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Studies suggest that active inflammatory response and oxidative stress are the most prominent symptoms suffered by
patients with metabolic diseases. Meanwhile, the gut hosts
a complex community of microorganisms which are highly
associated with human physiology, metabolism, and immune
status; the effect of gut microbiota in health and diseases
becomes clear.
Growing evidence indicates that nutrients and environmental factors are tightly associated with the generation of
reactive oxygen species (ROS) and reactive nitrogen species
(RNS), oxidative stress, endoplasmic reticulum stress, and gut
microbiome. Meanwhile, nutritional factors such as certain
natural compounds and nutraceuticals may protect cells from
oxidative/endoplasmic reticulum stress and thus ameliorate
oxidative/endoplasmic reticulum stress-related diseases via
changing of the microbiota. In this way, nutritional factors
or molecules perform a vital function in repairing metabolic
disorders that result from oxidative/endoplasmic reticulum
stress. However, the detailed mechanisms underlying the role
of environmental and nutritional factors on regulation of
inflammation, oxidative/endoplasmic reticulum stress, and
the microbiome in chronic diseases remain largely unexploited and unclear.
In our special issue, opened for 7 months from Sep 2017
to March 2018, focus on the evidences of recent researches
related to natural compounds and environmental factors in
regulation of oxidative/endoplasmic reticulum stress.

Maternal obesity or overnutrition may have a long-term
effect on the health of offspring. L. Montalvo-Martı́nez et
al. reviewed the recent advances on the effects of highcalorie nutrient fetal programming on central and peripheral inflammation and the behaviors of offspring addiction.
Maternal overnutrition can cause neuronal gene expression
programs to be set in the fetus. Selective intake of a diet
rich in fats and sugars at key stages recruits markers of
central and peripheral inflammatory cell types, thereby disrupting energy-sensing and behavioral pathways, increasing
susceptibility, and exhibiting abnormal behavior similar to
addiction. Through selective epigenetic activation in fetal
programming, the addiction phenotype may be inherited
transgenerationally.
9,10-Phenanthrenequinone (9,10-PQ) is a terpene
molecule found in a large amount of air pollution in diesel
exhaust particles (DEP) and has been shown to produce
cytotoxicity both in vitro and in vivo. M. Yang et al. reviewed
the latest research progress on 9,10-PQ and summarized that
9,10-PQ plays a key role in the development of cytotoxicity
through the generation of reactive oxygen species (ROS)
through redox cycling, with particular emphasis on the
mechanisms that may be involved. Understanding the
potential cellular mechanisms involved in cytotoxicity may
allow the development of therapeutics aimed at targeting
specific molecules that are significantly implicated in
9,10-PQ-induced ROS toxicity.
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B. Mkhize et al. did an interesting cross-sectional study on
the use of prealbumin as a tool for nutritional assessment in
adults coinfected with HIV and intestinal helminth parasites
in KwaZulu-Natal, South Africa. They found that, in the
presence or absence of inflammation in various BMI categories, prealbumin can distinguish between inflammationinduced albumin reduction and real malnutrition in adults
individually or coinfected with HIV and intestinal worms,
indicated by elevated and normal C-reactive protein (CRP)
levels. Despite the small sample size of this experiment, it may
not be possible to confirm the significant correlation between
BMI, prealbumin, and albumin changes. A deep sampling
study with a random sample design and a large sample size
longitudinal queue can be considered.
S. Li et al. investigated the effect of cyclic tensile strain
(CTS) on the function of Schwann cells (SCs) derived from
the sciatic nerves of the newly born rat. The number and
proliferation of SCs increase and the SCs display strong
polarity after 5 CTS. The results also showed 5% CTS reduced
netrin gene expression and increased NGF, GDNF, and Slit2 gene expression (P<0.05). These indicate that CTS may
lead to the effective stimulation of SCs and cytoskeleton
remodeling due to a related inducement in the upregulation
of nerve-oriented factors expression.
Diacetyl is a flavoring that imparts buttery taste to
food; however, the intake may be toxic. L. D. L. Jedlicka et
al. performed a target metabolomics analysis of male and
female C57/B1 mice with oral diacetyl by UPLC-MS/MS
using Ultra Performance Liquid Chromatography with Triple
Quadrupole Mass Spectrometry (UPLC-MS/MS). Most tests
showed differences between control and treatment groups
and between genders, indicating that sex hormones are
involved in the regulation of the normal metabolic profile and
the response to metabolite diseases.
An interesting study by S. Wang et al. described that
this research aimed to investigate the effect of the bioactive substance secreted by mesenchymal stem cells (MSCCM) on vascular calcification. The vascular smooth muscle cell (VSMC) calcification model was induced by 𝛽glycerophosphate (𝛽-GP) and treated by MSC-CM. The
calcium deposition, intracellular calcium contents, alkaline
phosphatase (ALP) activity, and the expression of specificosteogenic markers, inflammatory cytokines, and apoptosisassociated genes/proteins of VSMCs were assessed. Treatment with MSC-CM significantly reduced calcium deposition seen on alizarin red and Von Kossa staining and intracellular calcium contents, alkaline phosphatase (ALP) activity,
and the expression of specific-osteogenic markers. Furthermore, MSC-CM also suppressed the expression of inflammatory cytokines and apoptosis-associated genes/proteins.
MSC-CM could be a potential novel clinical treatment of
vascular calcification.
Oxidative stress (OS) plays a key role in the pathogenesis
and development of IBD. G. Guan and S. Lan reviewed
the production of reactive oxygen species and antioxidant
defense mechanisms in the gastrointestinal tract and the
role of OS in the pathogenesis and development of labeled
IBD, demonstrating various pathways associated with OS
and genetic susceptibility and mucosal immune responses.
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Current clinical studies and experimental anti-IBD therapies,
especially those that include naturally occurring antioxidants,
correlate with positive IBD and colorectal cancer patient
results. Antioxidant activity characterized by high levels of
specificity may be the basis for the development of clinical
treatment and relapsed IBD patients. With the introduction
of new antioxidant-enhancing interventions, coupled with
the management of traditional medicines, it is expected that
IBD patients will benefit from significantly more favorable
results from further clinical trials.
A review article written by Md. A. K. Azad et al. focused
on gut microbiota, its modulation with the change in diet
and nutrients, and the adverse effects of gut modulation on
host health while gut modulation actions of probiotics (Lactobacillus, Bifidobacterium, and other bacteria species, mainly
Escherichia coli and Enterococcus) in various diseases models.
Probiotic bacterial species are reported to have significant
roles, like improvement in digestion and immune system,
synthesis of B vitamin, promotion of angiogenesis, and
nerve system along with alteration in several degenerative
diseases, like cardiovascular disease, cancer, malignancy, type
2 diabetes mellitus, obesity, colitis, asthma, and psychiatric
and inflammatory disorders.
A. Emamverdian et al. described silicon (Si) mechanisms
to ameliorate heavy metal stress in plants. They have shown
that Si involved in the alleviation process in plants exposed
to abiotic stresses and heavy metals in some important
mechanisms, including (1) reduction of heavy metal uptake
by plant, (2) change in pH value in soil and plant culture,
(3) formation of Si heavy metal, and (4) stimulation of
enzyme activities. Through these mechanisms Si alleviated
and reduced uptake heavy metal and its transport in plants,
changed pH of soil and growth medium, decreased the
toxicity, and increased antioxidant activities. These findings
could be a resourceful reference for future research.
T. Liu et al. described a study that aimed to investigate the
effects of leucine supplementation in premating diet on the
reproductive performance, maternal antioxidative capability,
and immune function in primiparous rats. Leucine supplementation decreased significantly within-litter birth weight
variation and improved the embryo distribution uniformity
and the number of implantation sites in uterine compared
with control group. Moreover, leucine treatment showed the
upregulated effect on the expression of LHR, CYP19A1, and
VEGFA but decreased the expression of Mucin-1. In addition,
leucine enhanced the maternal antioxidant capacity and
immune function. Those results demonstrated that leucine
supplementation may improve the reproductive performance
by improving oxidative and immune status.
S. Liu et al. described that the antioxidative function of
alpha-ketoglutarate (AKG) and its applications. The review
concluded that AKG had alleviative effect on oxidative stress
by two pathways, which were antioxidative enzymes activities
and nonenzymatic oxidative decarboxylation in hydrogen
peroxide decomposition, respectively. In fact, AKG mainly
acted as a source of energy and an antioxidant in the
process of antioxidation. Additionally, AKG developed its
antioxidative functions on various clinical diseases in animals
and humans, such as burns, trauma, postoperative recovery,
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and aged diseases. Furthermore, it also raised that whether
AKG could directly activate Nrf2/ARE signaling pathway to
alleviate oxidative stress or not. The review well summarized
the antioxidative function of AKG and provided a good
reference for AKG in practical applications in animals and
humans.
L. Yang et al. described the fact that proanthocyanidins
(PCs) could be used against oxidative stress (OS); PCs
have been found to prevent OS damage by downregulating
the reactive oxygen species (ROS) and OS-induced DNA
damage and promoted DNA repair by different pathways:
(i) scavenging oxidative species (e.g., ROS and RNS) and
free radicals, thereby disturbing direct OS damage and
redox chain reactions, (ii) enhancing the functions of DNA
repair enzymes, (ii) dose-dependent inhibiting cyclobutane
pyridine dimers (CPD) formation, (iv) rapidly repairing
CPDs through the induction of IL-12, (v) promoting the
nucleotide excision repair mechanism, and (vi) inhibiting
DNA hypomethylation; they reduced lipid peroxidation and
modulated different signaling pathways (e.g., MAPK, NF-QB,
Nrf2, and PI3k/Akt) involved in OS. Finally, PCs could be
readily affordable without side effects compared with other
synthetic compounds against OS.
F. He et al. reviewed the functions and signaling mechanisms of amino acids in intestinal inflammation. Amino
acids, including essential amino acids (EAAs), conditionally
essential amino acids (CEAAs), and nonessential amino
acids (NEAAs), improve the functions of intestinal barrier,
increase expressions of anti-inflammatory cytokines, and
tight junction proteins but decrease oxidative stress and
the apoptosis of enterocytes as well as the expressions of
proinflammatory cytokines in the intestinal inflammation.
The functions of amino acids in intestinal inflammation are
associated with various signaling pathways, including mechanistic target of rapamycin (mTOR), inducible nitric oxide
synthase (iNOS), calcium-sensing receptor (CaSR), nuclear
factor-kappa-B (NF-𝜅B), mitogen-activated protein kinase
(MAPK), nuclear erythroid-related factor 2 (Nrf2), general
controlled nonrepressed kinase 2 (GCN2), and angiotensinconverting enzyme 2 (ACE2).
P. Huang et al. described a significant decrease in the
severity of hepatic inflammation and ameliorated hepatic
fibrosis in nonalcoholic steatohepatitis (NASH) rats, via
the pathological examination and real-time quantitative
PCR detecting system (QPCR), after the treatment of a
novel liver-specific liver X receptor (LXR) inverse agonist,
SR9243. SR9243 treatment significantly decreased liver fibrosis induced by bile-duct ligation (BDL) and carbon tetrachloride (CCL4) in NASH rats and exerted a certain inhibitory
effect on the level of insulin, total cholesterol, increased liver
enzymes, and the level of CD68, TNF-𝛼, IL-1𝛽, and IL-6
which can increase hepatic inflammatory injury. The result
of this article shows a significant therapeutic potential in
treating NASH with LXR inverse agonist SR9243.
D. Zhu et al. described melatonin (MEL) impact on the
antioxidant capacity and intestinal bacteria community in
5% DSS-induced mouse model. MEL treatment improved
significantly the antioxidant capability in relative to the DSS
group. In addition, Bacteroidetes were the most abundant
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phylum in the DSS group (58.93%), followed by Firmicutes
with 31.46% and Proteobacteria with 7.97%. In contrast, Firmicutes were the most abundant in the MEL group (49.48%),
followed by Bacteroidetes with 41.63% and Proteobacteria
with 7.50%. But there no differences between two groups in
diversity index, bacterial culture abundance, and coverage.
This study indicated that melatonin could improve internal
health by enhancing oxidative stress resistance and ameliorating intestinal microbial flora.
W. Song et al. described the fact that the aim of this
study was to determine the effects of ethanol extract of
Ulva prolifera (EUP) on insulin tolerance, inflammatory
cytokines secretion, and oxidative status in high-fat-diet(HFD-) treated mice; EUP supplementation protected mice
from HFD-induced body weight gain and improved glucose
sensitivity and insulin resistance. Additionally, EUP supplementation lowered reactive oxygen species concentration,
while enhancing glutathione level and glutathione peroxidase
activity in HFD-treated mice; this study suggested that
EUP might have the potential effects on the prevention of
metabolic disease.
P. Bin et al. described that the oxidation resistance of
methionine and cysteine, two of the most representative sulfur amino acids. Methionine exerted its antioxidant capacity
by methionine residues and SAM. Methionine residues are
prone to be oxidized by diversified forms of ROS, and SAM
increases the activity of enzyme increasing the GSH level.
Similar to the methionine, cysteine exerted its antioxidant
capacity by cysteine residues and its metabolites (GSH, H2 S,
and taurine), cysteine residues are easily reacted with H2 O2 ,
and the products of cysteine are reported to alleviate oxidant
stress induced by various oxidants and protect the tissue from
the damage.
In conclusion, we expect that our special issue updates
scientific reports in current research and presents useful
thoughts for the readers.
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Serum prealbumin is considered to be as important as albumin in the nutritional status assessment. However, there is relatively little
evidence of its advantage over the commonly used albumin. This study investigated the use of prealbumin compared to albumin
as a marker of nutritional status in adults singly and dually infected with human immunodeficiency virus (HIV) and intestinal
helminths, with or without inflammatory conditions, in different body mass index (BMI) categories. This cross-sectional study was
conducted in a periurban setting in KwaZulu-Natal, South Africa. Multivariate multinomial logistic regression models were fitted
to investigate the effect of prealbumin and albumin in nutritional assessment among HIV and helminth individuals with or without
inflammation, indicated by elevated and normal C-reactive protein (CRP) levels. In normal CRP, albumin was significantly lower
in unadjusted BMI [RRR = 0.8, p = 0.001] and in normal weight [RRR = 0.7, p = 0.003] and overweight [RRR = 0.5, p = 0.001]
participants. In elevated CRP, albumin was significantly lower [RRR = 0.8, p = 0.050] and prealbumin was significantly higher in
unadjusted BMI [RRR = 1.2, p = 0.034] and overweight [RRR = 1.4, p = 0.052] individuals. The current study found that prealbumin
can differentiate between inflammation-induced reduction of albumin and true malnutrition in adults singly or coinfected with
HIV and intestinal helminths in the presence or absence of inflammation in various BMI categories.

