leaves discussed in this article are supported by evidence from preclinical, in vivo, in vitro, and clinical trial studies, as
well as from other sources. Leaves have been investigated for their mechanism of action as well as their potential to be used in
the development of novel herbal products for the health business. According to the reports gathered, only a small number of
research demonstrated that leaf extract at high concentrations was hazardous to certain organs. The collective literature
reviewed in this review provides insights into the use of papaya leaves as a cure for epidemic diseases, highlighting the
phytochemical composition and pharmacological attributes of papaya leaves, as well as the results of various preclinical and
clinical studies that have been conducted so far on the subject. The review clearly demonstrates the successful medical evidence
for the use of papaya leaf extracts in the healthcare system as a supplemental herbal medication in a variety of clinical settings.

1. Introduction

Chronic diseases are becoming an increasingly serious
hazard to public health, necessitating the implementation
of nutrition-based strategies to combat them. It can be diffi-
cult to obtain medical care for certain disorders, and the
consumption of staple functional foods is vital in terms of
preventing such ailments. Medical care accounts for 10 to
20% of the changeable contributors to human health,
whereas social determinants, specifically healthy eating
habits, account for 80 to 90% of the adjustable contributors.
Healthy plant-based diets are more environmentally friendly
and are connected with a lower risk of obesity, type 2 diabe-
tes mellitus, viral infections, and some malignancies, among
other health benefits. When it comes to addressing chronic
human diseases, functional agriculture, specifically the culti-
vation of functional food crops like papaya leaves (Carica
papaya L.), has emerged as a new frontier in nutritional
research. The creation of functional food crops employing
cutting-edge technology in combination with approaches
from crop science, food science, and preventive medicine is
therefore a significant topic of research [1].

C. papaya L. belongs to the family Caricaceae and is
commonly known as papaya, pawpaw, and kates. It is a
perennial horticultural shrub originated fromMesoamerican
Centre, Central America, and southern Mexico [2–4] and
is mainly cultivated in the tropical and subtropical regions
of Brazil, Australia, Malaysia, China, India, Thailand,
Myanmar, Philippines, and other adjoining [5]. Papaya is
not only cultivated for the ripe sweet fruit, even other
parts of the plant such as seeds, leaves, roots, flowers, barks,
and latex have been traditionally used worldwide for the
preparation of various medicinal formulations [6, 7]. How-
ever, leaves have been emerged as one of the most useful parts
with plethora of health-promoting compounds and activities.
In traditional medicines, the decoction of papaya fresh leaves
is added into a tea to cure malaria, whereas dry and cured

leaves are used as cigar for smoking by persons suffering
from respiratory disorders such as asthma. Fresh young
leaves of papaya are consumed as a leafy vegetable after
steaming in some countries. In India, boiled leaves of papaya
are recommended by Ayurveda practitioners as relief from
malarial and dengue fevers as papaya leaf extract is consid-
ered effective to elevate platelet count and red and white
blood cells in patients after suffering from viral fever [8].
The extract has also been known to protect the patients
against the sickling of red blood cells [9]. In many parts of
Asia, papaya leaves are used for the treatment of beriberi
[10]. Papaya leaves have been identified to have more than
fifty bioactive components and therefore useful in the treat-
ment of different human diseases [11, 12]. Scientific studies
revealed the existence of considerable levels of glycosides, fla-
vonoids, alkaloids, saponins, phenolic compounds, amino
acids, lipids, carbohydrates, enzymes, vitamins, and minerals
in papaya leaves [13, 14]. The crude form of ethyl acetate
isolates of papaya leaves has very good antiplasmodial effect
against Plasmodium falciparum and P. falciparum-resistant
strains [15, 16]. Although the leaves of papaya are used in
Ayurvedic medicines, the juice from green leaves has been
gaining the attention of today’s consumers as a functional
food due to its potent antiviral and immunity-enhancing
properties [17]. Tea prepared from the juice extracted from
papaya leaves is also used as a synergistic therapeutic dietary
supplement for patients suffering from the oxidative stress-
related diseases because of its strong antioxidant potential
[18]. Few of the studies reported that fresh papaya leaves pos-
sess antiseptic properties, while the dried leaves can be used
as a tonic to purify the blood and to improve digestion. Leaf
juice of papaya is now being known for its potent anticancer
[19], antioxidative [4, 5], anti-inflammatory [7], antimicro-
bial [20], and antisickling properties [21] along with nephron
protective [22], hepatoprotective [23], hypoglycaemic, and
hypolipidemic effects [24] against toxins in the human
system. In fact, polar isolates of papaya have exhibited

2 Oxidative Medicine and Cellular Longevity



antihuman immunodeficiency virus (HIV), analgesic, and
wound healing properties [25]. The imbalance in the activity
of free radicals and the cellular antioxidant system is
implicated to various lethal conditions such as cancer and
cardiovascular diseases [26]. Recent research studies have
been focusing on all-natural antioxidant-enriched plant
parts, and in particular, papaya leaves are currently being
consumed because a medical assessment of the leaf extract
exhibited antiproliferative activity on cancerous cells along
with its immune modulatory effects. There is as significant
number of reviews regarding the functional properties of
papaya fruits, but limited reviewing available relevant to the
phytochemicals, biological activity, medical studies, and
scope of using papaya’s leaves in health industry. Therefore,
this review is aimed at bridging this gap for better utilization
of papaya leaves in the future due to their great medicinal
potential. Electronic databases such as Google Scholar,
Scopus, and PubMed were used to gather information on
papaya leaves, their therapeutic potential, and clinical
evidence-based studies. The literature was gathered from
publications on papaya leaves, their therapeutic potential,
and clinical evidence-based studies. The antidengue, antican-
cer, antidiabetic, neuroprotective, and anti-inflammatory
effects of papaya leaves discussed in this article are supported
by evidence from preclinical, in vivo, in vitro, and clinical trial
studies, as well as from other sources. Leaves have been inves-
tigated for their mechanism of action as well as their potential
to be used in the development of novel herbal products for
the health business. The collective literature reviewed in this
review provides insights into the use of papaya leaves as a
cure for epidemic diseases, highlighting the phytochemical
composition and pharmacological attributes of papaya
leaves, as well as the results of various preclinical and clinical
studies that have been conducted so far on the subject. The
review clearly demonstrates the successful medical evidence
for the use of papaya leaf extracts in the healthcare system
as a supplemental herbal medication in a variety of clinical
settings.

2. Phytochemical Composition of
Papaya Leaves

Phytochemicals are chemical components, naturally found
in different parts of plants, which make many species
beneficial for therapeutic uses. Indeed, leaves of papaya are
known to have various health-promoting phytochemicals,
as it arose from chemical analysis performed in various stud-
ies which clearly illustrated the presence of significant
amounts of alkaloids, saponins, glycosides, flavonoids,
phenolic compounds, enzymes, amino acids, lipids, carbohy-
drates, vitamins, and minerals [13]. There were seven
flavonoids found in papaya leaves, which were named as
quercetin, kaempferol 3-rutinoside, quercetin3-(2G-rham-
nosylrutinoside), quercetin 3-rutinoside, kaempferol 3-(2G-
rhamnosylrutinoside), myricetin 3-rhamnoside. Caffeic acid,
protocatechuic acid, quercetin, 5,7-dimethy coumarin, p-
coumaric acid, and chlorogenic acid are among the phenolic
substances found in the leaves [19]. There is evidence to
suggest that leaves contain a wide range of phytochemicals,

including carpaine, kaempferol 3-(2G-glucosylrutinoside),
kaempferol 3-(2″-rhamnosylgalactoside), 7-rhamnoside,
kaempferol 3-rhamnosyl-(1->2)-galactoside-7-rhamnoside,
luteolin 7-galactosyl-(1->6)-galactoside, orientin 7-O-rham-
noside, 11-hydroperoxy-12,13-epoxy-9-octadecenoic acid,
palmiticamide, and 2-hexaprenyl-6-methoxyphenol [25].
Due to these potent bioactive components, extracts of the
aforementioned leaves can be used to prepare nutraceuticals
and herbal medicinal formulations. Chemical constituent
and structure of some important compounds of C. papaya
leaves are illustrated in Figure 1. There were reports that
C. papaya leaves were used with other herbs to heal ailments.
Traditional doctors in Nigeria use it to treat diabetes, while
in Cameroon, they combine it with other herbs to treat
malaria and other fungal infections and aboriginal Austra-
lians’ record using decoctions of the leaf as an anticancer
remedy [16, 19]. The functional bioactive components of
leaves of papaya can elevate the overall antioxidant potential
of blood. The leaves of papaya plant are well known to have
papain, cystatin, chymopapain, tocopherol, phenolic acids,
cyanogenic glucosides, glucosinolates, and vitamin C as
main phytochemicals [27]. Mainly alkaloids, saponins, gly-
cosides, phenolic compounds, and flavonoids are responsible
for the anti-inflammatory and anticancerous properties of
papaya leaves [28]. Vitamins, minerals, and amino acids of
papaya leaves are quite helpful to improve the total haemo-
globin, proteins, and immunity of human system [29].
Carpaine along with dehydrocarpaine I and dehydrocar-
paine II are most important health-promoting and major
bioactive components found in the leaves of papaya. Due
to the presence of carpaine, these herbal leaves are utilized
in Ayurveda formulations for treating various physical dis-
orders and viral fevers such as dengue and chikungunya.
The aforementioned alkaloid has the ability to calm high
blood pressure and fast heart rate and is effective for the
uterus marked relaxation, the bronchioles dilatation, and
movement of the intestinal strips along with antiplasmodial
properties [30]. Carpaine has also been reported to have
potent anticancerous and antihelminthic properties [31].
Its concentration has been reported the highest in mature
leaves of papaya, i.e., 9.30mg/g, followed by fruit pulp, i.e.,
4.90mg/100 g, fruit peel, i.e., 1.99mg/100 g, and seeds, i.e.,
0.65 g/g [32]. Leaves constitute different components in
varying proportions such as 8.3% of carbohydrates, 38.6%
of vitamin C, 5.6% of pro- and 0.23% of phosphoric acid.
A good amount of tannin (0:85 ± 10−3 ± 1:76 ± 10−4 M,
0.824%) in papaya leaf extract has been reported by a few
researchers [33]. Papaya leaves has been found to have high-
est total phenolic compounds as 424:89 ± 0:22mg GAE/
100 g of the dry sample followed by the 339:91 ± 9:40 in
unripe papaya, 272:66 ± 1:53 in ripe papaya, and 30:32 ±
6:90mg GAE/100 g in seeds [34]. Due to the aforementioned
bioactive compounds, a very good antioxidant potential of
90% has been recorded in its leaves already. Researchers
also reported a good concentration of calcium and magne-
sium, i.e., 3480mg/kg and 5928mg/kg, respectively; other
minerals like iron (558mg/kg), zinc (33.4mg/kg), manga-
nese (22.88mg/kg), chromium (7.50mg/hg), and copper
(2.16mg/kg) were also found in fair amount [16]. Papaya
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Figure 1: Chemical constituents and structure of some important compounds of C. papaya leaves. (a) Constituents of C. papaya leaves
along with functional uses; (b) chemical structures of important bioactive compounds present in C. papaya leaves.
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leaves have shown the highest ascorbic acid content with
the concentration of 85.6mg/100 g followed by 45.8mg/
100 g in ripe papaya, 37.8mg/100 g in unripe papaya, and
14.4mg/100 g in its seeds [34]. Biological enzymes, viz.,
papain and chymopapain, are in abundance in the leaves
of papaya [35]. The concentration of papain in papaya leaf
extract varies from 0.054 to 0.002mg/mL [35] and due to
which very powerful digestive action even higher than pepsin
is seen, important phytochemical constituents of leaves along
with their functional properties and structures.

3. Bioactivities of Papaya Leaf Extract

Papaya leaves have a very long history in terms of its medic-
inal uses and have been utilized in many Asian countries for
treating various ailments. Because of the presence of the
aforementioned important functional constituents, they are
used to cure corns, warts, constipation, weakness, amenor-
rhea, menstruation problems, eczema, sinuses, cutaneous
tubercle, glandular tumour, diabetes, ulcers, hypertension,
dengue, etc. [8]. Traditionally, Australian aboriginal people
consume papaya leaf extract for its anticancerous activity
[36, 37]. In addition to their various cancer-fighting compo-
nents, C. papaya leaves contain a significant amount of
nutrients to improve the immunity. Beside vitamins E, A,
and C, they have vitamin B-17 whose concentrated form is
used to cure cancer patients in conventional chemotherapy
treatment. Phytochemicals of papaya leaves have been
reported to prevent bone marrow depletion and platelet
destruction [2]. Juice of papaya leaf is quite helpful to elevate
platelet count and red blood and white blood cells to nor-
malize blood clotting and to repair the liver [18].

3.1. Antioxidant Effect. Many phytonutrients found in
plants, such as fruits and vegetables, have come to the atten-
tion of food experts and the general public in recent years for
their potential health benefits. Due to concerns about syn-
thetic antioxidants’ toxicity, these phytochemicals are com-
monly marketed as natural antioxidants as an alternative.
Oxidative compounds present in many plants have antibac-
terial, antiviral, and cancer-fighting properties. They also
have an array of other health benefits [19, 38]. Papaya peels
are discarded after consuming the fruit. However, they con-
tain antioxidants. Oxidative damage caused by free radicals
has major implications in many chronic diseases [25]. By
inhibiting the creation of free radicals, antioxidants can aid
our health. New sources of natural antioxidants that are both
safe and economically viable are now being investigated.
Researchers made silver nanoparticles from C. papaya peel
extract (CPPE) and examined their antioxidative properties
to see if they worked. We found that the concentration-
dependent activity of AgNPs was 56% for synthesised
AgNPs and 38% for commercially available CPPE [39].
According to a recent study, the antioxidant activity of
methanolic extract of papaya leaf was assessed by measuring
its ability to neutralise free radicals (DPPH) [40]. DPPH free
radical scavenging capacity was found to be best in hexane
extract and lowest in aqueous extract in another investiga-
tion using papaya seed extracts and the results showed

[41]. Papaya leaf antioxidant activity has been studied by
Nisa et al. using various cultivars, maturities, and solvents.
During extraction, the solvents were water, methanol, and
70% ethanol. Results showed that water-extracted mature
leaves had the highest antioxidant activity of any of the other
types of leaves tested. PaMsrB1 (plant methionine sulfoxide
reductase B1) from papaya leaf was studied with Escherichia
coli, which has MBP (maltose-binding protein) at its N
terminal protease activity, which assists in the digestion of
MBP-tag and leads to the separation of the recombinant
PaMsrB1. In the presence of dithiothreitol, the purified
recombinant protein PaMsrB1 demonstrated reductase
activity against methionine sulfoxide (MetSO). An affinity
chromatography and LC/MS/MS study discovered several
proteins that interact with PaMsrB1. Understanding the
defensive mechanisms of PaMsrB1 against antioxidative
stress is facilitated by these findings [41]. Antioxidant activ-
ity and total phenolic content (TPC) were measured by Ang
et al. to determine the antioxidative capability of C. papaya
peels. Ferric reducing/antioxidant power (FRAP) and the
ABTS radical cation inhibition activity (ABTS-RCI) were
used to evaluate antioxidant activities, and the Folin-
Ciocalteu method was used to measure TPC. The TPC of
the papaya peel was 15.18 g GAE/mL when extracted with
90% acetone (v/v) for 60 minutes. DPPH, FRAP, and ABTS
assays found antioxidant activity of 37.34%, 19.70μg TE/mL
extract, and 28.30%, respectively. The antioxidant potential
of papaya peel may contribute to production of functional
foods and nutraceutical in the near future utilising these
papaya wastes [38]. Calvache et al. treated papaya peel resi-
dues with ethanol and drying them in a microwave oven to
generate dietary fibre concentrates (DFCs), in order to
demonstrate its antioxidant activity. Carotenoids, phenolics,
ascorbic acid, proteocatechuic acid, manghaslin, quercetin
3-O-rutinoside, caffeoyl hexoside, ferulic acid, lutein, zea-
xanthin, and beta-carotene were detected in the chro-
matographic analysis of the samples. Upon analysis of
digestibility, it was found that about 65% of the polyphenols
associated to peel DFCs were potentially bioaccessible in the
small intestine and that the portion of indigestible fiber had
antioxidant capacity [42]. In vitro antioxidant activity of
papaya peel extracts, and their effects on endogenous gluta-
thione, superoxide dismutase, catalase, cyclo-oxygenase-2
(COX-2), cyclo-oxygenase-3, and DNA fragmentation in
HepG2 cells were investigated by Salla et al. Papaya peel extracts
contained significant amounts of gallic acid (18.06μg/g),
caffeic acid (29.28μg/g), p-coumaric acid (38.16μg/g),
ferulic acid (95.46μg/g), and quercetin (3.17μg/g). In vitro
antioxidant capacity of papaya peels was determined by
FRAP (31.86μM Fe+2/g), trolox equivalent antioxidant
capacity (14.56mM trolox equivalents/g), oxygen radical
scavenging activity (30.88mM TE/g), and 2,2-diphenyl-
1-picrylhydrazyl radical scavenging ability (IC50 =
8.33mg/mL). SOD, CAT, GPx, GR activity, and GSH
levels were decreased by 3.1, 1.46, 2.87, 1.34, and 1.32 times,
respectively, when oxidative stress was induced. Papaya peel
extracts, on the other hand, significantly increased SOD,
CAT, GPx, GR, and GSH activities in cells compared to cells
exposed to oxidative stress. It was found that papaya peel
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extracts caused cell death by apoptosis cells by significantly
reducing COX-2 activity, increasing caspase-3 activity, and
triggering DNA fragmentation. Anticancer activities of
papaya peel extracts may be attributed to the synergistic
action of free radical scavenging, stimulation of antioxidant
enzymes, and triggering apoptosis [43]. Similarly, antioxi-
dant properties are directly and indirectly contributing
towards imparting other bioactivities such as immuno-
modulatory activities, antiviral, antidiabetic, and others
discussed in following subsections. Table 1 provides an
overview of C. papaya’s antioxidant properties.

3.2. Antiviral (Antidengue) and Antithrombocytopenic Effect.
Dengue is an arboviral disease caused by dengue virus of the
Flaviviridae family. Dengue fever occurs due to the infection
transmitted by infected Aedes aegypti mosquito as a carrier
of this virus [48]. The occurrence of this disease has
increased by almost 30-fold in the previous three decades
especially in developing countries. A number of infections
caused by dengue virus ranges from 50 to 100 million per
year [48], and every year, there is a new outbreak of dengue
being reported. This viral infection leads to thrombocytope-
nia condition in infected patients [49]. The most common
reason for thrombocytopenia is the poor production of
platelets by the bone marrow, minimal survival of platelets,
and sequestration of the platelets by the leptospirosis,
malaria, dengue, and other viral infections. Major quantita-
tive or qualitative dysfunction and reduction in the platelet
count is the cause of mucocutaneous bleeding in the patients
[50]. The platelet count drops below the normal level to an
extent depending upon severity of viral infections. More-
over, viral fever is generally a self-limited illness which
requires supportive care for complete recovery. Aspirin,
antibiotics, nonsteroidal anti-inflammatory drugs, and corti-
costeroids must not be consumed by the patient as they are
not so beneficial in viral infections. In fact, their consump-
tion can cause gastritis or in severe cases internal bleeding
too. One of the most disturbing aspects of the viral infections

is that there are no effective antiviral agents available to treat
their complications. In vivo studies have indicated quite ben-
eficial effects of papaya leaf extract to improve immunity
against infections and to increase platelet counts in throm-
bocytopenic patients after suffering viral infections [51].

Various studies both with animal and human models
have been conducted by researchers worldwide to confirm
the anti-inflammatory effect [7] and platelet count improve-
ment after administration of simple papaya leaf extract or
ethanolic aqueous extract [8, 52–54]. The use of papaya
extract is recommended to get early recovery in case of
dengue with low platelet and red and white blood cell count
[54]. As per few case studies conducted in recent years, its
positive effect on total plate count is clearly demonstrated.
Researchers orally administered a 25mL papaya leaf extract
to the dengue patients daily in the morning as well as
evening times for five days continuously [17]. There was sig-
nificant improvement in platelet count and white blood cells
and neutrophils (NEUT) just after the second day of oral
consumption, and the count reached their healthy normal
level at the end of course. Research was conducted, which
is the study of multiple platelet transfusions to a baby suffer-
ing from congenital thrombocytopenia. The patient did not
respond well to phototherapy, intravenous immunoglobulin,
and two exchange transfusions with antifungal therapy and
antibiotics. However, papaya leaf extract oral administration
as much as 20mg/kg/dose of patient body weight, three
times a day, exhibited quite a positive effect on platelet count
without any side effects in the baby even during the follow-
up period [55]. Antiviral (antidengue) and antithrombocyto-
penic effect of papaya leaf extract is shown in Figure 2.

Like these aforementioned studies, there are various pre-
clinical and clinical studies confirming the therapeutic effect
of papaya leaves on thrombocyte animal models and are
summarized in Table 2 for further enlightenment on its
therapeutic potential against thrombocytopenia in dengue
infection. The action mechanism of papaya leaf extract
shows very good stabilizing properties to prevent platelet

Table 1: Antioxidant activities of Carica papaya L. leaf extract.

Type of extract Method used Responsible phytochemicals References

Methanol Peroxynitrite scavenging assay Kaempferol 3-(2G-rhamnosylrutinoside) [41]

Ethanol, methanol, and water DPPH, FRAP Flavanoids [44]

Methanol DPPH

Carpaine, kaempferol 3-(2G-glucosylrutinoside),
kaempferol 3-(2″-rhamnosylgalactoside), 7-rhamnoside,

kaempferol 3-rhamnosyl-(1->2)-galactoside-7-
rhamnoside, luteolin 7-galactosyl-(1->6)-galactoside,

orientin 7-O-rhamnoside, 11-hydroperoxy-12,13-epoxy-
9-octadecenoic acid, palmitic amide, and 2-hexaprenyl-

6-methoxyphenol

[25]

Methanol DPPH — [45]

n-Hexane, dichloromethane,
ethyl acetate, ethanol, methanol,
n-butanol, and water

DPPH Phenolics and flavonoids [46]

Aqueous DPPH, ABTS Polyphenols [5]

Methanol Phosphomolybdenum method Flavonoids [47]

Aqueous DPPH, ABTS+ assay Proteins and phenolic groups [39]
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lysis and inhibits heat-induced and hypotonicity-induced
haemolysis of erythrocytes even at the lower extract concen-
tration. In the latter respect, the extracts are likely to possess
membrane-stabilizing attributes and protect blood cells
against stress-induced destruction. This property might be
useful in patients with dengue where papaya leaf extracts
could prevent platelet lysis, due to the presence of functional
phytochemicals [56]. Some studies reported that papaya leaf
extracts increase the arachidonate 12-lipoxygenase, 12S type
activity, and platelet-activating factor receptor significantly
in the body which consequently increases the platelet
production in the patients administered with papaya leaf
extract. The flavonoids present in this extract have also been
found efficient in suppressing a protease found in viral
assembly [57]. Further, Sharma et al. reported that papaya
leaf extract was able to significantly increase the platelet
count in thrombocytopenic rats. The authors also confirmed
in vitro antiviral activity of papaya leaf extract using dengue-
infected THP-1 cells (human leukemia monocytic cell line),
and the possible mechanism noted was reduction in both
envelop protein and NS1 protein expression. Further in
thrombocytopenic rats treated with papaya leaf extract,
decreased erythrocyte damage was observed along with
increase in IFN-α expression and thrombopoietin levels
indicating its potential to be used as therapeutic that can
help in improving the platelet count and exhibit antiviral
agent against dengue fever [58].

3.3. Anticancer Activity. Cancer is a huge group of diseases
which can affect any organ of the human body with abnor-
mal body cell growth. Cancer is also commonly known by
the name of malignant tumour, and the cells affected by this
disease have a tendency to spread from the originating organ
to others very rapidly. Nowadays, cancer is one of the major

causes of death worldwide, with 9.6 million estimated deaths
due to this lethal disease in a year [67]. Prostate, lung, colo-
rectal, liver, and stomach cancers are commonly found in
males, while breast, colorectal, thyroid, lung, and cervical
cancers are the most reported in females [68]. The burden
of this disease is continuously growing in the world, exerting
tremendous emotional and financial strain on patients, their
families and health systems, especially in low- and middle-
income countries. Alternative therapy includes different
plant extracts and their bioactive ingredients responsible
for tremendous health improvement, including the preven-
tion and treatment of cancer in many countries [69].

In one of the patents filed, it was declared that prolifera-
tion of cancer cells reduced while health improvement was
noted when people having cancer (lung, stomach, colon,
pancreatic, liver, neuroblastoma, ovarian, breast, solid, and
blood cancer) were treated with brewed extract of papaya
leaf or fractioned components [70]. Researchers also found
ethanolic papaya leaf extracts with high levels of saponins
more beneficial in suppressing cancer cell lines than aque-
ous extracts [71]. However, although there are significant
sources denoting the anticancerous effects of papaya leaves,
only a few studies have identified their exact effect on cancer-
ous cells and mechanism of action [72].

Medicinal value of herbs is dependent on the chemical
constituents present in them which are known for their
positive pharmacological and physiological activities inside
human system. Research studies on papaya has clearly
denoted that the whole plant has great number of secondary
metabolites [73] and are directly linked with the potent
anticancerous activities inside human body [74, 75]. Recent
studies were conducted to evaluate the effect of capsules of
papaya on cancer-affected patients split in different age
groups (pediatric: 3-8 years and adult: 18-72), including

PLE
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Affected RBC

Mild �rombocytopenia

PlateletPlate let
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Figure 2: Antiviral (antidengue) and antithrombocytopenic effect of papaya leaves.
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males and females aged, with different body weights and
ethnic backgrounds. They noticed a significant decrease
in cancerous growth of the patients treated with papaya
leaf extract of 0.16 g/kg body weight compared to control.
Their findings suggested that papaya leaf extract has a
great effect as anticancerous therapy for prevention and
cure of prostate cancer due to presence of the phytochem-
icals (amino acids, flavonoids, alkaloids, and phenolics).
However, the authors suggested that thorough research
and understanding, the mechanism of action as anticancer
agent is required before promoting use of papaya leaf
extract as adjuvant treatment of cancer [37]. There are
in vitro studies which clearly indicated a significant posi-
tive effect of this herbal extract on various tumour cell
lines. However, still, further research needs to be con-
ducted to provide concrete evidence and mechanism of

action of papaya leaf extract as anticancer agent. Table 3
summarizes the results of studies conducted by various
researchers to find out the medicinal potential of papaya
against different kind of cancer cells.

Papaya leaf extract (PLE) has ability to interact with a
huge range of molecular targets and exerts disease preven-
tive activities. The major molecular targets included in the
anticancer prevention are inhibition of the activity of DNA
topoisomerase I/II and change of signaling pathways.
Previous studies suggested that anticancerous properties of
papaya leaves might be due to two reasons, i.e., caspase-3/7
process activation and activation of p53-dependent mito-
chondrial pathway [36]. However, some researchers also
revealed that PLE seizes the PCa cell in S phase of cell
division, which leads to the cell death, thus responsible for
anticancerous activity [79]. Molecular signaling pathways

Table 2: Medicinal potential of Carica papaya L. leaf extract against virus-induced thrombocytopenia.

Treatment Results References

Mature C. papaya leaf concentrate (0.72mL/100 g bw of adult
Wistar rats) administered for 3 days

(i) Increase in platelet count without toxicity in rats
(ii) Increase in platelets by 76.50%, WBC by 30.51%, and

RBCs by 9.08%
[57]

Fresh C. papaya leaf extract (0.2mL (2 g)/mouse) for
twenty-one days

(i) Increment in the platelet and the RBC count.
(ii) The platelet count reached almost a fourfold higher at

day 21 (11:3 × 105/μL) and RBC count in the test
group increased from 6 × 106/μL to 9 × 106/μL at the
end of treatment.

[7]

C. papaya extract (150mL) daily to dengue patient for
five days

(i) Increase in no. of in thrombocytes (28 · 103/mL to
138 · 103/mL) and white blood cells BC
(3000/mL · 7800/mL) in a dengue adult patient

[52]

Administration of 500mg papaya leaf extract capsules on
daily basis along with supportive medical treatment for five
days to patients

(i) Increment in platelet count
(ii) Third day onwards platelet count showed significantly

positive results in the study group (82:96 ± 16:72) than
control (66:45 ± 17:36). This trend of significant
difference was the same on the fourth and fifth day of
their studies.

(iii) Average platelet transfusion requirement in the study
group was significantly less than the control group
(0.685 units per patient vs. 1.19 units per patient)

[59]

Carpaine extracted from C. papaya leaf (2mg/kg BW of
thrombocytopenic Wistar rats) for twenty days

(i) Isolated carpaine from C. papaya leaf extract exhibited
potent activity in sustaining normal platelet counts without
acute toxicity.

[60]

Aqueous extract of C. papaya leaves (one spoonful of leaf
paste) extract on dengue-infected children for two days

(i) Increase in number of a platelet count of dengue-infected
children of age 10 and 14

(ii) After one-day administration, platelet count was 100,000
and within 2 days count reached up to 250,000

[61]

Aqueous extract of C. papaya leaves (25mL) twice a day for
two days

(i) Significant increase in the platelet an white blood cell count
after 2 days of treatment

[62]

Standardized C. papaya leaf aqueous extract (50 and
150mg/kg BW of Wistar rats) for two weeks

(ii) Oral administration showed a significant increase in
thrombocytes (1014.83 cells/mm3), DTH response (0.16),
and phagocytic index (63.15% increase)

[63]

C. papaya leaf extract capsules (290mg) dose daily twice in
thrombocytes postchemotherapy cancer patients for five days

(i) After 5 days, the mean increase in platelet counts from
101:93 × 103/μL to 173:75 × 103/μL [64]

Administration of papaya leaf extract (1.1 g) to total five
hundred patients suffering from thrombocytopenia three
times daily for five days

(i) A significant increase in counts of platelets were noticed in
the study group.

[65]

Treatment of infected mice with 1000mg/kg bw of FCPLJ
(freeze-dried C. papaya L. leaf juice content) for four days

Increase in the number of total white blood cell and
neutrophil counts by 1.44-fold.

[66]
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and their cross-talk plays an important role in imparting the
anticancerous activity such as repression of DNA topoisom-
erase I/II activities, lower gene expression of Bcl-2, CDK 4,
cyclin D1, and B1, PCNA and higher expression of genes
like Bax, Bak, cleaved caspase 3, and P53 [36, 37]. Anticancer
activity of papaya leaf extracts and possible mechanism of
action is shown in Figure 3.

Papaya leaf extract’s immune modulatory potential is
responsible for increasing the concentration of nitric
oxide, CD80, TNF-alpha, and various other interleukins
(IL-12p70, IL-12p40) and induction of apoptosis in cancer
cells [37, 69]. However, papaya leaf extract at concentrations
of 5 Ig/mL on the release of cytokines exhibited percent
inhibition of TNF-α (10.8%), IL-1α (12.5%), IL-1β (27.4%),
IL-6 (42.9%), and IL-8 (8.4%) reported in some studies
[80]. Possible mechanism of papaya leaf extract to act as an
anticancerous agent is to lower down metastatic cancer by
decreasing the extracellular matrix concentration which fur-
ther acts as a chemo-attractants of PC-3 cells for adhesion as
well as migration [76]. Thus, the extract shows the potential
to reduce the procreation of cancer cells and conquer the
process of DNA synthesis [70]. It might be inferred a prom-
inent correlation between secretion of Th1 type cytokines

and increased cancer cell toxicity, which may result in the
antitumour activity of papaya leaf extracts [36].

3.4. Immunomodulatory Effects. Other studies showed the
immunomodulatory potential of papaya leaf extract and
the cytokine ELISA profile of PBMC and revealed that
papaya leaf extract downregulates IL-4 and IL-2 excretion
in supernatants of cultures in a dose-reliant manner and
presumed that leaf extract of papaya may bring apoptosis
in PBMC, like similar effect on cancerous cells [36]. How-
ever, secretion of Th1 type cytokines like IL-12p70, IL-
12p40, TNF-α, or IFN-γ applicable to anticancer immunity
was interestingly upregulated even at low concentrations of
leaf extract, with minor effect on IL-15, IL-6, IL-5, and IL-
10 production 9 [37]. Th1 (IFN-γ+ CD4+) vs. Th2 (IL-4+
CD4+) T cells are important mediators of inflammatory
reactions, and they may be influenced by regulatory T cells
[81]. Flow cytometry was used by Abdullah et al. (2011) to
investigate the effects of C. papaya on cells from healthy
people. Significant downregulation of IFN-γ+ CD4+ T cells,
upregulation of IL-4+ CD4+ T cells, and upregulation of
CD3+ CD4+ CD25+ CD127- T cells were observed after
papaya consumption. Regulatory T cells were upregulated

Table 3: Medicinal potential of Carica papaya L. leaf extract against virus-induced thrombocytopenia.