1. Background
Malnutrition is a major public health problem throughout the
developing regions of the world, particularly in sub-Saharan
Africa [1]. In addition to the widespread malnutrition, countries in sub-Saharan Africa including South Africa (SA) carry
a heavy burden of infectious diseases such as the human
immunodeficiency virus (HIV) epidemic and helminth infections that coexist and are compounded by poverty [2–5].

SA has the largest proportion of individuals living with
HIV globally [6]. The country also has approximately 54%
of its population living in poverty [7], where conditions of
malnutrition overlap with high prevalence of HIV-ascariasis
and/or trichuriasis coinfections [8, 9]. The KwaZulu-Natal
province, which is the epicenter of the HIV epidemic in SA, is
among the poorest provinces in the country [10]. In addition,
22.7% and 15.8% of the KwaZulu-Natal population live in
conditions where there is lack of adequate sanitation and
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safe water supplies, respectively [10], which predisposes to
helminth infections [11].
While the two infections have been shown to have
a deleterious effect on the immune system [12, 13], HIV
and helminth infections can worsen malnutrition through
various mechanisms. These include diarrhoea, disrupted
intestinal mucosa lining and/or impeded absorption of nutrients, decreased nutrient intake when swallowing is painful
as occurs in HIV induced candidiasis [5], and decreased
appetite induced by cytokines such as tumour necrosis factoralpha (TNF-𝛼) [14, 15]. Under such conditions, malnutrition causes immune deficiency and further predisposition
to infection [16], which may increase the pressure on the
immune system’s ability to efficiently eliminate the infectious
agent. The importance of adequate nutrition on the potency
of the immune system has been well established [17]. Malnutrition therefore may have an additive impact on the HIVhelminth disease progression in coinfected individuals and
vice versa [4, 16, 18].
Given the complex interactions between infections, a
compromised immune system, and nutritional deficiency,
especially in the milieu of coexisting poverty, overweight, and
obesity, reliable and objective indicators of malnutrition are
essential [19], which respond to changes in nutrient intake
and are not influenced by disease processes [20]. It is crucial
that malnutrition is identified in obese individuals, especially
in situations where an individual has nutritional deficiencies
masked by obesity wherein weight, measured by body mass
index (BMI), and anthropometric indices would not be reliable measures of nutritional status [21, 22]. SA has increasing
prevalence of malnutrition with a predominant pattern of
overweight and obesity among adults, shown as high BMI
levels [23]. Obesity has been associated with malnutrition
[21], which impairs immunity, further increasing the risk
of infection [24]. Thus, weight gain may be misleading and
inaccurate when monitoring the effectiveness of nutritional
replenishment [21].
In addition to anthropometry in clinical settings, biochemical markers of serum protein levels such as total protein
and albumin are commonly used to assess the nutritional
status of patients, despite the fact that albumin was reported
to be insensitive to acute changes in nutritional status [25],
since it has a large body pool and its half-life is twenty days
[20, 26]. Prealbumin has been suggested to be a more suitable
biochemical marker for monitoring nutritional status, due to
its short half-life of two days and its sensitivity to changes in
protein-energy status within four to eight days, in both the
presence and absence of inflammation [27, 28]. Prealbumin
reflects more recent protein intake as opposed to albumin,
which reflects long-term protein supply [29, 30]. The current
study investigated the use of prealbumin as a marker of
nutritional status compared to albumin in adults singly or
dually infected with HIV and intestinal helminth parasites
with or without inflammatory conditions as indicated by Creactive protein (CRP) in different BMI categories in an adult
population in KwaZulu-Natal, South Africa.

under the eThekwini Health District in the KwaZulu-Natal
(KZN) province of South Africa. Currently available census
data indicates that the area comprises approximately 39,000
households with approximately 30% informal settlements
[31]. Poverty is widespread in this area, with low-income
households, and approximately 34% of the population in the
area were not economically active [31]. There is generally
poor access to facilities in the area [32] with about 60% of
households not having piped water inside the household [31].
The study site was a comprehensive primary healthcare clinic,
providing all essential healthcare services, including HIV
counselling and testing (HCT). The sociodemographic profile
of the participants has been described in detail elsewhere [33].