Treatment Effect on cancerous cells References

Aqueous isolate of C. papaya leaves (1.25–27mg/mL)

(i) Exhibited an effective anticancer property on cancer cell lines
(stomach cancer cell line (AGS), pancreatic cancer cell line
(Capan-1), colon cancer cell line (DLD-1), ovarian cancer cell line
(Dov-13), lymphoma cell line (karpas), breast cancer cell line
(MCF-7)

(ii) Suppressed DNA synthesis by inhibiting the incorporation of
3H-thymidine

[70]

Aqueous extract of C. papaya leaves
(0.625–20mg/mL)

(i) Inhibition of proliferative responses of haematopoietic cell lines
and solid tumour cell lines

(ii) Increase in the expression of immune modulatory genes
[36]

Brewed leaf juice (20mg/mL)

(i) Effective antiproliferative activity against cancerous cells of the
prostate

(ii) Suppression of SCC25 cells growth in a dose-dependent manner
(iii) Survivability of 20% SCC25 cells, and 70% cancer-free

human keratinocyte HaCaT cells remained viable with a dose of
20mg/mL

[37]

Aqueous C. papaya leaf extract (659.63μg/mL)
(i) Antiproliferative and apoptotic induced effect of papaya leaf

inhibits the proliferation of human breast cancer cell
(ii) Leaf extract exhibited apoptosis of MCF-7 cell line (22.54%)

[76]

Papaya leaf juice and its various extracts
(0.25–0.1mg/mL)

(i) Effective antiproliferative activity against cancerous cells of
the prostate

(ii) Potent growth inhibitory and cytotoxic activities on all prostate
cells except the normal (RWPE-1 and WPMY-1) cells

(iii) Medium polar fraction inhibited migration and adhesion of
metastatic PC-3 cells

[77]

C. papaya leaf juice (0.01-1mg/mL) in prostate
epithelial cancer cells, benign tumor, and human
prostate cancer cells

(i) Decrease the cancer cell proliferation
(ii) Arrest the S phase cell cycle
(iii) Induced apoptosis in prostate cancer cells

[7]

Silver nanoparticles (AgNPs) with papaya leaf extract
(0.5, 1, 2.5, and 5μg/mL) at 24 h and 48 h on human
prostate carcinoma DU145 cells.

Reduction in cell proliferation and subsequent apoptosis of human
prostate carcinoma DU145 cells.

[78]

9Oxidative Medicine and Cellular Longevity



in male participants’ in vitro cultures, and this was signifi-
cantly associated with levels of IL-1 in culture supernatants
[82]. There is a possibility that leaf extract of papaya may
promote the control of Th2-mediated allergic ailment, or
as an adjuvant of various vaccines by promoting an alter-
ation from Th2 to Th1 type immune response [6]. The
methanol (MeOH) extracts of C. papaya and on mice for
3 weeks were able to decrease the level of proinflammatory
cytokine, and it was also found that use of standardized
CPL aqueous extract (SCPLE) was significantly increasing
the thrombocytes and phagocytic index in thrombocytopenic
rats [80]. These findings help the researchers to screen out
the anticancerous effects of papaya leaves on cancer cells
in vivo studies. Studies conducted by various researchers with
regard to immunomodulatory potential of papaya leaf
extracts are summarized in Table 4.

3.5. Hypoglycemic and Antidiabetic Effects. Diabetes mellitus
is a worldwide known disease caused by the failure of the
pancreas to generate insulin or dysfunction of the human
system to use insulin properly and has been emerging very
rapidly worldwide. The increasing number of diabetes asso-
ciated with the rough toxic effects of allopathic medicine has
gained the attention of researchers to find out alternatives

with minor or no side effects [83]. This is a serious long-
term condition which has been considered one of the major
reasons of deaths in adult group globally, with four million
estimated deaths in recent years [81, 84]. The term diabetes
mellitus itself shows many diseases of abnormal carbohy-
drate metabolism which is associated to hyperglycaemia. It
is connected to impairment in the insulin secretion along
with varying degrees of resistance against insulin action.
Diabetes also increases the risk of other diseases and
disorders such as obesity, ageing, heredity, and genetic muti-
lation of beta-cell function/insulin receptor. Many plants are
known for their effective antidiabetic, phytochemicals in
conventional and today’s medicine as well [84, 85]. Even
various literature reports have shown the positive effects of
different plant parts for treating this disease [86].

The decreasing trend in the blood glucose level of the
treated animals with the consumption of plant part extracts
has revealed in many studies that the extract of plant portions
possesses potent antidiabetic effects and can be utilized for its
cure. Among different plant parts, papaya leaves have been
used in traditional Ayurveda medicines for diabetes [84].

Preclinical studies available in literature shows the antidi-
abetic effect of papaya leaves on diabetic rats, but no investiga-
tion has been undertaken as a clinical trial on human beings to

Prostate, ovarian and pancreatic
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Breast cancer

Regulation of p53 and
Bcl-2 protein expression

Induction of apoptosis

DNA syntheis

Cell cycle arrest

Reduction in tumor growth Breast with no tumour

Reduction in prostate, ovarian and
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Figure 3: Anticancer activities of papaya leaf extract.
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examine the antidiabetic effect of this herbal leaf extracts till
date. Researchers suggest that papaya leaves could be alterna-
tive medicine in the treatment of diabetes as it has no side
effects. The presence of significant number of phytochemicals
of this leaf extract has a great effect in reducing other second-
ary complications raised by diabetes [87]. First preclinical
study on therapeutic effects of papaya on diabetic Wistar
rats was conducted in 2007. Papaya ethanolic leaf extract
(5.0mg/kg BW of male Wistar rats) for twenty-four hours

was administered during the studies. A significant reduction
in blood glucose of diabetic rats from 12.75 to 1.23mmol/L
within 24 hours of oral administration was observed by the
researchers [88]. Studies conducted by various researchers
are summarized in Table 5 and possible mechanism of papaya
leaf extract as antidiabetic agent is shown in Figure 4.

Some studies suggested that the mechanism of action
of aqueous papaya leaf extract consists in stimulating the
beta cells with a higher pancreatic release of insulin, thus

Table 4: Immunomodulatory potential of papaya leaf extract.

Treatment Results References

Oral administration of SCPLE (150mg/kg) in
thrombocytopenic rats

Significant (p < 0:01) increase in thrombocytes (1014:83 × 103 cells/mm3),
DTH response (0:16 ± 0:004), and phagocytic index

[63]

Administration of C. papaya and methanol
(MeOH) extracts on mice for 3 weeks.

Proinflammatory cytokines (IL-10, IL-12, IL-1β, IL-6, and TGF-β1)
were decreased.

[80]

Aqueous-extracted CP leaf fraction on the
growth of various tumor cell lines

Production of IL-2 and IL-4 was reduced.
IL12p40, IL-12p70, IFN-, and TNF- were enhanced without

growth inhibition
[36]

Table 5: In vivo studies on the medicinal potential of Carica papaya L. leaf extract against diabetes.

Treatment Results References

The ethanolic aqueous extract of C. papaya (100mg/kg)
with water given to streptozotocin-induced diabetics for
five days.

(i) Reduced glucose levels in the blood at the end of the fifth day
of treatment.

(ii) A great regeneration of the tissues of the liver.
(iii) The tissues of kidney indicated a great recovery in the

cuboidal tissue

[89]

The aqueous extract of C. papaya (0.75 g and 1.5 g/100mL)
for one month

(i) Delay in attaining the maximum plasma concentrations of
amiodarone, extract and amiodarone increased the drug
bioavailability

(ii) Significant elevation in serum glucose levels (434.0mg/dL) in
comparison to the untreated rats

(iii) Significant decrease in blood glucose levels up to 306.00
10.2mg/dL

[90]

Aqueous extract of C. papaya leaf extract (400mg/kg BW of
diabetic albino rats) for twenty-one days

(i) Significant reduction in blood glucose level and serum
lipid profile levels due to antihyperglycemic and
hypolipidemic properties.

(ii) Leaf extract showed 38.19 per cent reduction in the blood
glucose level after completion of treatment

[91]

Ethanolic extract of C. papaya leaves (250-500mg/kg BW
of alloxan-induced diabetic rats) for twenty-one days

(i) Significant reduction in glucose level (123.50mg/dL), total
cholesterol, triglyceride (1.24mg/dL), and serum urea
(12.35mg/dL).

(ii) Significant increase in HDL cholesterol and total protein
level (66.51 g/dL).

(iii) Significant decrease in LDL cholesterol, creatinine, alanine
aminotransferase and aspartate aminotransferase.

[92]

Ethanolic leaf extracts of C. papaya, i.e., 50, 150 and
300mg/kg BW of diabetes-induced mice.

(i) Good effects on plasma insulin, cholesterol, triglyceride, and
HDL cholesterol levels

(ii) Hypoglycemic effect in diabetic rats after taking various doses
of C. papaya extract

[87]

Aqueous extract of C. papaya leaf (120mg/kg BW of albino
rats) for eighteen days

(i) Significantly reduced glucose level from 275.00 to
85mg/dL, total cholesterol from 117.70 to 98.50mg/dL,
total glycerides from 107.10 to 97.21mg/dL, and LDL from
49.44 to 44.01mg/dL

[93]

The administration at a dose of 1000mg/kg body weight of
papaya leaf ethanol extract in diabetic Wistar mice.

Reduce blood glucose levels in diabetic Wistar mice [94]
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increasing peripheral glucose uptake or islets of Langer-
hans. Furthermore, reduced glycemic effect of papaya leaf
extract is due to hampering of synthesis of fatty acids
and cholesterogenesis decrease and due to an increasing
amount of the latter parameters further increases the risk
of overweight and diabetes. Different reports have shown
that in diabetes, the islets appear to be preferentially
affected by the destruction of insulin-secreting β-cells
[95]. The mechanism triggered by papaya leaves consist
in diminishing the lipid and carbohydrate hydrolyzing
enzyme activity in the small intestines, which reduces
disaccharides and triglycerides conversion into simpler
easily absorbable monosaccharide and free fatty acids
[96]. With the current available preclinical inputs, it is
necessary to conduct more systematic, thorough cell line
or animal model studies to prove the beneficial effect of
papaya leaf extracts as hypoglycemic agent and before its
implication as antidiabetic component.

3.6. Other Bifunctionalities of Papaya Leaves. No medical
way has been proven to stop the death of brain cells in Alz-
heimer disease, though a few treatments only can help with
both behavioural and cognitive symptoms. Aluminum leads
to mitochondrial dysfunction with the generation of exces-
sive free radicals and eventual damage in genetic material,
peroxidation of lipids, and nitration of protein residues.
Papaya leaf extract has shown a significant neuroprotective
effect against aluminum-induced cognitive impairment and
associated oxidative damage in an animal model [97].
Taking into account the presence of various alkaloids like
carpaine, pseudocarpaine, dehydro-carpaine, and phenolic
compounds, papaya leaves have been used as antispasmodic,
analgesic, and antibacterial. Moreover, the boiled papaya

leaves along with some other plant parts such as stem bark
and leaves of few medicinal plants were recommended for
the treatment of arthritis and rheumatism like inflammation
as well as for wound healing too [98]. Studies conducted by
various researchers on neuroprotective, anti-inflammatory,
and antibacterial effects is summarized in Table 6.

4. Papaya Leaf-Based Products

Though papaya leaves are a storehouse of many pharmaceu-
tical properties, they have not been fully utilized up to date
on a commercial scale for the production of different formu-
lates. However, a few research studies have documented the
development of leaf extract-based products of papaya for
efficient utilization of its leaves.

4.1. Herbal Juice Beverages. For the preparation of aqueous
extract of papaya leaves, the latter are needed to be collected
excluding the sap and stalk for the extract preparation.
Papaya leaf extract is prepared by chopping or crushing
papaya leaves after proper washing, followed by water boil-
ing in a saucepan allowing it to simmer till half-volume
reduction and then by straining with a muslin cloth and
filling in a glass container [103, 104]. Papaya leaf extract
was made by putting papaya leaf powder in a Soxhlet extrac-
tor with ethanol and ethyl acetate (95%) for seventy-two
hours, and after extraction, the leaf extract was filtered and
concentrated through a rotary evaporator [105, 106]. Some
researchers crushed the papaya leaves and completed the
extraction in a round bottom glass flask at 80°C with water
addition at three different times [105]. All the latter
washings were blended and distilled under vacuum. The
obtained syrup was dehydrated in a vacuum oven to obtain
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Figure 4: Antidiabetic activities of Carica papaya extract (CPE).
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approximately papaya leaf extract. The juice was extracted
by the cold juicing method, which has been reported to
release bioactive components with more cytotoxic effects in
comparison to other aqueous and ethanol isolates. In partic-
ular, leaves were washed with mineral water before slicing,
and a grinder was used to extract papaya leaf juice. Approx-
imately one kilogram of papaya leaves was blended in min-
eral water of 250mL volume in the ratio of 1 : 0.25, and
further, the juice was separated from papaya leaf waste
through filtering to obtain a clear extract [72, 77].

The bitter taste of leaf extract makes its processed products
undesirable for the consumers. A few studies reported the
preparation of leaf extract and its blending with fruit pulps
for achieving different processed products like jam and
beverages, as an alternative for exploiting the leaf extract
nutraceutical properties. Previous research revealed that the
supplementation of a ready-to-serve beverage based on
papaya leaf juice incorporated in guava for the treatment of
dengue fever is very safe, as it also induced fast increment in
the platelets count and improved immunity in its consumers.

Ready-to-serve beverages were prepared by blending
papaya leaf and guava juice aiming to get early recovery of
viral disease [10]. Several beverages produced by mixing
papaya leaf juice in the banana pulp, pineapple, sweet
orange, and pomegranate juice with the addition of papaya
leaf extract were prepared to raise the nutritional composi-
tion of all the beverages [103]. Standardized formulation
for preparation of mango-papaya leaf extract mixture-
based nectar has been reported. Prior to beverage prepara-
tion, the aforementioned researchers extracted the juice by
two hot pressing method, by heating the crushed papaya
leaves for 10 minutes, and next passing them through the
screw type juice extractor to extract the juice. Further, the
leaf extract with 20% water was blended with mango pulp
in the ratio of 70 : 30, so as to prepare the final good-
flavoured nectar [98].

4.2. Herbal Green Tea. Papaya leaves are currently being
used for the preparation of green tea in very few countries,
thanks to their potent medicinal properties [10, 106].
Enzymes present in papaya leaf green tea have powerful
anticancer activities against different types of tumors [36].
For drying, fresh leaves are washed and kept at ambient tem-
perature for at least two hours, and then, they are cut into
small pieces and weighed. For the complete removal of free
moisture, fresh leaves are placed in mechanical cabinet
dehydrator at a temperature of 60°C for few hours, followed
by oven drying at 110°C just for a few minutes. After drying,
leaves are crushed and packed in bags to store them in a cool
and dry place [107].

4.3. Herbal Juice Powder and Capsules. Processing plant
juices into powder form is a new method to increase the
shelf life of the product at room temperature as well as for
easy transportation of the reduced volume commodity.
Spray drying is a technique applied in the processing
industry to obtain fruit juice powder efficiently under con-
trolled conditions. In order to keep these points in mind,
researchers have performed spray drying of papaya leaf
extract with a certain carrier material to preserve its internal
constituents. Before spray drying, the papaya leaf juice is
filtered twice to avoid blocking of the spray dryer atomizer.
Maltodextrin at a concentration of 8.0-10% w/v as a carrier
material is used to lower down the hygroscopicity of the
prepared papaya leaf dried powder. After mixing with
maltodextrin, the concentrated papaya leaf juice is conveyed
into the spray drying machine with a feed flow rate of
350mL/h and inside temperature of 130°C. Papaya leaf
powder is stored under normal room temperature condi-
tions [108].

Freeze-drying or lyophilization is another drying tech-
nique for the preparation of good quality juice powders. It
is a preferred method for drying of food having compounds

Table 6: Medicinal potential of Carica papaya L. leaf extract as neuroprotective, anti-inflammatory, and antibacterial herbal medicine.

Treatment Results References

Ethanolic extract of C. papaya leaves (25–200mg/kg),
carrageenan-induced paw oedema, cotton pellet granuloma,
and formaldehyde-induced arthritis rats for ten days

(i) Reduction in inflammation and in carrageenan-induced
paw edema, granuloma (cotton pellet induced) in
arthritic mice

(ii) Significant decrease in the amount of granuloma from 0.58
to 0.22 g

[99]

Aqueous C. papaya extract (0.625–2.5mg/mL) in infected
human beings

(i) Increment in protein content and also increased production
of antibodies against ovalbumin

(ii) Exhibited anti-inflammatory and antimicrobial activities at
higher doses

(iii) Leaf extract exhibited a decrease in gram-positive and
gram-negative bacterial count and proliferation rate.