2. Methods

2.5. Measures

2.1. Study Setting. The study was conducted in a periurban
area, randomly selected from eThekwini enumeration areas

2.5.1. Testing for HIV-Helminth Infection. Enrolled participants were tested for HIV status using the Alere Determine

2.2. Study Design and Sample Size. This study was based
on a cross-sectional survey of HIV and intestinal helminths
prevalence including the investigation of nutritional status,
conducted between June 2014 and May 2015. A sample size of
229 adults was calculated to detect an effect size of 0.4 with
80% power and probability of 95% between the study groups.
2.3. Recruitment and Selection of the Study Participants.
During the recruitment process, information sessions were
held to inform all the clinic attendees about the study.
Those willing to participate were individually given further
information. After attending to any queries on the study,
all those willing to participate were asked to give written
informed consent before enrolment. The recruitment and
enrolment process is detailed elsewhere [33]. 263 consenting
adults (18 years of age and older, not on antiretroviral therapy
(ART), and not pregnant if female) were enrolled in the study.
Participants were then tested for HIV status for the purpose
of allocating them to either a study or a reference group.
Pre- and post-HIV test counselling was provided. Likewise,
for classifying helminth infection status, the participants who
were enrolled in the study (𝑛 = 263) were screened for
intestinal parasites.
2.4. Ethical Considerations. Ethical approval to conduct the
study was obtained from the University of KwaZulu-Natal
Biomedical Research Committee (BREC Ref: BE 230/14).
Permission to conduct the study was granted by the Provincial and eThekwini Health District office, the KwaZulu-Natal
Provincial Department of Health, and the local political
authorities.
The country guidelines at the time of study recruitment
had set the threshold for ART initiation at 350 cells/𝜇l. Thus,
HIV-infected individuals who had cluster of differentiation4 (CD4) counts below 350 cells/𝜇l (𝑛 = 28) were referred
to the HCT clinic and were excluded from participating
in the study as per the ethical directive of protection of
vulnerable individuals such as very sick or severely immunocompromised persons. Also, those who were found to be
infected with intestinal parasites were referred to the clinic
for anthelminthic treatment.
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HIV-1/2 Ag/Ab Combo rapid test kit (Orgenics Ltd., Israel).
Inconclusive results were confirmed using the Uni-Gold
Recombigen HIV-1/2 rapid test kit (Trinity Biotech, Ireland). Participants were also screened for intestinal helminth
parasites eggs and ova. The stool samples donated by each
participant on two consecutive days were screened microscopically by two trained persons, after the Kato Katz and
the Mini Parasep Faecal Parasite Concentrator (Apacor
Ltd., England) preparation methods were made. The stool
preparation methods are described elsewhere [33]. Blood
samples were collected from each participant by a trained
phlebotomist. Screened participants were allocated into four
groups: (1) the uninfected/controls, (2) HIV singly infected
group, (3) helminth singly infected group, and (4) HIVhelminth coinfected group. The methods of screening for
HIV status and the presence of intestinal helminth parasites
for allocation into these groups have been described in detail
elsewhere [33].
2.5.2. Anthropometry. Anthropometric measurement included weight and height, measured using a calibrated Kern
MPE scale (Kern & Sohn, Germany). The participants were
weighed with light clothing and flat shoes. The scale calculated and displayed the BMI after the weight and height
were keyed in. Participants were classified into the different
BMI categories using World Health Organization [34] cutoff points: underweight (< 18.5), normal weight (18.5–24.9),
overweight (25–29.9), and obese categories (≥ 30) for both
males and females.
2.5.3. Biochemical Analysis. The C-reactive protein (CRP),
prealbumin, and albumin biochemical markers were analysed by a spectrophotometric auto-analyser in a South
African National Accreditation System (SANAS) accredited
pathology laboratory. Participants were grouped into two
subgroups: (1) those showing evidence of inflammation (with
elevated levels, CRP > 5 mg/l) and (2) those with no
inflammation (with normal levels, CRP ≤ 5 mg/l).
2.6. Statistical Analysis. Descriptive statistics were used to
summarize the data using frequencies and percentages for
categorical data and means and standard deviations (SD)
for continuous data. Four different multivariate multinomial
logistic regression models were fitted to investigate the effect
of prealbumin versus albumin for nutritional assessment
among HIV singly infected, helminth singly infected, and
HIV-helminth coinfected groups, using the uninfected group
as a reference category. Model A analysed the relationship
without specifying BMI category; Model B was for normal
weight; Model C was for overweight; and Model D was for the
obese category. Each model was fitted for individuals with no
inflammation (CRP ≤ 5) and those with inflammation (CRP
> 5). The effect was estimated using relative risk ratios (RRR)
with 95% confidence interval (CI) significant at p value ≤ 0.05.
Data was analysed using the statistics package STATA version
13 (College Station, Texas: Stata Corporation, USA) and SPSS
version 24 (IBM Corporation, USA).

3. Results
3.1. Characteristics of the Study Participants. The mean age
of the study participants was 36 years, ranging from 18 to 83

Figure 1: The percentage distribution of body mass index (BMI)
levels among the uninfected, HIV singly infected, helminth singly
infected, and HIV-helminth coinfected groups with normal (≤ 5)
and high (>5) C-reactive protein (CRP) levels.

years. The majority of the participants were female (91.6%).
Out of 263 participants, 40.3% were uninfected, 23.6% were
infected with HIV, 23.6% were infected with helminths, and
12.5% were coinfected with HIV and helminths. Overall, the
proportion of participants who had evidence of inflammation
was 36.1% and the proportion of those with no inflammation
was 63.9%.
In the absence of inflammation, the majority of underweight individuals were HIV or helminth singly or dually
infected, while the majority of uninfected individuals had
normal weight or were overweight or obese (Figure 1). The
majority of overweight and obese participants were uninfected and were mainly participants with inflammation. In
the presence of inflammation (CRP > 5 mg/l), no underweight participants were recorded.
3.2. Biochemical Assessment of Prealbumin and Albumin
Nutritional Status. Both prealbumin and albumin were
within reference ranges among all subgroups; however, both
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Figure 2: Biochemical measures of prealbumin and albumin nutritional status among the uninfected, HIV singly infected, helminth
singly infected, and HIV-helminth coinfected participants with
normal and high C-reactive protein (CRP) levels.

were lower in HIV singly infected and HIV-helminth coinfected groups with normal CRP levels. The mean prealbumin
levels for the participants who had no inflammation (CRP
≤ 5 mg/l) were higher in the uninfected and the helminthinfected groups and lower in the HIV singly infected and
the HIV-helminth coinfected groups (Figure 2). Similarly,
the mean albumin levels were higher in the uninfected and
helminth-infected groups and lower in the HIV-infected and
HIV-helminth coinfected groups.
In participants with inflammation (CRP > 5 mg/l), the
mean prealbumin levels were lower in the uninfected, HIVinfected, and HIV-helminth coinfected groups and higher in
the helminth-infected group, while mean albumin was lower
in the HIV-infected and helminth-infected groups and higher
in the uninfected and HIV-helminth coinfected groups.
3.3. Models of the Effect of Prealbumin versus Albumin
for Nutritional Assessment. The analysis revealed that HIVhelminth coinfection was associated with patterns of lower
prealbumin and albumin levels across all BMI categories in
the subgroup with normal CRP except in the obese, although
not statistically significant. In the presence of inflammation,
the pattern in the coinfected group was that of lower albumin
and higher prealbumin levels in all BMI categories, except in
the obese (Figure 3).
The HIV-infected group with normal CRP was associated
with lower albumin and higher prealbumin across all BMI
categories in both the presence and absence of inflammation, irrespective of statistical significance. Albumin was
significantly lower in unadjusted BMI [RRR = 0.8 (95% CI:
0.7-0.9), p = 0.001] (Figure 3(a)), in normal weight [RRR
= 0.7 (95% CI: 0.5-0.9), p = 0.003] (Figure 3(b)), and in
overweight participants [RRR = 0.5 (95% CI: 0.3-0.7), p
= 0.001] (Figure 3(c)). In the obese (Figure 3(d)), albumin
was nonsignificantly lower. Prealbumin was nonsignificantly
higher in all BMI categories.
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In elevated CRP, albumin was significantly lower in
unadjusted BMI [RRR = 0.8 (95% CI: 0.6-1.0), p = 0.050]
and nonsignificantly lower in the normal weight, overweight,
and obese. Prealbumin was significantly higher in unadjusted BMI [RRR = 1.2 (95% CI: 1.0-1.4), p = 0.034] and
in overweight [RRR = 1.4 (95% CI: 1.0-1.9), p = 0.052]
and nonsignificantly higher in normal weight and obese
participants.
Helminth-infected group with inflammation was associated with lower albumin and higher prealbumin, irrespective
of statistical significance. Albumin was significantly lower
in unadjusted BMI [RRR = 0.7 (95% CI: 0.6-0.9), p =
0.012] and in overweight [RRR = 0.5 (95% CI: 0.3-1.0), p =
0.037] participants. Prealbumin was significantly higher in
unadjusted BMI [RRR = 1.3 (95% CI: 1.1-1.5), p = 0.001], in
overweight [RRR = 1.5 (95% CI: 1.1-2.1), p = 0.012], and in
obese individuals [RRR = 1.3 (95% CI: 1.0-1.7), p = 0.042].
In the obese individuals, in both the presence and absence
of inflammation, discordant results of both prealbumin and
albumin were found in the HIV-helminth coinfected group
compared to the rest of the BMI categories. The exception
was in the HIV-infected group, where the pattern of lower
albumin and higher prealbumin was observed in all the BMI
groups, including the obese.