[100]

Alcoholic C. papaya leaf extract 200-400mg/kg BW of
male Wistar rats for forty-two days

(i) Neuroprotective effect of C. papaya leaves on an
animal model

(ii) Denoted a significant elevation in the level of acetylcholine,
SOD, glutathione, and catalase and great reduction in
total proteins

[101]

Methanol and aqueous extracts of C. papaya leaves
(25mg/mL–100mg/mL).

Inhibits the growth of Staphylococcus aureus, Escherichia coli,
and Candida albicans

[19, 102]
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that are heat sensitive and vulnerable to oxidation, taking
into account that it operates at low temperatures under
vacuum [109]. The ice sublimation during freeze-drying
protects the main structure and the dried product shape,
with minimal volume reduction, higher nutrient, and phyto-
chemical retention due to low temperature. This technique
has been successfully applied to diverse biological materials,
and in this respect, researchers performed freeze-drying of
the papaya leaves after proper cleaning with a veggie wash
to scavenge unwanted soil and wax [110]. Further, they
washed with reverse osmosis or mineral water prior to juice
extraction in a juicer without water addition. After juice
extraction, the residual husk was pressed with a clean cloth.
The extracted juice was poured in a presterilized glass
container and frozen at a temperature of -50°C prior to
lyophilization in the dryer, so as to obtain the freeze-dried
powdered form of papaya leaf juice with its maximum bioac-
tive components. The obtained powder can be either stored
in vials or encapsulated into capsule form for further appli-
cations [59]. Researchers dried papaya leaves before isolating
them in a conical glass flask at 80°C three times with triple
volume of mineral-free water. They collected all the obtained
washings and distilled them under a vacuum of 20-30 TDS.
The crude form of the obtained extract coming from the
syrup dried in a vacuum oven can be used to form cap-
sules [60].

4.4. Papaya Leaf-Based Silver Nanoparticles (AgNPs) as
Health-Promoting Ingredient. Nanoparticles are an efficient
mode for delivering drug nowadays, though the methods
used for their synthesis are energy demanding and need
harmful chemicals. Recently, researchers have been focusing
on environmentally friendly methods of nanoparticles syn-
thesis. The use of plant parts with valuable medicinal prop-
erties, appropriate microorganisms, and enzymes has been
found effective as alternatives to antibiotics [111, 112].
Nanoparticle biosynthesis has been done by using strains
of microbes, proteins, and other metabolites, plant extracts,
and biodegradable products. Green synthesis of nanoparti-
cles by utilizing C. papaya leaf extract has shown potent
antimicrobial attributes. C. papaya silver nanoparticles bio-
synthesis is performed by adding a silver nitrate solution
into C. papaya leaf extract, with the silver ions getting
reduced due to chemical reaction between aqueous extract
of leaf extract and silver nitrate solution. The C. papaya leaf
silver nanomaterial, 5 to 200 nm sized, tends to penetrate
into microbial cells and exhibit bacterial cell lysis. Due to
antimicrobial effect of the C. papaya leaves, silver nanoparti-
cles become more efficient with this extract, exhibit a great
bactericidal efficiency, and could act as an alternative to anti-
biotic resistance [111]. More details on the synthesis of
AgNPs from C. papaya leaves are discussed in Table 7.

5. Safety Assessment of Papaya Leaves

Various scientific studies revealed a great and selective
growth inhibitory effect of different plant parts, whose ben-
eficial components may work through different pathways
to generate good biological responses. On the contrary,

undesired components or even high concentrations of bene-
ficial components in the same parts can generate toxic or
side effects, and to minimize the latter effects, the fractiona-
tion and standardization of their doses are needed. Papaya
leaves have been utilized for the treatment of viral fevers,
various cancers, etc., but despite their great uses, literature
research reports regarding their detailed toxicity are not
available yet up to date.

Studies on the acute toxic effect of papaya leaf extract at
a concentration of 2.0 g/kg of the rat bodyweight have been
conducted [28]. The latter authors found that the single oral
dose of the papaya leaf extract did not turn out the reason of
mortality without any significant transformations in the
body weight and change in water and food consumption
behavior; on the other hand, hemoglobin, red blood cells,
and proteins were greatly raised. However, no deaths and
no signs of toxicity were recorded during two weeks of
investigation. Scientists performed a chemical analysis of C.
papaya leaves and found that their extract had a significant
amount of carpaine, manghaslin, organic acids, clitorin,
nicotiflorin, rutin, and other minor chemical constituents
[121]. These phytochemicals do not generate treatment-
related change in body weight, food and water consumption
habits, haematological parameters, and serum chemistry in
treated rats after oral administration of the extract for one
month. The dose of papaya leaf extracts up to 2000mg/kg
was considered relatively nontoxic during their studies. Sim-
ilarly, studies to the evaluate the subchronic toxicity effect of
papaya leaf extract in rats with the administration of extract
prepared from lyophilized leaves powder in clean water
papaya leaf extract at concentrations of 0.00, 0.01, 0.14,
and 2.00 g/kg weight of rats for almost three months were
conducted [122]. Mortality, food, and water consumption
behavior were recorded throughout the experimental dura-
tion. Their study revealed that leaf extract given for three
months did not cause changes in the water and food intake
behavior or the bodyweight of the treated rats and concluded
that oral administration of papaya leaf extract for three
months did not have any type of toxic effect in the rats [123].

In contradiction to the above-mentioned studies, some
evaluated the effect of aqueous extract of papaya on rats
and found that some concentrations were toxic in different
ways [124]. The lethal concentration of the leaf extract with
more than 5 g/kg body weight showed no signs of autonomic
in acute studies. However, their results revealed that the
aqueous extract of papaya had an adverse effect on liver
and reproduction system in the rats. In the subacute study,
rats were supplied with extract as much as10-500mg/kg of
body weight for two weeks, and they found no effect on
the formed elements of blood or haemoglobin, through an
injury to the hepato-biliary system. In adult male rats, a
significant reduction in sperm count, sperm viability, and
testosterone was also observed, and in addition, female rats
also showed fertility problems with increase of maternal
mortality [125]. Therefore, it is essential to perform descrip-
tive studies to identify and evaluate the leaf chemical constit-
uents, their concentrations, and toxic side effects for further
proper utilizations of papaya plant parts, in order to com-
mercialize the relevant products for nutraceutical purposes.
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6. Conclusions

Research on papaya leaves has not yet received the attention
it deserves throughout the world, despite the fact that the
bioactive components found in the aforementioned plant
parts should be harnessed for nutritional as well as therapeu-
tic objectives. Indeed, papaya leaves have great potential to
treat viral infections, to boost immunity along with antidia-
betic, anticancer, anti-inflammatory, and many other disease
preventive properties. More research studies are required to
corroborate the main mechanisms of action shown by the
phytochemicals present in papaya leaves as medicinal
agents. In the latter respect, various studies found that
papaya leaf extract resulted inhibitory effect on cancer cell
growth and helped to reduce blood glucose levels. However,
further descriptive clinical research is to be carried out to
elucidate the functional properties of papaya plant parts on
cancer cells and diabetic patients. The consumption of
papaya leaves has been shown to have significant benefits
in the recovery from viral illnesses like dengue fever. As
new emerging viral infections have emerged as a major
concern around the world, and as antiviral medications are
currently unavailable to cure such diseases, the search for
an alternative strategy for lethal corona virus-like diseases
has become an urgent priority in recent years. Therefore,
the evaluation of papaya leaf extract can be performed as
preclinical trials or case-studies, in order to examine the
actual effect of this extract and phytochemical responsible
for preventing/curing other viral infections on human
health.

It is necessary to do additional research in order to indi-
vidually isolate phytochemicals, define their structure and
medicinal properties, standardize the optimum doses, and
investigate their toxicity. Because of their valuable phyto-
chemical composition, papaya leaves have the potential to
become a new functional food or nutraceutical for the future
generations. However, only a few scientific studies have been
conducted to date to formulate different papaya leaf-based
products, and the commercial application of these products
should be appropriately investigated. The leaves of this hor-
ticulture plant that is grown in underdeveloped nations have
the potential to become a very attractive source of extremely
nutritive and medicinal phytochemicals in the not-too dis-
tant future.
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Oxidative damage and epithelial-mesenchymal transition (EMT) are main pathological processes leading to the development of
PM2.5-induced lung fibrosis. Epigallocatechin gallate (EG), a natural polyphenol extracted from green tea, possesses the ability
to combat oxidative stress and inflammation. However, the potential roles of EG in PM2.5-induced lung fibrosis have not been
reported yet. In the present study, we investigated whether EG could relieve PM2.5-induced lung injury and fibrosis in vivo
and in vitro. To mimic PM2.5-induced lung fibrosis, C57/BL6 mice were intranasally instilled with PM2.5 suspension, and
MLE-12 lung epithelial cells were stimulated with PM2.5 (100 μg/mL) in vitro. The results showed that intragastric
administration of EG (20mg/kg/d or 80mg/kg/d for 8 weeks) significantly prevented lung injury, inflammation, and oxidative
stress in PM2.5-induced mice, apart from inhibiting collagen deposition. Additionally, EG treatment also suppressed the
activation of AKT/mTOR signaling pathway in lung tissues challenged with PM2.5. In vitro experiments further demonstrated
that EG treatment could enhance cell viability in a concentration-dependent manner in PM2.5-treated MLE-12 lung epithelial
cells. Also, the overexpression of constitutively active AKT could offset the inhibitory effects of EG on EMT and oxidative
stress in PM2.5-treated MLE-12 lung epithelial cells. Finally, AKT overexpression also blocked the inhibitory effect of EG on
the phosphorylation of mTOR in PM2.5-treated MLE-12 lung epithelial cells. In conclusion, EG could improve PM2.5-induced
lung fibrosis by decreasing oxidative damage and EMT through AKT/mTOR pathway, which might be a potential candidate
for the treatment of PM2.5-induced lung fibrosis.

1. Introduction

Air pollution has posed huge threat to human health, espe-
cially the cardiovascular system and respiratory system [1].
PM2.5 is defined as ambient air particulate matter with aero-
dynamic diameters less than 2.5μm, which is one of the
important pollutant compositions in air [2]. Increased
PM2.5 is implicated with a variety of chronic diseases
including bronchitis, chronic obstructive pulmonary disease
(COPD) [3], asthma [4], coronary artery disease [5], and
atherosclerosis [6]. PM2.5 can be easily inhaled into the air-

way and subsequently deposited in lung alveolar space due
to its small size, the long-term deposition of which further
gives rise to lung pathological injury and fibrosis by increas-
ing oxidative stress and epithelial-mesenchymal transition
(EMT) [7]. Thereby, candidates with antioxidative and anti-
fibrotic effects possess the potential to attenuate PM2.5-
induced lung injury and fibrosis.

At present, the pathogenesis of lung fibrosis has not been
well clarified. Lung fibrosis originates from aberrant repair
of the lung epithelial cells and repeated injury [8]. Some
studies hold the view that the progressive pulmonary
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dysfunction declining resulted from the lung epithelial
injury as well as aberrant fibroblast proliferation participated
in the development of inflammation and lung fibrosis
[9, 10]. Additionally, EMT and excessive extracellular matrix
(ECM) production also result in pulmonary structural
remodeling [11, 12]. In recent years, a great many researchers
have been immersed in the roles of lung epithelial cells and
EMT in fibrosis. Lung epithelial cells could differentiate into
a mesenchymal phenotype through EMT, which further
secrete a series of fibrogenic cytokines to activate fibroblasts
[13]. Protein kinase B (PKB, also known as AKT)/mechanis-
tic target of rapamycin (mTOR) pathway serves as one of the
most important pathways contributing to the activation of
EMT, playing an essential role in the progression of lung
fibrosis [14]. Hence, blocking AKT/mTOR pathway has been
proposed to be a promising strategy to suppress EMT and
combat lung fibrosis.

Epigallocatechin gallate (EG) is considered as the most
abundant polyphenol with bioactivity in green tea isolated
from Camellia sinensis [15]. As a bioactive dietary compo-
nent, EG owns a great many pharmacological actions
including antioxidation, anti-inflammation, antifibrosis,
and inhibiting endoplasmic reticulum stress [16–18]. In
acute lung injury induced by sepsis, acute pancreatitis,
paraquat, and hip fracture, EG treatment could exert vital
protective roles by different mechanisms [19–22]. In
transverse aortic constriction-induced cardiac fibrosis, EG
treatment significantly decreased collagen deposition and
cardiomyocyte hypertrophy by blocking AKT/mTOR path-
way [18]. These facts raised the possibility that EG may
own the potential of pulmonary protection. Yet whether
the EG could protect against chronic lung injury is still
unknown.

In the current study, we aimed to explore whether EG
can attenuate lung injury and fibrosis induced by PM2.5in
mice and to clarify the underlying mechanisms.

2. Materials and Methods

2.1. Regents and Chemicals. Epigallocatechin gallate with a
purity of 99.87% was purchased from MedChemExpress
Co., Ltd. (#: HY-13653, Shanghai, China). Primary anti-
bodies against phosphorylated (P)-AKT, total (T)-AKT,
P-mTOR, T-mTOR, and GAPDH were provided by Abcam
(Cambridge, UK), while secondary antibody was obtained
from LI-COR Biosciences (Lincoln, USA). Trypsin-EDTA
(0.25%) phenol red and Dulbecco’s modified Eagle’s medium
nutrient mixture F-12 (DMEM/F-12), fetal bovine serum
(FBS), and trypsin-ethylenediaminetetraacetic acid (0.25%)
phenol were provided by Invitrogen-Gibco (Grand Island,
NY, USA).

2.2. The Extraction of PM2.5 Sampling. PM2.5 samples
were obtained with a high flow PM2.5 sampler (Ecotech,
Australia) in the Wuhan Environment Surveillance Centre.
The extraction and analysis of PM2.5 sampling were carried
out based on our previous study [23]. The PM2.5 particles
were stored at −20°C and detached from filters by sonication,
which were next desiccated by lyophilization. At last, these

PM2.5 solid particles were suspended in phosphate buffer
saline (PBS) evenly by vortex concussion for intranasal instil-
lation and cell experiments.

2.3. Mice and Models. C57/BL6J male mice weighing 24:3 ±
1:7 g (8~10 weeks) were provided by the Chinese Academy
of Medical Sciences (Beijing). Mice were housed in a specific
pathogen-free rooms with constant temperature (22–25°C)
and humidity (50–60%) under a 12h light/dark cycle. Mice
had ad libitum access to food and water. All animal experi-
mental procedures were in accordance with the Guidelines
for the Care and Use of Laboratory Animals published by
the National Institutes of Health and were approved by the
Committee on the Laboratory Animal Welfare & Ethics of
Renmin Hospital of Wuhan University.

According to previous study, mice were intranasally
instilled with PM2.5 particulates (100mg/kg bodyweight)
suspended in 50μL of sterile water or isovolumetric sterile
saline once a week for four weeks to induce PM2.5-induced
lung injury and fibrosis [24]. Meanwhile, EG (20mg/kg/d or
80mg/kg/d) or equal volume of sterile saline was adminis-
tered orally to mice for continuous 8 weeks. 56 days after
EG administration, mice were sacrificed by cervical disloca-
tion after they were anaesthetized deeply by isoflurane inha-
lation. And the lungs were excised for molecular biological
and histological detections. To keep the lungs in an extended
status, 4% paraformaldehyde was instilled in the trachea.

2.4. Histopathological Analysis. The left lung tissues were
embedded in paraffin, which were then sliced into 3μm-
thick sections to expose the cross section of lung tissue. Sub-
sequently, the sections were stained using hematoxylin for a
few minutes and rinsed by tap water, followed by the differ-
entiation with 1% hydrochloric acid alcohol for 3-5 seconds.
After that, the sections were stained with eosin for 2-3
minutes. The lung injury was then observed and scored
under a microscope. As described previously, a semiquanti-
tative scoring system was applied to access lung injury based
on the degree of neutrophil infiltration and pulmonary
edema. Each index was scored by a pathologist according
to the following criteria: 0, no injury; 1, injury up to 25%
of the field; 2, injury up to 50% of the field; 3, injury up to
75% of the field; and 4, diffuse injury. A total lung injury
score was calculated by summing up the two components
(neutrophil infiltration and pulmonary edema) [25].

As for Masson staining, the lung sections were stained
with iron hematoxylin for the nucleus after dewaxed in
water. After that, the sections were stained with ponceau
red, followed by phosphomolybdic acid aqueous solution.
Next, the sections were stained with aniline blue and sealed
with neutral resin. At last, the sections were observed and
pictured under a light microscope.