4. Discussion
In communities where single or dual infection with HIV and
helminth and obesity coexist with malnutrition, it is essential
that a marker that can reliably detect malnutrition in this
milieu of conditions be used. The marker must ideally be
unaffected by inflammation, which occurs in obesity [35], as
well as in HIV and helminth infections [36, 37]. Evidence
shows that obesity results in chronic low-grade inflammation,
which may elevate CRP levels due to the adipose tissues
releasing IL-6 and TNF-𝛼 and inducing the synthesis of
CRP by the liver [35, 38]. Others also found an association
between increased BMI and increased CRP levels, which
was independent of inflammation and other factors that are
known to increase CRP [39].
In the current study, despite the fact that some findings
had no statistical significance, patterns were observed, which
were suggestive of prealbumin being possibly useful in
delineating between inflammation-induced hypoalbuminemia and true malnutrition. The key finding was that, in the
absence of inflammation, participants with dual infection had
lower levels of both prealbumin and albumin across all BMI
categories except in the obese, which may be suggestive of
malnutrition. Bishop et al. [40] and Chen et al. [41] state that
low levels of both prealbumin and albumin in normal CRP
are indicative of poor protein nutritional status. In the current
study, it was further noted that a significant proportion of
the dually infected participants with no inflammation were
underweight, which is associated with malnutrition.
Furthermore, in the presence of inflammation, the pattern of lower albumin and higher prealbumin levels was
observed in all the infected groups across all BMI categories,
except in the coinfected participants. Similarly, this pattern
was also observed in HIV-infected participants in both the
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(b)

(c)
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Figure 3: Coefficient plots for multinomial regression models of the effect of prealbumin and albumin for nutritional status assessment in (a)
the body mass index (BMI) unadjusted model, (b) BMI normal weight model, (c) BMI overweight model, and (d) BMI obese model among
HIV and helminth singly and dually infected groups relative to the uninfected group with C-reactive protein (CRP) levels less than 5 mg/l
and greater than 5 mg/l.
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absence and presence of inflammation, across all BMI categories including the obese. It is known that serum albumin
levels are decreased in the presence of inflammation and
infection due to the disproportionate distribution of protein
between the albumin and globulin compartments [40, 42].
The assumption is that in the current study this is what
caused the lower albumin in the participant groups with
inflammation and/or HIV infection.
On the other hand, the higher prealbumin in these
individuals may be suggestive of absence of malnutrition.
Notably, the lower albumin levels in this instance may have
been interpreted as indicative of malnutrition if albumin
was assayed on its own and prealbumin was not included.
This is a key finding that is suggestive of prealbumin being
able to possibly differentiate between inflammation-induced
hypoalbuminemia and true malnutrition. Saka et al. [43]
found malnourished patients, with low BMI, prealbumin,
and albumin levels and high CRP levels showing increased
prealbumin after one week of nutritional support, which
indicates prealbumin as a sensitive nutritional status marker.
Others also found significantly lower prealbumin levels in
patients with malnutrition compared to those who had no
malnutrition; however, albumin levels were not significantly
different between the two groups [44], implying that albumin
was unable to distinguish between presence and absence
of malnutrition, whereas prealbumin was able to indicate
malnutrition.
Furthermore, in obese individuals in both the presence
and absence of inflammation discordant prealbumin and
albumin levels were found in the dually infected participants
compared to the patterns observed in the rest of the BMI
categories in the various infected groups. These study findings
illustrate the difficulty in assessing malnutrition when there
was dual infection and obesity in both the absence and
presence of inflammation. Overweight and obesity were
mostly prevalent in the participants who had evidence of
inflammation, with a significant proportion mainly among
the uninfected individuals. Therefore, assessing malnutrition
when there is HIV and intestinal helminth coinfection and
obesity requires further investigation in a longitudinal study
with a large sample size.

5. Limitations
The cross-sectional nature of the study was limited in that
it provided a “snapshot” and could not determine if malnutrition and inflammation preceded disease and changes in
BMI and CRP levels. Another limitation was the small sample
size, which may have resulted in the inability to determine
significant associations between changes in BMI, prealbumin,
and albumin in the presence and absence of inflammation
in the different infections. For future studies, longitudinal
cohorts with randomised sampling design and a large sample
size would be recommended [45].
Furthermore, the single BMI measurements may not
identify significant weight loss or gain [46]. In addition, the
single CRP measurements may not accurately indicate longterm inflammation status. The fact that there was not any
other measurement supporting the suggested malnutrition
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in the study participants was also a limitation. However,
in another survey, we had observed a general low intake
of micro- and macronutrients in the study participants
[33].

6. Conclusion
The current study found prealbumin in HIV-helminth coinfection to be a possible delineator between inflammationinduced reduction and true malnutrition, since in all cases of
elevated CRP it remained higher, whereas albumin was lower.
To the best of our knowledge, this is the first study where CRP,
prealbumin, and albumin biochemical markers were used
in the investigation of malnutrition in the context of HIVintestinal helminth coinfection in KwaZulu-Natal adults. It is
recommended that CRP should essentially be included in any
future investigations of malnutrition when prealbumin and
albumin are used as indicators to detect malnutrition in order
to delineate the inflammation-induced albumin reduction
and true malnutrition in HIV and intestinal helminth singly
and dually infected adults. The pattern of lower prealbumin
and albumin in the coinfected group in the absence of
inflammation may be suggestive of malnutrition and would
require further investigation.
Furthermore, the study found that, in both the absence
and presence of inflammation, obesity was associated with
a discordant pattern of prealbumin and albumin which was
contrary to the patterns seen in other BMI categories. This
illustrates that assessing nutritional status in dual infection
and obesity is a challenge, a key finding that requires further
investigation in a large sample size.
Although not conclusive, these findings, however, add
value to the growing research area on the investigation of
the impact of HIV-helminth infection on nutritional status in
South Africa, a country with increasing prevalence of obesity
[23].
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[38] A. Fronczyk, P. Molȩda, K. Safranow, W. Piechota, and L.
Majkowska, “Increased concentration of C-reactive protein in
obese patients with type 2 diabetes is associated with obesity and
presence of diabetes but not with macrovascular and microvascular complications or glycemic control,” Inflammation, vol. 37,
no. 2, pp. 349–357, 2014.
[39] M. Visser, L. M. Bouter, G. M. McQuillan, M. H. Wener, and T.
B. Harris, “Elevated C-reactive protein levels in overweight and
obese adults,” The Journal of the American Medical Association,
vol. 282, no. 22, pp. 2131–2135, 1999.
[40] M. L. Bishop, E. P. Fody, and L. E. Schoeff, Clinical Chemistry: Principles, Procedures, Correlations, Lippincott Williams
& Wilkins, USA, Fifth edition, 2005, USA: Lippincott Williams
Wilkins.
[41] D. Chen, L. Bao, S.-Q. Lu, and F. Xu, “Serum albumin and
prealbumin predict the poor outcome of traumatic brain injury,”
PLoS ONE, vol. 9, no. 3, Article ID e93167, 2014.
[42] A. N. Friedman and S. Z. Fadem, “Reassessment of albumin as
a nutritional marker in kidney disease,” Journal of the American
Society of Nephrology, vol. 21, no. 2, pp. 223–230, 2010.
[43] B. Saka, G. B. Ozturk, S. Uzun et al., “Nutritional risk in
hospitalized patients: Impact of nutritional status on serum
prealbumin,” Revista de Nutrição/Brazilian Journal of Nutrition,
vol. 24, no. 1, pp. 89–98, 2011.
[44] D. Unal, O. Orhan, C. Eroglu, and B. Kaplan, “Prealbumin is
a more sensitive marker than albumin to assess the nutritional
status in patients undergoing radiotherapy for head and neck
cancer,” Wspolczesna Onkologia, vol. 17, no. 3, pp. 276–280, 2013.
[45] A. K. Ziraba, J. C. Fotso, and R. Ochako, “Overweight and
obesity in urban Africa: a problem of the rich or the poor?” BMC
Public Health, vol. 9, article 465, 2009.
[46] D. Harris and N. Haboubi, “Malnutrition screening in the
elderly population,” Journal of the Royal Society of Medicine, vol.
98, no. 9, pp. 411–414, 2005.

BioMed Research International

Hindawi
BioMed Research International
Volume 2018, Article ID 9875319, 11 pages
https://doi.org/10.1155/2018/9875319

Research Article
Effects of Diacetyl Flavoring Exposure in Mice Metabolism
Letícia Dias Lima Jedlicka ,1,2 Juciara da Costa Silva,3 Aleksandro Martins Balbino,1
Giuseppe Bruno Neto,1 Danielle Zildeana Sousa Furtado,1
Heron Dominguez Torres da Silva ,1 Fernanda de Barros Correia Cavalcanti ,3
Karin Marie van der Heijden ,3 Carlos Alberto Avellaneda Penatti,3
Etelvino José Henriques Bechara,4 and Nilson Antonio Assunção 1
1
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Diacetyl is a flavoring that imparts a buttery flavor to foods, but the use or exposure to diacetyl has been related to some diseases. We
investigated the effect of oral intake of diacetyl in male and female C57/Bl mice. We performed a target metabolomics assay using
ultraperformance liquid chromatography paired with triple quadrupole mass spectrometry (UPLC-MS/MS) for the determination
and quantification of plasmatic metabolites. We observed alterations in metabolites present in the urea and tricarboxylic acid (TCA)
cycles. Peroxynitrite plasmatic levels were evaluated by a colorimetric method, final activity of superoxide dismutase (SOD) was
evaluated by an enzymatic method, and mouse behavior was evaluated. Majority of the assay showed differences between control
and treatment groups, as well as between genders. This may indicate the involvement of sex hormones in the regulation of a normal
metabolic profile, and the implication of sex differences in metabolite disease response.

1. Introduction
It is increasingly common to use food additives to improve
the appearance, quality, aroma, flavor, and longevity of food
products [1]. Diacetyl is added to food products to improve
taste by providing a butter-like flavor. Diacetyl (C4 H6 O2 , cas
number: 431-03-8) is a liquid at ambient temperature with a
yellow or green-yellow color, and it is a diketone with a diffusive and pungent odor. Although diacetyl is directly added to
human food and the compound is generally regarded as safe,
other carbonyl compounds with low molecular weights can
be toxic in large doses [2]. The acute oral LD50 (median lethal
dose) of diacetyl for male and female rats is currently 3400
mg/kg and 3000 mg/kg, respectively, but the LD50 for mice
has not yet been established [3].
Exposure to diacetyl has been extensively studied in
recent years [4–11]. However, the majority of these studies

focused on occupational exposure to diacetyl, mainly because
of the occurrence of bronchiolitis obliterans in factory workers engaged in microwave popcorn production [5, 9].
We previously demonstrated the generation of acetyl
radicals from the reaction between diacetyl and peroxynitrite [12–16] and also demonstrated the increase in protein
acetylation in vivo after diacetyl consumption [17]. However,
the broader effects of this flavoring compound have not
been clearly studied. Even though foods with other chemical
characteristics may result in highly reactive species once
ingested, because diacetyl is an effective prooxidant, it will
likely affect several metabolic routes [18, 19].

2. Materials and Methods
2.1. Experimental Protocol. Twelve-week-old male and female C57/Bl mice were divided into four groups (n = 6). The
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control groups did not receive any treatment, whereas treated
groups received diacetyl in drinking water at concentrations
of 300 mg/kg/day for 15 weeks. The mice were kept in a
cabinet with 50–70% humidity at 19–23∘ C. A 12 h light/12 h
dark cycle was used, and the mice were fed ad libitum. All
procedures were approved by the UNIFESP Ethics Committee under number 975977013.
2.1.1. Dosage Selection. Based on previous studies in our
laboratory [20] and the study conducted by Colley et al.
[3], we chose a dosage of 300 mg/kg/day of diacetyl diluted
in drinking water. Daily administration was chosen because
diacetyl is a food flavoring widely used in the food industry,
and it is considered safe by several agencies [21–24].
2.1.2. Determining Estrus Cycle Phase. The phase of the estrus
cycle of the female mice was confirmed by vaginal smear.
Before conducting the experiments and euthanasia in female
mice, vaginal secretions were collected with a plastic pipette
filled with 10 𝜇L of ultrapure water. The pipette tip was
inserted into the mouse vagina to collect the secretion by
aspiration. One drop of vaginal fluid was placed on a glass
slide, dried at room temperature, and observed under a
light microscope (Quimis, Brazil) with 10x and 40x objective
lenses. Only female mice in the diestrus phase were used for
the assay [25].
2.1.3. Sample Collection and Preparation. The mice were
euthanized in a CO2 gas chamber (RED Industry and
Commerce, Brazil) with a flow rate of 30% of the chamber
volume per minute. Blood was collected by cardiac puncture
with heparinized syringes, transferred to microtubes, and
then centrifuged at 5000 rpm for 1200 s at 4∘ C. Plasma was
collected and a protease inhibitor cocktail (Calbiochem, Germany) was added following the manufacturer’s instructions.
Plasma was frozen in liquid nitrogen and then stored at -80∘ C.
2.2. Metabolomics Assay. After pooling the plasma samples
from each experimental and control group, we detected a
total of 33 metabolites using an AbsoluteIDQ p180 kit
(Biocrates Life Sciences AG, Austria), following manufacturer’s instructions: L-alanine (Ala), L-arginine (Arg), Lasparagine (Asn), L-aspartate (Asp), L-citrulline (Cit), Lglutamine (Gln), L-glutamate (Glu), L-glycine (Gly), L-histidine (His), L-isoleucine (Ile), L-leucine (Leu), L-lysine
(Lys), L-methionine (Met), L-ornithine (Orn), L-phenylalanine (Phe), L-asymmetric dimethylarginine (ADMA), Lcarnosine (Car), creatinine (Cre), L-DOPA (DOPA), Lhistamine (Hst), L-kynurenine (Kyn), L-methionine sulphoxide (Met-So), L-proline (Pro), L-putrescine (Put), L-sarcosine
(Sar), serotonin (5-HT), L-trans-4-hydroxyproline (t4-OHPro), L-taurine (Tau), L-threonine (Thr), L-tryptophan (Trp),
L-tyrosine (Tyr), L-valine (Val), and acetyl ornithine (AcOrn).
Table 1 contains the standard parameters used in the data
acquisition of metabolomics analysis, as well as the coefficients of determination, equations, retention time (tR ), mass
spectrometry (MS), tandem mass spectrometry (MS/MS),
detection limit (LD), quantification limit (LQ), linear range,
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cone volume (CV), collision energy (V), and internal standards (IS).
2.2.1. Statistical Analysis of Metabolomics Assay. Statistical
analysis was conducted in two steps. Upon obtaining analyses
of metabolites and performing the behavior screening, we
used the software GraphPad Prism version 5.01 (San Diego,
California, USA, https://www.graphpad.com/) to perform
basic statistical comparisons of data with variance analysis through hypothesis testing (t-test), analysis of variance
(ANOVA), and the post hoc Bonferroni test. Secondly,
exploratory data analysis (EDA) was used to identify systematic relations between variables when there were either
nonexistent or incomplete expectations as to the nature of
those relations by hierarchical cluster analysis (HCA), by
clustering tree or dendrogram and principal component
analysis (PCA), or by linear dimensionality reduction.
The statistical analysis was performed using the data
analysis software system Statistica, version 10.0, by StatSoft
Inc. (2011). The first step enabled us to verify differences
between paired data groups not matched by specific tests and
ANOVA. The second step allowed the ranking and clustering
of data, followed by analysis according to group.
2.2.2. Enrichment Analysis of Metabolites. The enrichment
analysis was performed using the global test package available
at http://www.metaboanalyst.ca. It uses a generalized linear
model to estimate a Q-statistic for each metabolite set,
describing the correlation between compound concentration
profiles and clinical outcomes.
2.3. SOD Assay. SOD was measured from plasma samples
using the Superoxide Dismutase II Assay Kit (Cayman, USA).
All reagents were used as supplied in the kit, prepared
according to the manufacturer’s instructions, and kept on
ice during the assay. The absorbance was read at 450 nm
using a plate reader. The SOD standard curve was plotted and
linearized, and the SOD activity of the samples was calculated
using the equation obtained from linear regression from the
standards.
2.4. Peroxynitrite Assay. The serum peroxynitrite level was
determined using the colorimetric method (Beckman et al.,
1990). In brief, 10 𝜇L of serum was added to 90 𝜇L of cold
NaOH (1.0 mol L−1 ) and mixed well. NaOH (1.0 mol L−1 )
was used as the blank. The blank absorbance was taken in a
climatized quartz cuvette at 302 nm (10∘ C). A 10 𝜇L diluted
sample was added to the cuvette and mixed three times. The
absorbance at 302 nm of the diluted sample was recorded
by a Spectramax spectrophotometer (Molecular Devices,
USA).
2.5. Motor Locomotion and Behavior Testing. We investigated
the chronic effect of diacetyl on animal motor locomotion
and behavior. The open field test was chosen to determine the
exploratory activity profile of the animal within the test arena,
a divided area with central and peripheral (corner) limits. An
animal spending time in the central area conveys low anxiety
levels, whereas time spent in the corners conveys high anxiety
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Table 1: Coefficients of determination, equations, retention time (tR ), MS, MS/MS, LD, LQ, linear range, CV, V, and IS.
R2

Equation

tR ∗

MS

MS/MS

LD∗∗

LQ∗∗

Linear range∗∗

CV

V

IS

5-HT
Ala
Ac-orn
ADMA
Arg
Asn
Asp
Car
Cit
Cre
Dopa
Gln
Glu
Gly
His
Hst
Ile
Kyn

1
1
0.99
0.92
0.99
1
0.99
1
1
0.99
0.99
1
0.99
1
1
0.97
1
0.99

1.27
1.62
1.12
1.29
1.12
1.18
1.41
1.00
1.33
0.16
1.33
1.22
1.42
1.29
1.00
1.01
2.51
2.43

241
225
310
338
310
268
269
362
311
114
333
282
283
211
291
247
267
344

60
44
217
46
217
87
116
136
113
44
198
130
130
76
110
154
69
146

0.42
0.05
0.01
0.07
0.03
0.01
0.01
0.08
1.13
0.72
0.16
0.03
1.29
0.10
0.76
0.03
0.15
0.08

1.40
0.18
0.06
0.20
0.10
0.05
0.03
0.26
3.78
2.42
0.55
0.12
4.30
0.35
2.55
0.11
0.52
0.27

5.00-400.00
20.00 - 600.00
0.50 - 40.00
0.25 - 20.00
5.00 - 400.00
5.00 - 400.00
5.00 - 400.00
0.50 - 40.00
5.00 - 400.00
10.00 - 800.00
0.50 - 40.00
20.00-1600.00
10.00 - 800.00
25.00- 2000.00
5.00 - 400.00
5.00 - 400.00
5.00 - 400.00
1.00 - 80.00

28
22
32
22
34
20
24
24
22
32
26
22
26
22
22
22
24
22

18
10
24
14
14
16
14
34
24
14
12
16
16
10
22
12
28
24

Serotonin D4
Orn D6
Orn D6
Ala D4
Arg 15 N2
Asn 15 N2
Asp D3
His 13 C6
Cit 13 C D4
Creatinine D3
Dopa D3
Gln D5
Glu D3
Gly 13 C2 15 N
His 13 C6
His 13 C6
Ile 13 C6
Tyr D4