2.5. Cell Culture and Treatment. The MLE-12 lung epithelial
cells were provided by Kunming Cell Bank of Typical Cul-
tures Preservation Committee, Chinese Academy of Sciences
(Kunming, China). The cells were cultured in DMEM/F-12
supplemented with FBS (10%) at 37°C in an incubator with
5% CO2. To establish an in vitro model of PM2.5-induced
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lung injury, the MLE-12 lung epithelial cells were stimulated
with PM2.5 (100μg/mL) with or without EG (20μM) for
24 hours as described [23]. To activate AKT in MLE-12
lung epithelial cells constitutively, the adenoviral (Ad) vec-
tors generated by Hanbio Biotechnology Co. (Shanghai,
China) were used in the present study [26].

2.6. Western Blot and Quantitative Real-Time RT-PCR. The
Western blot was carried out to access the levels of protein
expression. The total proteins in lung tissues and lung
epithelial cells were extracted using RIPA lysis buffer con-
taining a protease inhibitor cocktail. A bicinchoninic acid
(BCA) protein assay kit was used to detect and normalize
the protein concentration. 10 μL of markers or quantitative
protein samples (50μg) was added into a 10% SDS-PAGE
and separated before being transferred to the polyvinylidene
fluoride (PVDF) membranes. Subsequently, 5% skim milk
was used to block the nonspecific protein binding sites in
the PVDF membranes. Then, the membranes were incu-
bated with antibodies against GAPDH (1: 1000), P-mTOR
(1 : 500), T-mTOR (1 : 1000), P-AKT (1 : 5000), and T-AKT
(1 : 1000) diluted in Tris-buffered saline+Tween (TBST)
overnight at 4°C overnight, respectively. The next day, the
PVDF membranes were incubated with the secondary anti-
bodies after washed with TBST for 3 times. ECL detection
kits were applied to access chemiluminescence using a LI-
COR Odyssey image system. The protein expression levels
were normalized to GAPDH as an internal reference. The
expression was quantified using the Image Lab software
from Bio-Rad (Hercules, CA, USA).

Total RNA was extracted from murine lung tissues and
cultured lung epithelial cells using the TRIzol reagent. Next,
total RNA was reversely transcribed to complementary DNA
by oligo primers using the Maxima First Strand cDNA
Synthesis Kit. The transcriptional levels of target genes
including TNF-α, IL-1β, MCP-1, collagen I, collagen III,
connective tissue growth factor (CTGF), E-Cadherin, α-
SMA, Snail, thioredoxin-interacting protein (TXNIP), thio-
redoxin reductase 1(TXNRD1), and thioredoxin 1 (TXN1)
were detected with SYBR green. GAPDH was used as an
internal reference gene to calculate the relative expression
of target genes.

2.7. The Determination of Oxidative Stress. The fresh murine
lung tissues (100mg) were homogenized and then centri-
fuged for 10 min (X4230 g) to obtain the supernatant frac-
tions. Then, the NADH oxidase (NOX) and superoxide
dismutase (SOD) activities and malondialdehyde (MDA)
level were detected using the commercially available kits
according to the instructions [27].

2.8. CCK8 Assay. Cell Counting Kit-8 (CCK8) assay was
performed to detect cell viability using aCCK8 assay kit. In
detail, the lung epithelial cells were seeded into 96-well
plates. Subsequently, 10μL of CCK8 working solution was
added into each well in a dark environment. Then, the plates
were kept in an incubator (5% CO2) at 37°C for 1 hour.
Finally, the absorbance was measured at 450nm to evaluate
the cell viability of lung epithelial cells.

2.9. Data Analysis. All data in this study are presented as the
mean± standard deviation (SD). One-way ANOVA followed
by a post hoc Tukey’s test was performed to analyze the
differences among multiple groups, while an unpaired,
two-sided Student t test was carried out to analyze the differ-
ences between 2 groups. P < 0:05 was defined as statistical
significance.

3. Results

3.1. EG Treatment Decreased Pathological Injury and
Inflammatory Response in Lung Tissues Treated with
PM2.5. To begin with, lung pathological injury in each group
was assessed by H&E staining. The results showed that EG
(both 20mg/kg/d and 80mg/kg/d) could significantly allevi-
ate interstitial thickening and inflammatory cell infiltration
caused by PM2.5, which was reflected by decreased lung
injury score (Figures 1(a) and 1(b)). The results from RT-
PCR also indicated that EG treatment significantly decreased
inflammatory response in PM2.5-induced lung tissues, which
was evidenced by decreased mRNA levels of TNF-α, IL-1β,
and MCP-1(Figures 1(c)–1(e)).

3.2. EG Treatment Inhibited Oxidative Stress in Lung Tissues
Treated with PM2.5. Next, the levels of oxidative stress were
evaluated using different methods. As shown in Figure 2(a),
the level of lipid peroxidative product MDA in lung tissues
from mice challenged PM2.5 was suppressed after EG (both
20mg/kg/d and 80mg/kg/d) treatment. Also, the activity of
SOD and NOX was determined in each group. The results
demonstrated that EG treatment could increase SOD activity
and decreased NOX activity in PM2.5-induced lung tissues,
indicating that EG exerted antioxidant effects (Figures 2(b)
and 2(c)). Meanwhile, we observed the effects of EG on the
mRNA levels of pro-oxidant gene TXNIP and antioxidant
genes including TXN1 and TXNRD1. The results showed
that EG treatment upregulated the mRNA levels of TXN1
and TXNRD1 and downregulated the mRNA level of
TXNIP (Figures 2(d)–2(f)).

3.3. EG Alleviated Fibrosis and EMT in PM2.5-Induced Lung
Tissues. Fibrosis is one of the most important features of
PM2.5-induced lung injury [28]. Hence, we also observed
the effects of EG on lung fibrosis of mice challenged with
PM2.5. As shown in Figures 3(a) and 3(b), EG (both
20mg/kg/d and 80mg/kg/d) treatment significantly decreases
the fibrotic area in lung tissues from mice treated with PM2.5.
Furthermore, the mRNA levels of collagen I, collagen III, and
CTGF in PM2.5-induced lung tissues were also inhibited by
EG (Figures 3(c)–3(e)). Considering that EMT serves as one
vital mechanism contributing to lung fibrosis, we also detected
the markers of EMT in lung tissues. The results (Figures 3(f)–
3(h)) showed that EG treatment significantly increased the
level of E-Cadherin and decreased the levels of α-SMA and
Snail, suggesting that EG shifted the phenotype from mesen-
chymal cells to epithelial cells.

3.4. AKT/mTOR Pathway Was Inhibited by EG in Lung
Tissues Treated with PM2.5. Previous studies have illustrated
that the abnormal activation of AKT/mTOR pathway was
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implicated with oxidative stress and EMT [29, 30]. Here, our
data disclosed that PM2.5 stimulation significantly pro-
moted the phosphorylation of AKT and mTOR in lung tis-
sues (Figures 4(a)–4(c)). As expected, EG (both 20mg/kg/d
and 80mg/kg/d) treatment obviously blocked the activation
of AKT/mTOR pathway, hinting that the pulmonary protec-
tion from EG may be associated with the inhibition of AKT/
mTOR pathway.

3.5. EG Relieved EMT and Oxidative Stress in PM2.5-Induced
Lung Epithelial Cells in an AKT-Dependent Manner. Next,
we investigated the roles of EG in PM2.5-induced lung epi-
thelial cells. First, cell viability was detected in lung epithelial
cells treated with different concentrations of EG. As shown

in Figure 5(a), the concentrations ranging from 0.1 to
50μM display no effects on cell viability of lung epithelial
cells. In PM2.5-induced lung epithelial cells, the concentra-
tions ranging from 10 to 50μM improved cell viability
(Figure 5(b)). Based on these data, 20μM was selected for
the subsequent in vitro experiments. The results showed that
EG (20μM) could improve cell viability of PM2.5-induced
lung epithelial cells, whereas constitutively active AKT over-
expression by adenoviral infection blocked the effects of EG
on cell viability (Figure 5(c)). Similarly, AKT activation also
offset the inhibitory effects of EG on EMT in PM2.5-induced
lung epithelial cells, evidenced by decreased mRNA level
of E-Cadherin and increased mRNA level of α-SMA
(Figures 5(d) and 5(e)). Additionally, the antioxidant effect
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Figure 1: EG treatment decreased pathological injury and inflammatory response in lung tissues treated with PM2.5. (a–b) H&E staining of
lung tissues in the indicated groups and lung injury scores (n = 5). Original magnification ×200. (c–e) Comparison of mRNA levels of
TNF-α, IL-1β, and MCP-1 in lung tissues (n = 5).∗P < 0:05 vs. Ctrl group, #P < 0:05 vs. PM2.5 group.
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of EG on PM2.5-induced lung epithelial cells could also be
counteracted after AKT activation (Figures 5(f) and 5(g)).
Taken together, these results disclosed the fact that EG
could inhibit EMT and oxidative stress in PM2.5-induced
lung epithelial cells in an AKT-dependent manner.

3.6. AKT/mTOR Pathway Was Involved in Pulmonary
Protection from EG in PM2.5-Induced Lung Epithelial Cells.
Finally, we detected the protein levels of P-mTOR and T-
mTOR in the indicated groups. As shown in Figures 6(a)
and 6(b), EG could not inhibit mTOR at baseline, whereas
it significantly decreased the protein level of P-mTOR
inPM2.5-induced lung epithelial cells. As expected, AKT
activation offset the inhibitory effects of EG on mTOR,
which further solid the hypothesis that EG exerted its pro-
tective effects by blocking the activation of AKT/mTOR
pathway in PM2.5-induced lung injury and fibrosis.

4. Discussion

Here, we disclosed that EG treatment prevents oxidative
damage, inflammation, and lung fibrosis induced by PM2.5
for the first time. EG blocked the EMT of lung epithelial cells
induced by PM2.5 in vitro. The pulmonary protection from

EG was associated with the inactivation of the AKT/mTOR
pathway. Constitutive activation of AKT by adenovirus
infection in lung epithelial cells could offset EG-elicited pro-
tection (Figure 7).

In many epidemiological studies, the relationship
between respiratory diseases and ambient airborne fine par-
ticulate matter exposure has been well illustrated [31, 32]. To
our knowledge, PM2.5 is comprised of a series of particles
involving nitrate, black carbon, sulfate, polycyclic aromatic
hydrocarbons, metals, and automobile exhaust particles,
which could invade distal small airways and alveoli [33].
Excessive accumulation of PM2.5 in lung parenchyma could
lead to irreversible lung fibrosis, apart from inducing inflam-
mation and oxidative stress [34]. In the young and the
elderly, long-term PM2.5 exposure gives rise to poorer lung
function indices, evidenced by reduced forced vital capacity
(FVC), and forced expiratory volume in 1 s (FEV1), as well
as peak expiratory flow (PEF) [35]. At present, oxidative
stress and EMT are regarded as two main factors contribut-
ing to lung fibrosis. Some animal experiments also showed
that long-term PM2.5 exposure aggravates lung fibrosis by
mediating oxidative stress and AKT activation [36]. PM2.5
displays s a potent redox potential by elevating reactive oxy-
gen species (ROS). In preexisting COPD rats stimulated with
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Figure 2: EG treatment inhibited oxidative stress in lung tissues treated with PM2.5. (a) MDA level in lung tissues (n = 5). (b–c) SOD
activity and NOX activity in lung tissues (n = 5). (d–f) Comparison of mRNA levels of Txn1, Txnip, and Txnrd1 in lung tissues (n = 5).
∗P < 0:05 vs. Ctrl group, #P < 0:05 vs. PM2.5 group.
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Figure 3: EG alleviated fibrosis and EMT in PM2.5-induced lung tissues. (a–b) Masson staining of lung tissues in the indicated groups and
the quantification of fibrosis (n = 5). Original magnification ×200. (c–e) Comparison of mRNA levels of fibrosis markers including collagen
I, collagen III, and CTGF in lung tissues (n = 5). (f–h) Comparison of mRNA levels of EMT markers including E-Cadherin, α-SMA, and
Snail in lung tissues (n = 5). ∗P < 0:05 vs. Ctrl group, #P < 0:05 vs. PM2.5 group.
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Figure 5: EG relieved EMT and oxidative stress in PM2.5-induced lung epithelial cells in an AKT-dependent manner. (a) Cell viability of
lung epithelial cells treated with different concentrations of EG (n = 5). (b) Cell viability of PM2.5-induced lung epithelial cells treated with
different concentrations of EG (n = 5). (c). Cell viability of PM2.5-induced lung epithelial cells treated with EG (20 μM) after AKT was
overexpressed by adenovirus infection (n = 5). (d–e) Comparison of mRNA levels of EMT markers including E-Cadherin and α-SMA in
the indicated groups (n = 5). ∗P < 0:05 vs. the indicated groups; ns: no significance.
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PM2.5, a significant reduction of some antioxidant factors
including nuclear factor erythroid 2-related factor 2 (Nrf2),
total superoxide dismutase, and heme oxygenase-1 was
observed [37]. These studies hinted that oxidative stress
serves as one critical mechanism contributing to PM2.5-
induced lung fibrosis and injury. On the other one hand,

the interaction between epithelial cells and basal lamina
could be altered by PM2.5, reflected by cytoskeletal and
extracellular matrix with mesenchymal features [38]. In the
present study, PM2.5 exposure promoted the development
of EMT and oxidative damage in vivo and in vitro, which
was significantly blocked by EG treatment.
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Figure 6: AKT/mTOR pathway was involved in pulmonary protection from EG in PM2.5-induced lung epithelial cells. (a–b) Western blot
analysis and statistical results for P-mTOR and T-mTOR (n = 5). ∗P < 0:05 vs. the indicated groups; ns: no significance.
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Both AKT and mTOR (known as the mechanistic target
of rapamycin) are serine-threonine protein kinases, partici-
pating in protein synthesis, metabolism pathways, autoph-
agy, cell proliferation, and cell growth [39]. Activated AKT
could phosphorylate mTOR, promoting the conversion of
lung epithelial cells to fibroblasts, inducing lung fibrosis
[40]. Additionally, the activation of AKT/mTOR pathway
also gives rise to oxidative stress, which further aggravated
the development of fibrosis [29, 41]. Here, our study
unveiled that EG treatment not only decreased oxidative
stress but also inhibited EMT during PM2.5-induced lung
fibrosis by blocking the activation of AKT/mTOR pathway.
In fact, Nrf2 also serves as a critical transcription factor in
the development of fibrosis and antioxidant response. To
be more specific, Nrf2 could dissociate from Keap1 and
translocate to the nucleus. Subsequently, the transcriptional
activity of Nrf2 is enhanced to activate the expression of
some antioxidative genes [42, 43]. Previous study has
unveiled that the activation of Nrf2 was also regulated by
AKT, which was also involved in inflammatory and oxida-
tive damage. Therefore, one of the limitations in the present
study in that the status of Keap1/Nrf2 pathway was not
investigated [44].

Natural therapeutic approaches have been recorded over
3,000 years. The secondary metabolites from natural prod-
ucts act as an endless frontier to develop compounds with
medical and pharmaceutical purpose [45]. Green tea, a very
popular beverage globally, is rich in flavonoids and phenolic
acids, exhibiting important nutraceutical and medical prop-
erties [46]. EG is one of the most important polyphenolic
compounds, owing seven hydroxyl radicals among three
aromatic rings [47]. Previous studies reported that EG
exerted antifibrotic effects by reducing collagen synthesis
and blocking the major fibrosis-related pathways in keloids
[48]. Also, in nonalcoholic fatty liver disease and cardiac
remodeling, EG could decrease fibrogenic reaction and oxi-
dative damage [18, 49]. Meanwhile, EG displays significant
inhibitory effects on AKT/mTOR pathway in some diseases
[50, 51]. In keeping with these studies, our results also dis-
closed that EG significantly decreased oxidative stress, apart
from inhibiting the inflammatory factors including TNF-α,
IL-1β, and MCP-1 in mice exposed to PM2.5. And the pro-
tective effects of EG on mice exposed to PM2.5 were medi-
ated by AKT/mTOR pathway.

In conclusion, we found that EG improved PM2.5-
induced lung fibrosis by decreasing oxidative damage and
EMT in an AKT-dependent manner. The present study pro-
vides proofs for the application of EG in the treatment of
PM2.5-induced lung fibrosis.
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The world’s population is ageing at an accelerated pace. Ageing is a natural, physiological but highly complex and multifactorial
process that all species in the Tree of Life experience over time. Physical and mental disabilities, and age-related diseases, would
increase along with the increasing life expectancy. Ginger (Zingiber officinale) is a plant that belongs to the Zingiberaceae family,
native to Southeast Asia. For hundreds of years, ginger has been consumed in various ways by the natives of Asian countries, both
as culinary and medicinal herb for the treatment of many diseases. Mounting evidence suggests that ginger can promote healthy
ageing, reduce morbidity, and prolong healthy lifespan. Ginger, a well-known natural product, has been demonstrated to possess
antioxidant, anti-inflammatory, anticancer, and antimicrobial properties, as well as an outstanding antiviral activity due to a high
concentration of antiviral compounds. In this review, the current evidence on the potential role of ginger and its active
compounds in the prevention of ageing is discussed.