Leu

0.99

2.51

267

43

0.06

0.02

5.00 - 400.00

24

38

Ile 13 C6

Lys
Met
Met-So
Orn
Phe
Pro
Put
Sar
T4-OH-Pro
Tau
Thr
Trp

0.99
1
0.98
0.98
0.99
0.99
0.97
1
0.99
0.91
1
1

y = 0.015x- 0.020
y = 0.007x - 0.037
y = 30.165x - 10.120
y = 0.0168x +-0.001
y = 0.015x + 0.048
y = 0.0149x + 0.024
y = 0.010x - 0.987
y = 0.010x + 0.001
y = 0.021x + 0.007
y = 0.008x + 0.041
y = 0.218x - 0.085
y = 0.019x + 0.006
y = 0.012x + 0.030
y = 0.002x + 0.004
y = 0.018x + 0.004
y= 0.110x - 0.078
y = 0.001x - 0.001
y = 0.024x + 0.004
y = 2.542 e−005 x +
2.791 e–006
y = 0.037x - 0.512
y = 0.017x - 0.002
y = 0.025x + 0.0435
y = 0.046x - 0.212
y = 0.015x + 0.068
y = 0.012x + 0.105
y=-0.033x +0.270
y= 2.68x - 0.157
y= 0.009x - 0.005
y= 0.016 x + 0.035
y = 0.020x + 0.020
y = 0.015x - 0.015798
y= 0.0258201x
+0.0219755
y = 0.013x + 0.021

2.50
2.14
1.34
2.38
2.56
1.61
2.55
1.62
1.29
1.00
1.53
2.48

417
285
301
403
301
251
266
225
267
261
255
317

324
104
88
310
120
70
114
90
132
126
73
136

0.07
0.21
0.01
0.002
0.006
0.04
0,94
0.03
0.01
0.03
0.07
0.01

0.26
0.73
0.05
0.01
0.02
0.14
3.15
0.10
0.06
0.10
0.26
0.05

10.00 - 800.00
5.00 - 400.00
1.00 - 80.00
5.00 - 400.00
5.00 - 400.00
5.00 - 400.00
0.10 - 8.00
1.00 - 80.00
1.00 - 80.00
2.50 - 200.00
5.00 - 400.00
5.00 - 400.00

26
22
18
24
24
26
26
20
24
30
22
26

12
18
30
12
20
20
12
10
14
14
18
16

Orn D6
Met D3
Met D3
Orn D6
Phe D5
Pro D7
Putrescine D4
Sarcosine D3
Pro D7
Taurine 13 C2
Thr13 C4 15 N
Trp 15 N2

1.94

340

188

0.003

0.01

5.00 - 400.00

26

22

Tyr D4

2.21

2534

72

0.01

0.06

10.00 - 800.00

24

16

Val D8

Metabolites

Tyr

1

Val

0.99

∗ min, ∗∗ (𝜇mol L−1 )

levels [26]. The open field test arena consisted of an open
square box with 50 cm sides, with a black square central area
with 25 cm sides.
Upon 15 weeks of exposure to oral diacetyl, male and
female mice were tested in the open field arena for a 300 s
session. Behavior was analyzed and scored according to the
total time spent locally, within either central or peripheral
zones. In addition, we tabulated parameters of animal selfcare and well-being (e.g., grooming, crossing, and standing
up) as measures of normal social behavior. All behavioral
tests were recorded with a Sony 12.1 camera and quantified
using OPEN FLD software (Stefano Pupe, Brazil), which
follows animal movement within the arena.

3. Results and Discussion
3.1. Metabolomic Differences in Male and Female Mice Treated
Orally with 300 mg/kg/day of Diacetyl over 15 Weeks. Diacetyl
is used as a food additive, but exposure and ingestion of this
compound may lead to an imbalance in the body and the
development of diseases [27, 28] which can alter the production of metabolic pathway intermediates. Thus, metabolites
may reflect the conditions of the processes underlying cellular
homeostasis, reflecting the relationships between cellular
processes and biochemical pathways [28, 29]. The body
tends to respond to these changes with intracellular and
extracellular adjustments to maintain homeostasis [30, 31].
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Table 2: Plasma metabolite concentrations from female and male groups treated with 300 mg/kg/day of diacetyl for 15 weeks.

Metabolite
5-HT
Ac-Orn
ADMA
ALA
Arg
Asn
Asp
Car
Cit
Cre
Dopa
Gln
Glu
Gly
His
Hst
Ile
Kyn
Leu
Lys
Met
Met-SO
Orn
Phe
Pro
Put
Sar
T4-OH-Pro
Tau
Thr
Trp
Tyr
Val

Control Female∗
0.87 ± 0.03
4.37 ± 0.70
63.00 ± 2.00
215.00± 4.23
70.00 ± 1.47
110.00 ± 4.25
197.00 ± 13.90
51.0 0± 0.73
6.83 ± 0.68
8667.00 ± 654.00
0.87 ± 0.03
239.00 ± 6.56
136.00 ± 8.50
439.00 ± 15.60
439.00 ± 2.96
0.30 ± 0.00
19.00 ± 0.20
22.00 ± 0.30
33.00 ± 9.87
73.00 ± 3.69
6.80 ± 0.06
0.80 ± 0.26
17.00 ± 1.74
118.00 ± 1.23
12.00 ± 0.22
6.07 ± 0.52
12.00 ± 0.48
14.00± 1.41
58.00 ± 4.33
75.00 ± 0.92
69.00 ± 0.43
148.00 ± 3.04
47.00 ± 0.22

300 mg/kg/day Female∗∗
1.33 ± 0.03 (↑)
11.00 ± 3.10 (↑)
104.00 ± 2.35 (↑)
706.00 ± 5.78 (↑)
122.00 ± 1.54 (↑)
449.0 ± 12.08 (↑)
97.00 ± 12.77 (↓)
146.00 ± 3.02 (↑)
26.00 ± 0.63 (↑)
8642.00 ± 7370.00 (←→)
0.93 ± 0.03 (←→)
1898.00 ± 61.40 (↑)
111.00 ± 5.40 (↓)
1988.00 ± 11.00 (↑)
1988.00 ± 27.40 (↑)
0.50 ± 0.00 (↑)
36.00 ± 1.15 (↑)
27.00 ± 0.52 (↑)
63.00 ± 11.70 (↑)
106.00 ± 38.00 (↑)
18.00 ± 0.55 (↑)
26.00 ± 0.20 (↑)
11.00 ± 2.33 (↓)
203.00 ± 2.59 (↑)
46.00 ± 0.72 (↑)
7.05 ± 0.37 (←→)
41.00 ± 2.29 (↑)
1.87 ± 0.22 (↓)
186.00 ± 3.50 (↑)
382.00 ± 0.41 (↑)
192.00 ± 0.58 (↑)
297.00 ± 0.21 (↑)
99.00 ± 1.35 (↑)

Control Male∗
1.27 ± 0.03
2.97 ± 0.03
0.6 ± 0.11
240.15 ± 4.20
75.00 ± 1.86
30 ± 0.81
16.00 ± 1.90
0.97 ± 0.03
40.00 ± 0.94
19.00 ± 1.01
0.70 ± 0.00
485.00 ± 15.40
62.00 ± 3.44
56.00 ± 4.07
56.00 ± 0.20
1.43 ± 0.03
66.00 ± 0.79
2.07.0 ± 0.10
113.0 ± 9.17
182.00 ± 4.05
33.00 ± 0.72
2.57 ± 0.24
60.0 ± 0.17
71.00 ± 0.95
69.00 ± 0.26
0.73 ± 0.07
14.00 ± 0.76
0.87 ± 0.07
208.00 ± 1.70
101.00 ± 2.14
90.00 ± 0.20
69.00 ± 1.79
155.00 ± 2.44

300 mg/kg/day Male∗∗
6.83 ± 0.03 (↑)
4.13 ± 0.03 (←→)
0.57 ± 0.03 (←→)
421,00 ± 3.72 (↑)
114.00 ± 3.47 (↑)
65.0 ± 1.46 (↑)
18.00 ± 2.70 (←→)
0.70 ± 0.06 (↑)
66.00 ± 0.70 (↑)
8.20 ±11.00 (↓)
0.43 ± 0.30 (↓)
760.00 ± 15.10 (↑)
93.00 ± 10.50 (↑)
82.00 ± 3.09 (↑)
82.00 ± 1.31 (↑)
0.97 ± 0.03 (↓)
114.00 ± 0.55 (↑)
0.8 ± 0.00 (↓)
213.00 ± 4.50 (↑)
348.0 ± 1.07 (↑)
50.00 ± 0.35 (↑)
2.77 ± 0.12 (←→)
120.00 ± 0.68 (↑)
93.00 ± 0.19 (↑)
108.00 ± 2.13 (↑)
1.13 ± 0.03 (↓)
26.00 ± 0.96 (↑)
0.5 ± 0.32 (←→)
329.00 ± 2.89 (↑)
138.00 ± 2.89 (↑)
81.00 ± 0.58 (↓)
96.0 ± 1.41 (↑)
240.00 ± 2.90 (↑)

↑ significant increase in concentration compared to respective control group; ↓ significant decrease in concentration compared to respective control group;
←→ concentration does not have significant difference from control group.

Sexual dimorphism is present in several species, in which
nonsexual characteristics are present differently between the
sexes. These differences encompass metabolites, lipid-derived
molecules, cell regulatory processes, reactions to drugs [32],
reactive oxygen species (ROS) signaling, and stress response
[33]. The differing levels of hormones like progesterone,
estrogen, and testosterone between the sexes are responsible
for most of these differences. However, the differences go
beyond the physical characteristics and may influence the
functioning of the organism and may lead to differences in
the metabolic profile [34, 35].
Because males and females may have different responses
to a given treatment and/or susceptibility to disease, it
is important to individually analyze the male and female
results [19]. The metabolic analyses proceeded with male and
female control groups in addition to groups treated with 300

mg/kg/day. Results were compared between the male and
female controls in order to look for sex-dependent differences
prior the analysis of the diacetyl treatment. We observed sexspecific differences in metabolite concentrations (Table 2).
We also observed differences in metabolite levels between
sexes after diacetyl treatment (Figure 1(a)), which can be
attributed to sexual dimorphism. The metabolites 5-HT, Ala,
Arg, Asn, Cit, Gln, Gly, His, Ile, Leu, Met, Phe, Pro, Sar, Tau,
Thr, Tyr, and Val increased in both male and female treated
groups compared with the respective controls (Figure 1(b)).
The metabolites Ac-Orn, ADMA, Car, Hist, Kyn, Met-So, and
Trp increased in only the female treated group compared
with its control group, whereas metabolites Glu, Put, and
Orn increased in only the male treated groups compared
to control. All these increased metabolites are involved in
lipid and amino acid metabolism and genetic information
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Figure 1: Changes in metabolic profile from male and female control groups and groups treated with 300 mg/kg/day of diacetyl. (a) Venn
diagram of number of metabolites that increased and decreased in groups treated with diacetyl. (b) Venn diagram of number of metabolites
that increased in groups treated with diacetyl. (c) Venn diagram of number of metabolites that decreased in groups treated with diacetyl.

processing pathways [36, 37]. All cellular functions depend
on metabolism [38].
Different metabolites decreased in both groups treated
with diacetyl in comparison with the respective control
groups (Figure 1(c)). The metabolites Asp, T4-OH-Pro, Orn,
and Glu showed decreased levels in the female treated group
compared with the female control group; the metabolites
Dopa, Car, Cre, Kyn, Trp, and Hst showed decreased levels in
the male treated group. The other metabolites did not show a
statistical difference compared with their respective controls.
The plasma metabolites show different intensities in all
groups (Figure 2). The metabolites with the highest values are
in red, while the lowest appear in yellow and green, making
it possible to visualize the difference of the metabolic profile
among the groups with more clarity. The heatmap shows that
diacetyl alters metabolism in both male and female groups.
This data provides new insights into sex-specific responses to
diacetyl treatment, as well as metabolism differences [39].
The difference between male and female metabolic profiles after diacetyl treatment was associated with gender. The
differences between the metabolic profiles of male and female
groups is evident, but the response to diacetyl exposure was
observed independently of sex. We performed multivariate
analyses for all groups that included all analyzed metabolites
(Figure 3). PCA analysis allowed us to identify differences
or similarities between all groups. We observed an efficient
separation between the male and female groups (Figure 3(a)).
A subdivision separating the diacetyl-treated groups can also
be seen, where control groups are in the upper quadrants and
treated groups are in the lower quadrants.
The dendrogram provides more evidence for the separation of the four groups (Figure 3(b)). The y-axis represents
the experimental groups in descending order of similarity,
and the position of the line on the x-axis indicates the
distances between the groups. The female groups have the
greatest similarity because they have the shortest distance
between them (Figure 3(b)). The female groups formed the
first branch; the male groups formed the second branch. The

Figure 2: Heatmap of plasma metabolites from male controls, males
treated with 300 mg/kg/day of diacetyl, female controls, and females
treated with 300 mg/kg/day of diacetyl.

male and female branches remained distinct because of the
differences between their respective metabolic profiles.
The first branch has two subbranches that distinguish
female controls from females treated with 300 mg/kg/day of
diacetyl. The second branch also contained two subbranches
that distinguished male controls from treated males. These
results show both the dissimilarity between sexes and the
difference in treatment with 300 mg/kg/day of diacetyl. This
difference in metabolic profile found between male and
female groups may be related to natural sexual dimorphism.
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(a)

(b)

Figure 3: Multivariate analysis: principal component analysis (PCA) and dendrogram of male and female mice in control groups and groups
treated with 300 mg/kg/day of diacetyl. (a) PCA of male and female mice in control groups and groups treated with 300 mg/kg/day of diacetyl.
(b) Dendrogram showing Euclidean distance-based similarity of metabolite levels in control and treated groups.

Sex hormones also contribute to the differences between
sexes and are associated with incidence and progression of
some diseases [20–22]. For example, estrogens are atheroprotective and vasoprotective and may exert potent antioxidant
actions [21]. Estrogen has an antiapoptotic effect in muscle
and neural tissues upon stress. Testosterone also shows antiapoptotic activity in muscle cell lines upon oxidative stress,
but testosterone in rat myocytes showed a proapoptotic effect
[38]. Metabolic profile differences between male and female
control groups are likely attributable to the effects of estrogen.
3.2. Possible Pathways and Diseases Altered in Males and
Females from Groups Treated with 300 mg/kg/day of Diacetyl.
When an organism’s homeostasis is disrupted, this may lead
to some dysfunction that impacts metabolism or promotes
disease. The organism can also develop a stress response to
help to maintain homeostasis [39, 40]. Diacetyl and other 𝛼dicarbonyl compounds promote chemical disorders including mutagenesis, cancer, aging, diabetes, neurodegenerative
processes, several metabolism errors, and inflammatory diseases [13].
To relate the diacetyl intake status with the plasma metabolite expression data, we performed the metabolite set enrichment analysis with a database (http://metaboanalyst.ca).
The metabolites were ranked according to the increases or
decreases in groups treated with 300 mg/kg/day of diacetyl
when compared with the respective controls. This analysis
showed metabolic pathways that were altered after diacetyl
treatment in male and female groups.
The metabolic profile reflects the physiological, developmental, and pathological processes of the organism, which
can inform disease prognosis [41]. In this way, metabolomic
analysis can be a valuable tool to analyze pathway alterations,
which helps understand biochemical disease mechanisms
and the effects of drugs and potentially toxic substances [42].
The increased metabolites observed in male and female
groups treated with 300 mg/kg/day of diacetyl may be

(a)

(b)

Figure 4: Quantitative set enrichment analysis of metabolites in
male and female groups treated with 300 mg/kg/day of diacetyl. (a)
Affected pathways in males. (b) Affected pathways in females.

involved in some major pathways (Figures 4(a) and 4(b)). The
metabolite set enrichment analysis confirmed involvement
of diacetyl treatment in some pathways. The table data set
generated by quantitative analysis using the MetaboAnalyst
tools is available in the supplementary material (SM1 and
SM2). The same pathways were affected in males and females
treated with diacetyl, but each group responded somewhat
differently. The treated males had a greater change in excitatory neural signaling through 5-HT, whereas the treated
females showed a greater change in intracellular signaling
through histamine H2 receptor and histamine.
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(a)

(b)

Figure 5: Quantitative set enrichment analysis of metabolites in male and female groups treated with 300 mg/kg/day of diacetyl. (a) Related
diseases for male treated group. (b) Related diseases for female treated group.

(a)

(b)

Figure 6: Open field test results, with time (s) spent in periphery and central regions. (a) First round of analysis. (b) Second round of analysis.

Some diseases affect the metabolic profile, so a precise
metabolite quantification assists in proper diagnosis [40].
Metabolites were ranked according to their increases or
decreases in groups treated with 300 mg/kg/day of diacetyl
compared with the respective control group (SM 3, SM 4).
Metabolite expression is correlated with the likelihood of
certain diseases (Figures 5(a) and 5(b)). We included diseases
if at least five of the investigated metabolites involved in
their pathological mechanisms were altered after diacetyl
treatment. The same diseases affected both male and female
groups, but the most relevant male disease was homocystinuria and the most relevant female disease was intrahepatic
cholestasis (Figures 5(a) and 5(b)).

3.3. Behavior Screening in Female and Male Mice after LongTerm Exposure to Diacetyl. Behavior screening was performed to investigate the effects of diacetyl intake on mice
behavior. We observed a discrete difference between male
and female control groups, as well as between the female
control group and the female group treated with diacetyl
(Figure 6(a)). These differences can be associated with differing endocrine regulation due to sexual dimorphism [43–49].
A second round of open field experiments with other groups
of animals that received the same diacetyl dose confirmed the
same altered behavior (Figure 6(b)).
Other parameters were also observed in the open field
test, including grooming, stand-up events, and crossing
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Table 3: Open field test in male and female control groups and groups treated with 300 mg/kg/day of diacetyl.

Group
Females, control
Females, 300 mg/kg/day diacetyl treatment
Males, control
Males, 300 mg/kg/day diacetyl treatment
Females, control
Females, 300 mg/kg/day diacetyl treatment
Males, control
Males, 300 mg/kg/day diacetyl treatment

Round of analysis
1
1
1
1
2
2
2
2

(a)

Crossing events
33.60 ± 1.47
23.20 ± 5.59
24.33 ± 1.92
24.33 ± 3.56
40.00 ±6.85
39.60 ± 7.52
37.60 ± 3.34
42.00 ±2.59

Stand-up events
37.40 ± 2.94
29.20 ± 2.37
28.33 ± 1.93
21.50 ± 1.52
31.00 ± 9.14
31.60 ± 6.87
20.40 ± 5.77
19.40 ± 2.01

Grooming events
2.40 ± 2.07
3.60 ± 1.89
1.50 ± 0.50
3.17 ± 0.95
2.00 ± 0.45
3.80 ± 0.92
2.60 ± 0.93
2.40 ± 0.25

(b)

Figure 7: Peroxynitrite levels and SOD final activity in male and female control groups and groups treated with 300 mg/kg/day of diacetyl.
(a) Peroxynitrite levels in male and female control groups and groups treated with 300 mg/kg/day of diacetyl. (b) SOD final activity in male
and female control groups and groups treated with 300 mg/kg/day of diacetyl. ∗ groups with statistical difference (ANOVA and Posttest
Bonferroni) from female control group (p < 0.0001). Values expressed as mean ± SEM. # groups with statistical difference (ANOVA and
Posttest Bonferroni) from male control groups (p < 0.0001). Values expressed as mean ± SEM.