1. Introduction

According to the World Population Prospects 2019, it is esti-
mated that one in six people will be over the age of 65 (16%)
by 2050 and 1 in every 11 people (9%) in 2019, respectively
[1]. Ageing is a natural, physiological but highly complex,
multifactorial process that all organisms go through. The life
expectancy is increasing at a steady pace, and as a result, the
age-related diseases as well as the physical and mental dis-

abilities increase accordingly. While 80% of older people suf-
fer from an age-related disease such as diabetes,
hypertension, or heart disease, 50% have at least two age-
related conditions. In fact, ageing has been considered as a
“risk factor” for several diseases including cancer, diabetes,
osteoarthritis, and cardiovascular and neurologic conditions
[2, 3]. These diseases and disabilities pose a serious threat to
the health of older people, thereby decreasing their quality of
life and life expectancy. The biological consequences of
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ageing remain largely unelucidated. However, studies in the
last two decades have provided valuable information on the
underlying cellular and molecular mechanisms of ageing and
related diseases [4, 5].

Humans have used herbs for thousands of years to treat
a variety of ailments. Clinical studies and epidemiological
data suggest that some plant-based natural products may
reduce and delay the molecular and cellular degradation
over time as much as possible and also increase longevity
in humans [4]. In this context, plant-based natural products
can also be promising for the prevention and treatment of
ageing and age-related diseases [6–8].

2. Ginger

Ginger (Zingiber officinale) is a member of the Zingiberaceae
plant family, native to Southeast Asia. For centuries, ginger
has been consumed in different ways by Asia’s indigenous
peoples, mainly in China and India, both as spice and sweet-
ener in the local cuisine and as herbal medicine for treating
many diseases. Specifically, in the traditional Chinese,
Indian, and Ayurvedic medicine, ginger is believed to have
therapeutic effects. It is used as a remedy for cough relief
due to its expectorant action to loosen and expel phlegm.
Ginger is also used for pain alleviation, treatment of nausea,
vomiting, and poisoning and for facilitating digestion [9].
Currently, it is known that ginger has antioxidant, anti-
inflammatory, and antitumor properties and its effectiveness
in the prophylaxis and treatment of gastrointestinal, cardio-
vascular, respiratory, and neurological diseases has been
demonstrated by several research studies [10]. Rhizome is
the edible part of the plant. The nutraceutical value of ginger
is attributed to the bioactive compounds contained in the
rhizome, such as gingerols (GNs), shogaols (SGs), paradols,
and zingiberene [9]. Volatile phenolic compounds, mainly
6-GN, as well as 4-, 8-, 10-, and 12-GNs, found in fresh gin-
ger rhizome give ginger its pungent fragrance and unique
aroma. These compounds are sensitive to pH and tempera-
ture changes, and gingerols are rapidly converted to their
corresponding 6-, 8-, and 10-SGs during processes that
require extreme heat such as drying and roasting. Extracts
derived from rhizomes and processing methods may vary
widely on chemical composition and associated properties,
with dried ginger as a key player in antioxidant activity.
Dry ginger powder is also known as Sonth in Hindi, Sonti
in Telugu, Soonth in Gujarati, Suntha in Marathi, and
Shunti in Kannada. The major phenolic compounds in gin-
ger are mainly gingerols, the active constituent of fresh gin-
ger. The other major polyphenols are abundant in active
phytochemicals such as shogaols, paradols, zerumbone, zin-
gerone, gingerols, and 1-dehydro-(10) gingerdione. Shogaols
can be derived from ginger with heat treatment or long-term
storage. Paradols can form shogaols after hydrogenation.
Besides these, ginger raw fiber is also involved in polysaccha-
rides, lipids, and organic acids. Ginger active compounds are
critically implicated in different biological activities such as
anti-inflammatory, antitumor, antimicrobial, and antioxi-
dant activities (Figure 1) [10]. Therefore, dried ginger rhi-
zome represents the major source of 6-SG which is the

most prominent dehydration product [11] (Figure 2). Recent
studies have demonstrated that 6-SG has superior biological
actions as compared to 6-GN [12, 13] with no associated
side effects, and, as such, shuntha is considered more power-
ful medicinally than raw ginger [14, 15].

3. Ginger and Healthy Ageing

Active and healthy ageing is defined as the maintenance of
one’s ability to perform activities of daily living without
being affected by cognitive and functional impairment and
chronic illnesses [16]. Mounting evidence suggests that gin-
ger can promote healthy ageing, reduce morbidity, and pro-
long healthy lifespan [16, 17]. For over three decades, studies
have reported that the antioxidant, anti-inflammatory, anti-
microbial, antitumor, and antihypercholesterolemic features
of the bioactive compounds found in ginger account for its
aforementioned health benefits [10, 17] (Figure 2).

It is believed that ginger can also protect, prevent, and
even treat many diseases related to ageing by modulating
molecular targets involved in their pathogenesis [6]. Fur-
thermore, Natural Language Processing (NLP) was applied
to uncover words most closely related to ginger. Briefly,
PubMed literature search and article collection were con-
ducted using the keyword “ginger”. The natural language
toolkit (NLTK: https://www.nltk.org/) and spaCy (https://
spacy.io/), in a Python environment, were used for text pro-
cessing. The word embedding algorithm Word2vec in the
Gensim library in Python (https://pypi.org/project/gensim/
) was used to train word vectors in the processed text. A list
of all word-to-word distances was compiled. The similarity
distances between each word pair were calculated using the
Word2Vec.most_similar function in Gensim Word2vec
model. Of the 4464 candidate articles, 4009 met the inclu-
sion criteria, such as written in English, included an abstract,
and contained adequate text. Only those words that
appeared more than five times (i.e., minimum frequency
threshold) were vectorized. The network depicted in
Figure 3 provides information on the semantic terms associ-
ated with ginger, many of them related to the health effects
of ginger.

Several of the health benefits of ginger and the underly-
ing biological mechanisms are described below.

3.1. Ginger against Oxidative Stress. Free radicals are highly
reactive atoms or molecules with one or more unpaired elec-
trons in their outer shells. Reactive oxygen species (ROS) are
formed when oxygen reacts with certain molecules in all aer-
obic cells. ROS can lead to the oxidative modification of
major cellular macromolecules such as carbohydrates, lipids,
proteins, and DNA [18]. The free radical ageing theory, later
termed as “oxidative stress theory of ageing,” is based on the
hypothesis that age-related functional losses actually result
from the accumulation of this oxidative damage.

Oxidative stress is associated with the reduced produc-
tion of antioxidant enzymes and the activation of inflamma-
tory pathways. Therefore, both oxidative stress and chronic
inflammation lead to many molecular and cellular changes
including genomic instability, epigenetic alterations,
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mitochondrial dysfunction, cellular senescence, and stem
cell loss. These physiological/pathological changes play a
key role in the development of age-related metabolic and
degenerative disorders as well as cell ageing [18].

Several phytochemical extracts from ginger have been
demonstrated to possess a number of antioxidant properties,
like scavenging superoxide, hydroxyl, and nitric oxide radi-
cals in vitro in a dose-dependent manner [19]. In one study,
pretreatment with ginger extract inhibited the IL-1β-
induced elevation of ROS and lipid peroxidation and signif-
icantly the increased gene expression of the corresponding
antioxidant enzymes in C28/I2 human chondrocytes [20].
In rats, ginger showed a marked renoprotective effect on bio-
chemical, histological, and immunohistochemical markers
in nephrotoxicity induced by gentamicin and cadmium; this
effect was attributed to the antioxidant and free radical scav-
enging activities of polyphenolic compounds such as 6-GN

and 6-SG [21, 22]. Exogenous 6-SG and 6-, 8-, and 10-GN
exhibited considerable antioxidant activities, with IC50
values ranging from 8.05 to 26.3μM against DPPH (1,1-
diphenyl-2-picyrlhydrazyl) radical, 0.85-4.05μM against
superoxide radicals, and 0.72-4.62μM against hydroxyl rad-
icals. In that study, 6-SG was reported as the most potent
antioxidant and anti-inflammatory compound, with 6-GN
exhibiting the least antioxidant activity [23].

In addition to antioxidant activity, the bioactive compo-
nents of ginger can also exert a modulating effect on antiox-
idant enzymes or enzymatic systems. In a study investigating
the effect of ginger extract on oxidative hepatic toxicity
induced by lead acetate (PbAc) in rats, the extract reduced
the levels of malondialdehyde (MDA), a marker of oxidative
stress in the liver, and caused a significant increase both in
the concentration (by 112-228%) and mRNA expression
(1.4- to 8-fold) of antioxidant enzymes and molecules
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Figure 1: Illustration of the wide range of the health effects of ginger. A great range of those natural products’ beneficial effects for the
human organism have been verified and investigated at a molecular and mechanistic basis. Emphasis is given in this review on the
antioxidant, anti-inflammatory, and anticarcinogenic properties of ginger.
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Figure 2: Ginger rhizome active compounds.
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including hepatic glutathione, glutathione S-transferase
(GST), glutathione peroxidase (GPx), and catalase (CAT)
[24]. Ginger extract was reported to decrease the MDA level
in the liver and also restore the activity of antioxidant
enzymes including GPx, glutathione reductase (GR), super-
oxide dismutase (SOD), and CAT and the hepatic content
of reduced glutathione when orally administered to rats with
streptozotocin-induced diabetes mellitus for 30 days [25]. In
a study examining the effectiveness of 6-GN on the longevity
of Caenorhabditis elegans, SOD and CAT activities were
increased by 21.8% and 28.3%, respectively, in worms fed
6-GN versus controls, whereas intracellular ROS levels
decreased in a dose-dependent manner [26].

The antioxidant content and composition of plant
extracts vary depending on a number of factors including
extraction solvent, temperature and duration of extraction,
and storage conditions [27]. Higher antioxidant activity
was observed in ginger extracts prepared with ethanol,
methanol, and acetone solvents than extracts prepared with
water [28, 29]. In a study using a number of free radical
scavenging methods, ginger root showed the greatest scav-

enging activity against hydroxyl (HO⋅) and superoxide radi-
cals. Following storage of the plant at 80°C for two hours, its
effect on singlet oxygen (1O2) and peroxyl radical decreased
by 50%, whereas its effect on superoxide radical increased by
56%. This heat-induced change in the radical scavenging
activity was attributed to the conversion of 6-GN, the main
ginger component, to 6-SG [30]. This piece of evidence indi-
cates that heat treatment may either increase or diminish the
scavenging activity of ginger depending on the type of reac-
tive oxygen species. This suggests that, unlike other vegeta-
bles with antioxidants, ginger will not lose its antioxidant
activity even after cooking at high temperatures [30].

Although the drying process results in degradation of
some of the cellular components of the ginger rhizome, it
also induces the formation of new compounds with
enhanced antioxidant properties. In particular, the antioxi-
dant properties of the dried ginger tea were found to be
superior to those of the commercial tea [31]. Of importance,
the drinking of ginger tea can effectively prevent and cure
colds, sore throat, and cough and also reduce inflammation
[32]. In a study exploring the effects of different drying

Figure 3: Network depicting the semantic relationships of the top 100 words most closely related to “ginger.” The words are represented by
nodes, and the semantic associations between words are denoted by connecting lines.
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methods including sun drying (at 28-44°C for 3 days), oven
drying (at 60°C for 4 days), and freeze drying (at -30°C for 3
days) on the antioxidant and anti-inflammatory activities of
ginger rhizome, all drying processes, primarily sun drying,
were reported to enhance the aforementioned properties of
the plant significantly as compared to fresh ginger [33].

In a study examining the effects of storage time and tem-
perature on the activities of ginger phytochemical com-
pounds such as phenolics, flavonoids, 6-GN, and 6-SG,
storage temperature was observed to affect free radical scav-
enging activity to a greater extent than storage time. It has
been suggested that when stored at 5°C, the qualities of fresh
rhizome can be preserved for up to 4 months in terms of
both antioxidant and antibacterial activities [34].

There is a growing interest globally in organic farming
because organic foods are considered healthier. In a study
by Min and colleagues, it was found that organic ginger rhi-
zomes and leaves have a significantly greater phytochemical
and antioxidant capacity than their nonorganic counter-
parts. Moreover, applications of mycorrhiza combined with
tissue culture for organic farming resulted in a marked
increase in the total phenolic and flavonoid contents, as well
as 6-GN and 8-gingerol concentrations, in ginger rhi-
zomes [35].

3.2. Anti-Inflammatory and Immunomodulatory Activities.
Inflammation can be defined as the body’s protective
response that develops following invasion by microorgan-
isms, antigen exposure, and damage to cells and tissues. It
involves complex interactions among many cell types, medi-
ators, receptors, and signaling pathways. In particular,
chronic inflammation has a central role in the pathogenesis
of many diseases such as atherosclerosis, cancer, diabetes,
and rheumatoid arthritis as well as ageing. Studies have long
shown that ginger and its various active compounds have
anti-inflammatory activity. It was initially suggested that
the anti-inflammatory activity of ginger is mainly associated
with its inhibitory action on prostaglandin and leukotriene
synthesis [15]. Both fresh ginger (mainly composed of gin-
gerols) and dried ginger extracts (major source of shogaols)
were demonstrated to inhibit lipopolysaccharide- (LPS-)
induced prostaglandin E2 (PGE2) production [36, 37]. This
activity of 6-, 8-, and 10- gingerols was attributed to their
inhibitory action on COX-2 mRNA expression and the cor-
responding COX-2 enzyme, with 10-gingerol exhibiting the
strongest inhibitory effect depending on the length of the
side chains. However, 6-, 9-, and 10-shogaols were found
to have lesser inhibitory effect on COX-2 mRNA expres-
sion [38].

In a carrageenan-induced rat paw edema model in which
the anti-inflammatory activity of ginger extract was evalu-
ated at different doses, the extract was shown to reduce the
levels of the inflammatory mediators PGE2, TNF-α, IL-6,
monocyte chemoattractant protein-1 (MCP-1), and myelo-
peroxidase (MPO) by 32% to 60% in a dose-dependent man-
ner (25-200mg/kg). The anti-inflammatory activity of
ginger extract was found to be significantly greater than that
of diclofenac at the same concentration, and 6-SG was more
potent than other shogaols. At a dose of 200mg/kg, ginger

extract prevented histopathological effects induced by carra-
geenan and increased total antioxidant capacity. The authors
suggested that the anti-inflammatory activity of ginger
extract mainly involves inhibition of cell migration and acti-
vation of inflammatory cells [39].

Several studies showed that 6-GN (i) inhibited inducible
nitric oxide synthase (iNOS) and TNF-α expression in
mouse macrophages stimulated by LPS, (ii) reduced IL-6,
IL-8, and ROS levels in hepatic HuH7 cells stimulated by
IL-1β, (iii) decreased IL-8, IL-6, IL-1β protein, and mRNA
levels in intestinal epithelial cell inflammation induced by
Vibrio cholerae, (iv) reduced secretion and expression of
TNF-α, IL-1β, IL-6, PGE2, COX-2, and iNOS in murine
RAW 264.7 monocyte/macrophage-like cells exposed to
LPS, and (v) downregulated expression of iNOS and COX-
2 protein in murine skin cells exposed to 12-O-
tetradecanoylphorbol 13-acetate (TPA) by either modulat-
ing or inhibiting a NF-ĸB- (nuclear factor kappa-light-
chain-enhancer of activated B cells-) mediated signaling
pathway or via its interaction with various endogenous
mediators such as PI3K/Akt/I kappaB kinases (IKK) and
MAPK [40–44]. In addition, the inhibitory effect of 6-GN
on COX-2 enzyme has been reported to contribute to its
anti-inflammatory activity [41].

Systemic administration of 6-GN caused hypothermia by
slowing the metabolic rate in rats and led to inhibition of
acetic acid-induced writhing response and formalin-
induced licking time in mice. These data suggest that 6-GN
may potentially have antipyretic and analgesic properties
as well as anti-inflammatory activity [45, 46].

It was reported that 6-SG inhibited the release of TNF-α,
IL-1β, and NO in LPS-activated RAW264.7 macrophages,
suggesting that it may have a therapeutic potential in
chronic inflammatory events primarily involving macro-
phages [47]. It was also shown to inhibit activation of a
NF-ĸB-mediated pathway and subsequent release of TNF-
α, IL-1β, IL-6, and PGE2 in BV2 microglia cells exposed to
LPS. Upregulation of peroxisome proliferator-activated
receptor gamma (PPAR-γ) by 6-SG was found to play a role
in its anti-inflammatory action [48].

Toll-like receptors (TLRs) play a crucial role in innate
immunity. TLRs are expressed by the elements of the innate
body defense system such as macrophages and dendritic
cells and trigger the immune system following breaching of
physical barriers, such as skin or intestinal mucosa, by
microorganisms. During this process, myeloid differentia-
tion factor 88 (MyD88) and Toll-interleukin-1 (IL-1) recep-
tor domain-containing adapter inducing interferon beta
(TRIF) act as signal transducers. In one study by Park
et al., 6-SG was shown to inhibit activation of NF-ĸB and
IRF3, as well as their target genes, COX2 and IFN-β, by sup-
pressing the TRIF pathway of TLR3 and TLR4 [49]. These
data provide important clues for elucidating the anti-
inflammatory mechanism(s) of action of 6-SG in bacterial
and viral infections. Moreover, the antipyretic and analgesic
effects of 6-GN, as compared to 6-SG, were found to be more
potent, when both were administered intravenously at doses
ranging from 1.75 to 3.5mg/kg and orally at doses from 70
to 140mg/kg [50].
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According to two recently published meta-analyses,
where the effects of ginger supplementation on inflamma-
tory markers in humans were examined, significantly lower
levels of serum CRP, TNF-alpha, IL-6, and PGE2 were
reported within a period of 2-3 months versus controls
[51, 52].

In male endurance runners, intake of 500mg capsules of
ginger powder during a 6-week vigorous training period sig-
nificantly lowered the postexercise levels of the proinflam-
matory cytokines IL-1β, IL-6, and TNF-α, known as
“indicators of athletes’ acute immune function,” and also
reduced the fatigue-like symptoms induced by these cyto-
kines [53].

3.3. DNA Damage and Ginger’s Anticancer Activity. Data in
literature are mainly focused on the actions of a ginger
extract, the polyphenolic alkenone, 6-GN [2, 54]. Antican-
cer, anti-inflammatory, antitumor, and proapoptotic activi-
ties have been identified as potential effects of 6-GN.
Relevant effects have been found in a variety of cancers
[55–62]. The underlying biological pathways include, but
are not limited to, DNA damage-associated cell cycle regula-
tion, apoptosis, and chromatin regulation. These effects, in
combination with the absence of toxicity in healthy cells,
can have promising future use in clinical setup underlining
its differential effect on cancer and normal cells.

Results from human cervical cancer cells in vitro and
in vivo have shown that 6-GN treatment may significantly
increase DNA damage [63]. Results from the sensitive and
reliable biomarker of gamma-H2AX have shown that the
main pathway depends on the generation of intracellular
ROS, which led to p53 reactivation followed by the p53-
mediated G2/M cell cycle arrest. Amplification of apoptotic
effects of cisplatin also occurred, presumably due to ROS-
mediated induction of DNA damage and increased apopto-
tic effects. Similar results are also present in both acute and
chronic myeloid leukemia cell lines, as examined via p-
H2AX and comet assay in Rastogi et al.’s study [54].
Increased levels of the phosphorylated histone do confirm
significant underlying DNA damage. Cell viability assays
were also performed in this study where ROS-mediated
DNA damage resulted in G2/M cell cycle arrest. This was
further validated with flow cytometry-based TUNEL assay.
Significant cell cycle arrest at G2/M checkpoint has also been
observed in human colon cancer cell lines; the increased
population of cells in G2 phase in combination with p53
phosphorylation indicates increased DNA damage effects
[64]. Apart from 6-GN, another phenolic agent extract from
ginger, zingerone, has shown comparable effects in colon
cancer cells. Comet assay results indicate a significant
increase in DNA damage following zingerone treatment in
these cell lines, leading to decreased cell proliferation and
proapoptotic effects. Herein, there is a possible speculation
on the involvement of the ROS-mediated apoptosis pathway.

A different experimental setup has been employed in
murine sarcoma cell lines by Lima et al. [57], where
decreased cell viability was observed in high concentration
of 6-GN compared to another antineoplastic agent. In this
study, a cytogenetic approach of micronuclei formation

was employed, where at high concentrations nucleoplasmic
bridges and nuclear buds were observed with concomitant
increase in apoptosis. Interestingly, pretreatment with 6-
GN may also enhance IR-induced cell apoptosis in gastric
cancer cell lines [55]. This piece of evidence, in combination
with cell proliferation inhibition and increased cell radio
sensitization, can be taken into consideration in the com-
bined therapeutic effects of chemoradiotherapy. Radiosensi-
tization in cancer cell lines has also been reported in
colorectal cancer cell lines, where Zerumbone pretreatment
is associated with radiation-induced cell cycle arrest and
apoptosis [65]. Concurrently, the dose and route of
administration-dependent (comparing to earlier studies)
radioprotective effects in mice have been reported for
another hydroalcoholic extract of ginger rhizome, zinger.
Radiation toxicity syndromes and associated lethality pre-
sented ameliorated effects in whole body gamma irradiation
[66]. 10-Gingerol (10-GN) reports, albeit limited, are aiming
towards similar direction as 6-GN. Decreased cell prolifera-
tion and accumulation of cells in S phase (cell cycle arrest)
were reported in TNBC [67] and human colon cancer
cells [68].

On the other hand, the results on the influence of simple
dietary change, where mice were pretreated with samples of
a lyophilized extract of rhizome ginger (i.e., hydroalcoholic
extraction containing ~2.54% gingerols), are not in agree-
ment with previous reports on the inhibition of bladder can-
cer induced by N-butyl-N-(4-hydroxibutyl) nitrosamine
mouse bladder tumors [67].

Studies on ginger spice as supplement (i.e., powder etha-
nol—dried) have demonstrated the protective effects and
decrease in DNA damage induced by hydrogen peroxide in
3T3-L1 fibroblasts. Ginger, as compared to other dietary
supplements, showed significant DNA protective activity in
various concentrations and also the overall maximum anti-
oxidant activity [69].

The incidence rate of the majority of cancers is increas-
ing with age (https://www.cancer.gov/about-cancer/causes-
prevention/risk/age). Despite extensive research efforts on
elucidating the molecular basis of cancer and developing
strategies for its accurate diagnosis and effective treatment,
cancer remains a major health problem with a rapidly
increasing incidence. This has attracted interest for func-
tional foods that are believed to have cancer preventive
and tumor growth retarding potential. Over the last 25 years,
many studies have demonstrated chemopreventive potential
for the active compounds of ginger such as 6-GN and 6-SG
in animal models, cell lines, and human cancers. The anti-
neoplastic activities of these compounds have been associ-
ated with their antioxidant, anti-inflammatory,
antiangiogenic, antiproliferative, and proapoptotic features.

Similarly, an active ingredient of ginger, 6-SG, has been
found to inhibit breast cancer cell invasion, by reducing
matrix metalloproteinase-9 expression via blockade of NF-
κB activation. In addition, 6-SG was demonstrated to induce
apoptosis in hepatocellular carcinoma, NB4, MOLT4, and
Raji leukemia cells and prostate cancer cells by modulating
endoplasmic reticulum stress and a caspase-3-mediated
pathway, p53, BAX and BCL2, and STAT3 pathways,
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respectively [70–72]. Recently, Bawadood et al. suggested
that 6-SG suppressed autophagy in breast cancer cells and
also induced apoptosis by targeting the NOTCH signaling
pathway [73].

However, a recent study demonstrated that ginger
extract suppresses progression of cell cycle in the human
pancreatic PANC-1 cancer cell line and induces autotic cell
death. Unlike apoptosis and necroptosis, autosis results in
a variety of morphological changes in cancer cells including
nuclear shrinking, focal membrane rupture, electron-dense
mitochondria, and vacuolation. In the same study, both the
ginger extract and 6-SG were reported to increase the LC3-
II/LC3-I ratio and decrease SQSTM1/p62 expression and,
at the same time, activate AMPK and inhibit mTOR, all of
which are indicators of autophagy. The authors concluded
that ginger exerts its anticancer activity by inducing the for-
mation of ROS in cancer cells [74]. Similarly, 6-SG was
shown to induce autophagic cell death by promoting LC3
expression in breast cancer cells and by inhibiting the
AKT/mTOR pathway in non-small-cell lung cancer A549
cells [75, 76].

Although the findings of these studies seem to contradict
those of previous studies, data suggest that autophagy is a
strategic survival mechanism, that is, cancer cells may have
turned to autophagy to escape apoptotic death [75].

It was considered that PTHrP, which is normally
secreted by some cancer cells, may promote metastasis to
the bone by interacting with osteoblasts and osteoclasts
[77]. The chemical agent 2-amino-1-methyl-6-phenylimi-
dazo [4,5-b] pyridine (PhIP) is found in processed and red
meat and is regarded as a potential carcinogen for renal cell
carcinoma (RCC). Human 786-O renal cell carcinoma cells
upon induction by PhIP showed increased secretion of both
parathyroid hormone-related protein (PTHrP) and IL-8.
Subsequently, cultures of human osteoblasts with PhIP-
stimulated condition medium of 786-O increased the
expression of the macrophage colony-stimulating factor
(M-CSF) and receptor activator of NF-ĸB ligand (RANKL)
and decreased the expression of osteoprotegerin (OPG). It
was reported that 6-SG decreased PTHrP and IL-8 expres-
sion in RCC cells and decreased RANK expression in osteo-
blasts. Overall, these findings demonstrate that PhIP is an
important risk factor for bone metastasis in RCC and may
enhance osteoclastic bone resorption, suggesting that 6-SG
could exhibit antimetastatic activity by blocking PhIP-
induced bone resorption in an in vitro RCC model [77].

Meanwhile, it was observed that 6-GN, the other bioac-
tive compound of ginger, downregulates the NF-ĸB, AKT,
and Bcl2 genes in HeLa cells and increases the expression
of TNFα, BAX, and cytochrome c as well as caspase-3 and
PARP. These data suggest that 6-GN induces death of cancer
cells possibly through caspase-3-mediated apoptosis and
autophagy [78]. In another study, treatment with 6-GN
inhibited cell growth and colony formation in a time- and
dose-dependent manner in renal cell carcinoma, by exerting
its effect on the AKT-GSK 3β-cyclin D1 signaling pathway,
and caused cell cycle arrest at the G1 phase [79].

Benzo(a)pyrene intake is known to play a pivotal role in
the development of colorectal cancer in humans. In a

murine colorectal cancer model induced by benzo(a)pyrene,
6-GN was shown to inhibit tumorigenesis via its anti-
inflammatory, antiproliferative, antiangiogenic, and apopto-
tic actions [80]. Moreover, 6-GN was reported to exhibit
anti-inflammatory activity by decreasing TNF-α, Il-1β,
INOS, and COX-2 expression and also inhibit cell prolifera-
tion by increasing the expression of WNT3a, DVL-2, and β-
catenin and, conversely, decreasing cyclin D1 and Ki 67
expression. In the same study, 6-GN displayed antiangio-
genic activity by reducing the expression of VEGF, angio-
poietin-1, FGF, and GDF-15 and also apoptotic activity by
increasing APC and p53 expression [80]. A semisynthetic
derivative of 6-GN (i.e., SSi6) was reported to both inhibit
migration and invasion of cancer cells and exhibit cytotoxic
effect on human epithelial-like breast cancer cells [81].

3.3.1. Ginger Supplements. In a population of humans at high
risk for colorectal cancer, supplementation with ginger
extract at a dose of 2 g/day for 28 days reduced the expres-
sion of the telomerase reverse transcriptase (hTERT) and
MIB-1 (epitope of Ki-67), two markers of cell proliferation,
and elevated the expression of the BAX gene (an indicator
of apoptosis) as demonstrated by biopsy samples of colon
mucosa [82]. In another study, supplementation with ginger
extract was found to decrease COX-1 expression in individ-
uals at increased risk for developing colorectal cancer. It is
known that the COX-1 enzyme has an integral role in the
synthesis of PGE2, which is primarily involved in the devel-
opment of colorectal cancer. This finding suggests that gin-
ger supplementation may lower the risk for developing
colorectal cancer through its COX-1 inhibitory effect [83].

3.3.2. Ginger in Antineoplastic Combination Therapies.
Combination therapy with two or more drugs or agents
can elicit a synergistic and/or additive effect in the treatment
of cancer and reduce drug resistance and drug toxicity. The
combination of γ-tocotrienol and 6-GN was shown to
induce cytotoxicity and apoptosis synergistically in HT-29
and SW837 human colorectal cancer cells [84]. In another
study conducted by the same research team, the combina-
tion of ginger extract and Gelam honey was reported to
exhibit chemopreventive activity in HT29 colon cancer cells
by modulating the Ras/ERK and PI3K/AKT pathways in a
synergistic manner [85]. Additionally, treatment with a
combination of 6-GN and epigallocatechin gallate (EGCG),
the latter with reported antineoplastic properties, was shown
to synergistically induce apoptosis and inhibit growth of
cancer cells [86].

In a murine breast cancer model, Ashmawy et al. dem-
onstrated that combined use of ginger extract with doxoru-
bicin (DOX) increases the survival rate of mice as
compared to the group receiving DOX alone, reduces tumor
mass, and increases apoptosis [87]. Recently, 6-SG was
shown to increase the antineoplastic efficacy of the antican-
cer drugs 5-fluorouracil, oxaliplatin, and irinotecan in
SW480 and SW620 colon cancer cell lines by increasing
their ability to induce apoptosis and autophagy [88]. The
aforementioned data suggest that addition of ginger extract
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or 6-SG in conventional chemotherapeutic regimens may
improve treatment outcomes [87, 88].

3.3.3. Ginger in Nausea and Vomiting Induced by
Antineoplastic Drugs. Nausea and vomiting are the most fre-
quent and bothersome side effects experienced by cancer
patients receiving chemotherapy. Despite the availability of
effective drug and antineoplastic combination therapies in
recent years, the treatment success rate is not adequate
[89]. Several animal and human studies reported that ginger
extract can be effective in the management of
chemotherapy-induced nausea and vomiting (CINV) [90].
CINV is classified as both acute and delayed side effect
according to the time of onset. In two recent meta-analyses,
ginger (in the form of oral extracts or capsules) was found to
be more effective in preventing acute nausea and vomiting in
patients receiving chemotherapy treatment [91]. It was con-
cluded that its antiemetic effect was more pronounced espe-
cially when ginger supplementation was received at a
maximum dose of 1 g for more than 3 days, starting from
the first day of chemotherapy [92]. The mechanism of action
of ginger and its active components in CINV remain
unclear. Studies have reported that ginger shows an antago-
nistic action by binding to a distinct site on 5HT-3 receptors,
other than the sites that antiemetic drugs (e.g., ondansetron)
bind to and, therefore, may elicit a synergistic inhibitory
effect when administered with 5HT-3 receptor antagonists
[90]. Additionally, many preclinical studies demonstrated
that the inhibitor activity of ginger in CINV is mediated by
its antagonistic effects on neurokinin-1 and dopamine recep-
tors, together with its antioxidant and anti-inflammatory
actions [90].

3.4. Neuroprotective Activity. The prevalence of neurodegen-
erative diseases such as Alzheimer’s disease, Parkinson’s dis-
ease, and dementia increases with ageing. Recent studies
have suggested that ginger may have neuroprotective effects
on these chronic, noncurable disorders mediated by mecha-
nisms other than those underlying its known antioxidant,
anti-inflammatory, and antiapoptotic properties [6].

3.4.1. Alzheimer’s Disease. Alzheimer’s disease (AD) is the
most common neurodegenerative disorder in the elderly.
AD is a progressive disorder and one of the major causes
of dementia in this age group. It is characterized by β-amy-
loid protein deposition leading to plaque formation, aggre-
gates of hyperphosphorylated tau protein that form tangles
of neurons, oxidative stress, and reduction in acetylcholines-
terase (AChE) levels in certain areas of the brain [4].

In a rat model of AD induced by oral aluminum chloride
and injection of intracerebroventricular β-amyloid protein,
ginger extract was shown to increase SOD and CAT expres-
sion in the brain and decrease secretion and expression of
NF-ĸB, IL-1β, and MDA levels, leading in this way to
improvement of the behavioral dysfunction [93]. In a
murine model of AD induced by injection of β-amyloid pla-
ques, fermented ginger (to increase bioavailability) was
reported to significantly reduce synaptic disorder and neu-
ron cell loss as compared to nonfermented ginger [94]. In

a separate study, ginger extract was found to inhibit AChE
activity as well as lipid peroxidation induced by administra-
tion of prooxidant substances in the rat brain [95].

Cholinergic neuron loss in the hippocampus is associ-
ated with memory loss and attention problems in AD. In
an HT22 hippocampal neuron cell culture known to express
cholinergic markers, 6-SG reduced the production of hydro-
gen peroxide (H2O2) ROS and increased cholinergic activity.
The brain-derived neurotrophic factor has been suggested to
contribute to the neuroprotective effect of 6-SG [96]. In a
mouse model of AD induced by β-amyloid protein, 6-SG
was shown to exert neuroprotective effects via its antagonis-
tic action against the cysteinyl leukotriene 1 receptor, which
is known to have a central role in the pathogenesis of AD
[94]. In mouse hippocampal HT22 cells, 6-SG activated
sortilin-related receptor 1 (SORL1), which is reported to
decrease amyloid precursor protein in the brain [97].

Additionally, by investigating the effects of 6-GN on
cytotoxicity and apoptotic cell death induced by β-amyloid
in rat pheochromocytoma cells (PC12 cells) and human
neuroblastoma SH-SY5Y cells, 6-GN was observed to
decrease ROS levels and increase the antioxidant enzyme
activity in these cells [98, 99]. In middle-aged women, ginger
extract supplementation was found to improve cognitive
function when received at a dose of 400-800mg daily [100].

3.4.2. Parkinson’s Disease. Parkinson’s disease (PD) is a neu-
rodegenerative disorder characterized by a progressive loss
of dopamine-producing neurons in certain regions of the
brain with ageing [6].

In a murine model of PD induced by 1-methyl-4-phe-
nyl-4-propionoxypiperidine (MPTP), ginger extract was
shown to protect neurons against apoptosis, increase dopa-
mine levels in the globus pallidus and striatum, and reduce
TNF-α, NO, and ROS levels, resulting in this way in
improved PD symptoms of motor coordination disorder
and bradykinesia [101]. In another study, 6-SG was reported
to exert neuroprotective effects in vivo (C57/BL cells) and
in vitro (rat mesencephalic cell cultures) PD models [102].

Recent studies have demonstrated that the treatment of
intestinal dysfunction is important in neurodegenerative dis-
orders such as PD. In C57BL/6J mice (i.e., resistant to audio-
genic seizures) with intestinal damage induced by MPTP,
ginger and 6-SG suppressed the elevation of NOS, TNF-α,
and Il-1β, exhibited protective effects on enteric dopaminer-
gic neurons, and maintained intestinal integrity [103].

3.5. Cardioprotective Activity. Ageing is one of the leading
risk factors for developing cardiovascular diseases. It is
known that dyslipidemia and hypertension are important
predisposing factors for many cardiovascular conditions
including coronary heart disease and stroke. Recent studies
have shown that ginger and some of its active constituents
may be useful in lowering blood lipid levels and blood pres-
sure and preventing platelet aggregation.

It was reported that intravenous administration of fresh
ginger extract lowers blood pressure in anesthetized rats,
and this activity was attributed to its inhibitory effect on
voltage-dependent calcium channels [104]. In a rat model
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of hypertension induced by the NOS inhibitor L-NAME,
pretreatment with ginger rhizomes was shown to lower
blood pressure, inhibit the angiotensin-1-converting enzyme
(ACE) and arginase activities, and increase vasodilator nitric
oxide (NO) levels [105]. Another study showed that 6-GN
inhibits the activation of angiotensin II type 1 receptors
[106]. As it is known, ACE converts angiotensin I to angio-
tensin II, which is a potent vasoconstrictor peptide primarily
involved in the pathogenesis of hypertension and exerts its
effect via angiotensin II type 1 receptors. In a study where
several in vitro cell cultures were used, 6-GN was reported
to normalize the expression of major biomarkers related to
hypertension through the peroxisome proliferator-activated
receptor delta (PPARδ) [107]. Recently, in a rat hyperten-
sion model induced by L-NAME, Zingiber officinale was
reported to increase both the antihypertensive effectiveness
and plasma concentration of losartan, an antihypertensive
drug and an angiotensin II type 1 receptor antagonist
[108]. These data suggest that ginger may also act on hepatic
microsomal enzymes that are involved in the metabolism of
some antihypertensive drugs.

In a meta-analysis of clinical trials, it was concluded that
ginger supplementation at a dose of >3 g daily for two
months is effective in lowering blood pressure in middle-
aged individuals [109].

Elevation of blood lipids is considered the leading cause
of atherosclerosis. In rats fed a high-fat diet, the combination
of aerobic exercise and ginger extract resulted in a significant
reduction in serum triglyceride (TG), low-density lipopro-
tein (LDL), and total cholesterol levels and a marked
increase in the levels of high-density lipoprotein (HDL);
these observations suggest that ginger may confer protection
against atherosclerosis [110]. Of note, in recent years, it has
been reported that oxidation of apoA-I, a component of
HDL, may result in the production of dysfunctional HDL
in hyperlipidemic states. In one study, ginger extract was
found to stimulate functional HDL production by restoring
apoA-I function via inhibition of oxidative stress in hamsters
fed a high-fat diet. In the same study, it was also found that
ginger increased fecal excretion of cholesterol [111].

Transforming-growth factor beta (TGF-β) increases the
binding potential of LDL, by inducing proteoglycan synthe-
sis in vascular smooth muscle cells. Because of this activity,
which has a crucial role in the development of atherosclero-
sis, TGF-β exhibits also proatherogenic properties. In one
study, it was suggested that 6-GN may have a protective role
against the development of atherosclerosis by inhibiting pro-
teoglycan synthesis [112].

Many recent studies have demonstrated blood-lowering
effects of ginger supplementation in humans. A significant
reduction in serum/cholesterol levels was reported in hyper-
lipidemic patients who were given ginger supplement at a
dose of 3 g/day for 45 days in one study and for 4 weeks in
another study [113, 114].

Platelet aggregation is a well-established risk factor for
coronary heart disease and stroke. Recently, potent in vitro
antiplatelet activity of ginger was demonstrated in platelet
aggregation stimulated by adenosine 5-diphosphate (ADP),

bovine thrombin, and arachidonic acid as compared to aspi-
rin (positive control) [115].

3.6. Endocrine Diseases. Age is the major risk factor for the
development of type 2 diabetes mellitus (DM). The patho-
genesis of DM involves insulin resistance and pancreatic
beta cell dysfunction.

In type 2 diabetic Leprdb/db mice, 6-GN was shown to
increase glucose-stimulated insulin secretion, which was
mediated by glucagon-like peptide-1 (GLP-1). In the same
study, 6-GN was reported to increase the presence of glucose
transporter type 4 (GLUT-4) molecules in skeletal muscle
cells and facilitate glycogen storage, resulting in this way to
improvement of hyperglycemia [116].

In diabetes, long-standing hyperglycemia is known to
induce protein glycation, which is associated with covalent
binding of glucose to plasma proteins. In turn, protein glyca-
tion results in the formation of advanced glycation end
products (AGEs), which accelerate the development of dia-
betic complications such as nephropathy, retinopathy, neu-
ropathy, and cardiomyopathy. In an in vitro study, 6-GN
and 6-SG were shown to inhibit protein glycation by trap-
ping methylglyoxal, a highly reactive AGE precursor in dia-
betes [117].

Vascular calcification plays an important role in the
morbidity and mortality in diabetic patients, due to associ-
ated cardiovascular complications. Recently, 6-SG has been
shown to antagonize hyperglycemia-induced vascular calci-
fication by inhibiting the Akt/ROS signaling pathway and
NLRP3/caspase 1/IL-1β inflammasome in human arterial
smooth muscle cells [118]. In addition, treatment with gin-
ger extract and 6-SG was reported to alleviate pain associ-
ated with diabetic neuropathy via its effects at the spinal
cord [119].

In a recent meta-analysis, regular ginger supplementa-
tion (3 grams daily in some studies) [6] was reported to
reduce fasting blood glucose concentration, insulin resis-
tance, and HbA1c level in type 2 DM patients [120].

Collectively, these data suggest that ginger and its active
components may have beneficial effects on the short- and
long-term control of blood glucose, insulin resistance, and
protective effects against the development of vascular com-
plications in diabetes.

Obesity is an important risk factor for diabetes, hyper-
tension, and many cardiovascular diseases, as well as an
important metabolic disease that accelerates the ageing
process.

PPARδ is the main regulator of energy metabolism in
skeletal muscle and adipose tissue. Activation of PPARδ
has been shown to induce fatty acid oxidation and reduce
obesity in mice [121]. In one study, ginger extract reduced
diet-induced obesity in mice and increased exercise endur-
ance capacity by increasing skeletal muscle fat catabolism;
it was suggested that this effect may be mediated by the
modulatory actions of 6-SG and 6-GN on the PPARδ signal-
ing pathway [122].

Recent studies suggest that gut microbiota may represent
an important target in the treatment of obesity. In a recent
study, ginger supplementation has been reported to reduce
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body weight, fatty liver, and insulin resistance by restoring
gut microbiota in rats fed a high-fat diet [123].

Steamed ginger ethanolic extract (SGE) is rich in 6-SG. A
marked reduction in average body weight, body mass index,
and body fat content was observed in healthy obese individ-
uals taking 100mg SGE supplementation daily for 12 weeks
[107, 124]. These findings suggest that supplementation with
a ginger extract rich in 6-SG along with lifestyle changes,
such as diet control and/or physical activity, may have a sig-
nificant potential in lowering body mass index [124].

3.7. Anti-Infective Actions. Reduced immune function and
comorbidities related to ageing increase the risk for develop-
ing infections in older people. Recent studies have shown
that ginger and its bioactive constituents have antibacterial,
antifungal, and antiviral activities. In particular, ginger
and/or its active components were reported to be active
against drug-resistant bacteria such as Escherichia coli, Sal-
monella typhi, Staphylococcus aureus, Pseudomonas aerugi-
nosa, Mycobacterium tuberculosis, and Enterococcus faecalis
and fungi such as Candida albicans [14, 125, 126].

The cytokine interferon-γ (IFN-γ), which is produced by
natural killer cells and activated by T lymphocytes, has a
critical role in protecting our body against viral and bacterial
infections. 6-SG was found to enhance IFN-γ transcription
and expression in a dose-dependent manner in human T
lymphocyte cells [127].

3.8. Ginger and COVID-19. Ginger has been demonstrated
to have an outstanding antiviral activity due to a high con-
centration of antiviral compounds [14, 128]. Coronavirus
disease 2019 (COVID-19) is an infectious respiratory tract
disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Since its discovery in 2019,
the virus has spread worldwide, causing the COVID-19 pan-
demic. The disease can be fatal especially in elderly infected
patients with comorbidities [129]. Although there is no
definitive treatment or a fully effective vaccine for COVID-
19, extensive research is ongoing. The viral nonstructural
protein 15 (Nsp15) is increasingly being considered as an
important therapeutic target for the viral replication of
SARS-CoV-2. In a recent in vitro study using hydroxychlor-
oquine (one of the few drugs recommended for the manage-
ment of COVID-19) as a positive control, it was suggested
that gingerol can inhibit viral replication by binding to the
Nsp15 viral protein of SARS-CoV-2 [130]. Additionally, in
a very recent publication, it was stated that ginger extract
may be used as an adjunctive treatment for COVID-19 due
to its demonstrated beneficial effects in acute respiratory dis-
tress syndrome (ARDS), pulmonary fibrosis, pneumonia,
and sepsis, which also occur in COVID-19 patients [131].
In 2020, Ahkam et al. designed an in silico study to investi-
gate the potential utilization of the antiviral properties of
ginger in counteracting SARS-CoV-2 infection based on
the interaction of ligand ginger compounds with the viral
spike (S) protein and main protease (MPro) [132]. Thus, a
promising therapeutic strategy would be to develop
structure-dependent antiviral drugs based on phytochemical
compounds that inhibit essential SARS-CoV-2 proteins.

3.9. Sarcopenia. Sarcopenia is an age-related condition char-
acterized by reduced skeletal muscle mass, muscle atrophy,
and functional loss. It represents a significant health prob-
lem in the elderly, since it is associated with slowing of
movements, imbalance, pain, and serious injuries due to
falls. There is currently no medical treatment available for
sarcopenia. However, various management approaches have
been proposed (reviewed in Rondanelli et al. (2016)) to delay
sarcopenia progression including an adequate and balanced
diet and regular exercise [133].

Myoblasts are the primary progenitor cells that differen-
tiate in the embryonic phase and play an integral role in the
development of muscle tissue. One study reported overpro-
duction of ROS, an increase in oxidative stress markers,
and a reduction in myogenic differentiation and prolifera-
tion capacity in senescent myoblasts [133]. In a more recent
in vitro study, a standardized ginger extract containing 6-
GN and 6-SG was shown to prevent cellular senescence
and promote myoblast differentiation in myoblast cells
[134]. Moreover, many studies demonstrated that ginger
supplementation at a dose of 2-4 g daily may alleviate muscle
pain related to vigorous exercise and reduce the loss of mus-
cle strength [133]. These data suggest that ginger and its
active nutraceuticals may have a beneficial role in sarcopenia
by reversing the ageing of myoblasts, possibly through their
antioxidant and anti-inflammatory activities, and may be
effective for maintaining the overall skeletal muscle health.

3.10. Osteoarthritis. Osteoarthritis is the most common joint
disease in the world, characterized by degeneration of carti-
lage, pain, inflammation, impaired mobility, and dysfunc-
tion, especially in older populations. Although
osteoarthritis is not regarded as an inflammatory arthritis,
its pathogenesis involves various degrees of inflammation
in the cartilage and surrounding tissues. Old age constitutes
a risk factor for osteoarthritis. Osteoarthritis is among the
leading causes of disability and chronic pain especially in
individuals over the age of 65 years [135]. Ginger extract
was shown to inhibit the production of the inflammatory
mediators PGE2 and NO in osteoarthritic chondrocyte cell
cultures in one study and, also, to inhibit oxidative stress
and apoptosis in IL-1β-induced C28I2 human chondrocytes
[20, 136]. A very recent meta-analysis concluded that oral
ginger supplementation is more effective in pain relief and
improvement of joint function in patients with knee osteoar-
thritis as compared to placebo, possibly through its anti-
inflammatory and antioxidant activities [137].

3.11. Skin Ageing. In addition to protecting the body from a
large variety of external aggressors, the skin also has impor-
tant cosmetic functions. Skin changes are among the most
visible signs of ageing. Wrinkles, loss of elasticity, and laxity
occur in the skin with ageing. Notably, long-term exposure
to solar ultraviolet (UV) radiation is the major determinant
for extrinsic skin ageing [138]. Fibroblast-derived elastase
enzyme is known to contribute to the formation of wrinkles
by causing loss of elasticity in the skin exposed to UV-B
[139]. Ginger extract, previously shown to inhibit
fibroblast-derived elastase, was reported to prevent UV-B-
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induced loss of skin elasticity when administered topically to
mouse and rat skin [139]. In another study, a reduction in
the signs of skin ageing was observed in individuals using a
ginger oil body cream for four weeks, probably attributed
to the antioxidant activity of the plant [140].

4. Side Effects of Ginger

Ginger acts directly on the gastrointestinal tract by increas-
ing muscle tone and peristalsis via its anticholinergic and
antiserotonin action. Ginger can ameliorate the central ner-
vous system side effects associated with antiemetic drugs.
Similar to onion and garlic, ginger extracts can inhibit blood
coagulation in vitro [141–143]. Ginger has few adverse
effects, and only mild side effects have been reported includ-
ing heartburn and diarrhea. In large doses, ginger may
increase antiprostaglandin activity and gastric exfoliation
in vitro [142, 143].

5. Conclusion and Future Directions

Ageing is a complex process that is determined by multiple
and interdependent genetic, cellular, and environmental fac-
tors. Ginger, one of the most commonly used natural prod-
ucts both for gastronomic and medicinal purposes, has
documented antioxidant, anti-inflammatory, anti-infection,
and chemopreventive properties. In this review, the effec-
tiveness of ginger in the prophylaxis and treatment of several
and diverse ageing-associated diseases, like gastrointestinal,
cardiovascular, respiratory, and neurological diseases, as well
as the underlying biological mechanisms, is discussed thor-
oughly. However, the number of studies on the effective dos-
age, pharmacodynamics, and pharmacokinetics of ginger,
which can be used to delay ageing and prevent degenerative
diseases, is rather limited. Therefore, additional studies on
ginger as a powerful natural product need to be conducted
so as to enhance our understanding of the role and mecha-
nism(s) of ginger in the prevention of disease.
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