frequency between the periphery and central regions
(Table 3). However, we did not observe changes in the first
or second rounds of analysis.
3.4. SOD and Peroxynitrite Assay. Peroxynitrite and other
reactive nitrogen species help regulate some physiological
functions. However, the generation of peroxynitrite can
happen in inflammation and antioxidant system failures [29].
We observed different responses to diacetyl between
males and females regarding peroxynitrite levels in mML−1
(Figure 7(a)) and SOD final activity (Figure 7(b)). Peroxynitrite levels were higher in treated females (17.25 ± 0.71) than
in control females (11.76 ± 0.68) (Figure 7(a)). Peroxynitrite
levels were similar between the control males (16.08 ± 0.39)
and the treated males (15.29 ± 0.34) (Figure 7(a)). These
results demonstrate that female groups produced more peroxynitrite when exposed to 300 mg/kg/day of diacetyl, while

male groups did not exhibit the same increase. Peroxynitrite
is a prooxidant substance and is involved in oxidative stress
[28, 50, 51]. These data suggest there is a sex-related difference
in response during oxidative stress. Testosterone stimulates
the formation of peroxynitrite and peroxynitrite precursors
such as superoxide, nitric oxide, and xanthine oxidase [34],
whereas estradiol is associated with decreased peroxynitrite
levels [52]. The differing responses to diacetyl exposure may
be because sex hormones naturally induce higher baseline
peroxynitrite levels in male controls than in female controls.
Superoxide dismutase (SOD) is an antioxidant enzyme
that defends the body against oxidative stress [52]. SOD final
activity (U) decreased in treated male and female groups
(0.313 ± 0.004 and 0.111 ± 0.001, respectively) when compared
to the male and female control groups (0.375 ± 0.004
and 0.130 ± 0.001, respectively) (Figure 7(b)). This suggests
diacetyl decreases SOD activity.
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Diacetyl treatment increased plasma peroxynitrite levels
and decreased SOD final activity in female groups when
compared to control. SOD final activity also decreased in the
male treated group when compared to control, but peroxynitrite levels did not change. Both female and male groups
treated with diacetyl demonstrated the imbalance between
the prooxidants and antioxidants, suggesting that diacetyl
intake is negatively correlated with oxidative stress.

4. Conclusion
Metabolomics of male and female C57/black mice showed
different biochemical patterns. Diacetyl administered orally
to male and female mice promoted metabolomic changes in
a sex-dependent manner. This suggests the involvement of sex
hormones in the regulation of a normal metabolic profile, and
the implication of sex-based differences in metabolite disease
response.
The metabolite levels of 5-HT, Ala, Arg, Asn, Cit, Gln, Gly,
His, Ile, Leu, Met, Phe, Pro, Sar, Tau, Thr, Tyr, and Val were
increased in male and female treated groups. Some metabolites increased only in the female treated group compared to
control (Ac-Orn, ADMA, Hst, Kyn, Met-SO, and Trp), and
some metabolites increased only in the male treated group
compared to control (Glu, Orn, and Put). The metabolite
levels of Asp, Glu, Orn, and T4-OH-Pro decreased in the
female treated group compared to control; the metabolite
levels of Cre, Dopa, Hst, Kyn, Car, and Trp decreased in the
male treated group compared to control.
The current work confirms the studies that demonstrated
the diacetyl can modify peptides and proteins by acetylation
[8, 10], and various metabolic routes involve acetylation,
including the urea cycle [47]. Most of the proteins that
participate in these routes become acetylated, which indicates a potential role of acetylation in the regulation of cell
metabolism.
Diacetyl intake may cause changes in protein structure,
likely due to uncontrolled acetylation [8]. Altered protein
structure can lead to increased ROS levels and misfolded
or degraded proteins. Protein degradation may facilitate
an increase in circulating amino acids and affects protein
turnover [53]. Protein turnover may cause increased ammonia levels due to protein catabolism [31]. Ammonia is a
toxic substance, of nitrogen metabolism, and one of the ways
of eliminating excess ammonia occurs through the urea
cycle. Upregulation of the urea cycle increases ureagenesis,
a process that may cause changes in hepatic nitrogen homeostasis and hormonal regulation [54]. This mechanism would
explain the increased metabolites related to protein biosynthesis and amino acid metabolism, both of which increase
substrates of the urea cycle.
The open field test showed discrete differences between
motor locomotion and social behavior expressed through
anxiety/fear when comparing male and female control groups
and groups treated with diacetyl. Females are less vulnerable
to stress than males [55], but they are more affected by
repeated stress than males [56]. Such behavioral changes may
be related to changes in metabolic profile. For example, the
metabolite 5-HT increased in both treated groups and is
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involved in the pathophysiology of anxiety disorders [57].
The alteration of 5-HT also promotes changes in behavioral
expression [57]. Aside from the serotonergic system, the
adrenergic and glutaminergic systems are also involved in
anxiety and behavior changes.
Some metabolite alterations are found in patients or
animals with hepatic or renal injury, which demonstrates the
possible toxicity of diacetyl intake. However, most metabolite
alterations are associated with diseases related to increase of
oxidative stress and inflammation. SOD activity decreased
in both treated groups while peroxynitrite increased in
only female treated groups, demonstrating that there is an
imbalance between prooxidants and antioxidants in diacetyltreated animals. Our results suggest that long-term intake of
diacetyl is associated with oxidative stress, a relationship
previously demonstrated by our group through in vitro
studies. [12–15]
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Obesity or maternal overnutrition during pregnancy and lactation might have long-term consequences in offspring health. Fetal
programming is characterized by adaptive responses to specific environmental conditions during early life stages. Programming
alters gene expression through epigenetic modifications leading to a transgenerational effect of behavioral phenotypes in the
offspring. Maternal intake of hypercaloric diets during fetal development programs aberrant behaviors resembling addiction in
offspring. Programming by hypercaloric surplus sets a gene expression pattern modulating axonal pruning, synaptic signaling, and
synaptic plasticity in selective regions of the reward system. Likewise, fetal programming can promote an inflammatory phenotype
in peripheral and central sites through different cell types such as microglia and T and B cells, which contribute to disrupted energy
sensing and behavioral pathways. The molecular mechanism that regulates the central and peripheral immune cross-talk during
fetal programming and its relevance on offspring’s addictive behavior susceptibility is still unclear. Here, we review the most relevant
scientific reports about the impact of hypercaloric nutritional fetal programming on central and peripheral inflammation and its
effects on addictive behavior of the offspring.

1. Introduction
According to the World Health Organization, nearly 39% of
adults aged 18 years and over were overweight in 2016, and
13% were obese. Maternal obesity adversely impacts both
maternal and offspring health, increasing the susceptibility
to show metabolic abnormalities later in life such as obesity,
dyslipidemia, type 2 diabetes mellitus, and hypertension
as well as behavioral disorders related to schizophrenia,
autism, and compulsive eating disorders [1, 2]. Maternal
obesity or maternal overnutrition programs metabolic and
hormonal nodes that modulate neuronal development during
embryogenesis. For instance, neuronal maturation, including axonal pruning, synaptic plasticity, and stable tract
formation between structures, is selectively programmed

during pregnancy and lactation by consumption of highsugar, high-fat, or high-sugar-high-fat diet formulas. Under
this scenario, nutritional programming defines after-weaning
selective behavioral phenotypes in offspring that might be
exacerbated during adulthood, such as incentive-motivation
behaviors leading to compulsive eating disorders.
Maternal obesity or overnutrition during fetal programming activates molecular and cellular mechanisms that command a new physiological state that might compromise basic
metabolic and neuronal homeostasis. Metabolic imbalance
during obesity can lead to overactivation of the immune
system, triggering a process of chronic inflammation evidenced in animal models and humans. In fact, nutritional
programming by hypercaloric diets promotes an inflammatory phenotype that contributes to disrupted energy sensing
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pathways in metabolic-relevant systems including adipose
tissue, liver, pancreas, muscle, and the brain. Inflammation in
the brain is associated with a cross-talk between peripheral
and central cell types that potentially activates microglia in
the brain. However, it is still unclear which immune cells
infiltrate into the fetal brain leading to microglia activation
and neuroinflammation during maternal nutritional programming. Moreover, it is unknown if maternal overnutrition
during fetal programming originates central inflammation by
microglial activation in the absence of peripheral immune
cells infiltration. Finally, the role of neuroinflammation
during maternal nutritional programming and its effects on
defective behavior related to compulsive eating disorders
in the offspring have only started to be dissected. In this
review, we will discuss the role of maternal programming on
peripheral and central immune cross-talk and its relevance
in the development of incentive-motivation behavior such as
addiction in the offspring.
Obesity is a metabolic condition showing positive energy
balance driven by several factors including human genetics,
life style, environment, body activity, and diet [6]. At first,
obesity was conceived as a metabolic disorder showing an
increase in white adipose tissue mass-modulated exclusively
by the peripheral nervous system. However, recent evidence
shows that the central nervous system (CNS) plays a major
role in the modulation of adipose tissue mass and function. Also, the CNS is a major regulator of food intake
and metabolism and seeks for rewards such as food; in a
pathological state, CNS activation might lead to addictionlike behavior [7].

2. Obesity Is a Potential Deregulator of
Energy-Satiety Integration in the CNS,
Leading to Overfeeding
In nature, all living organisms require energy to sustain
life and perform activities. Energy is mainly provided by
food assigned into three main formulas such as proteins,
carbohydrates, and fats. However, energy surplus such as
overnutrition disrupts metabolic and hormonal homeostasis
and has harmful consequences in health. On this matter,
metabolic and hormonal signals from the periphery arrive to
the CNS to give a message about the energy balance of the
body. The CNS integrates these signals through evolutionaryconserved neuronal tracts connecting peripheral organs to
selective brain structures. For instance, the brainstem receives
information from the gut, while the hypothalamus integrates
circulating/humoral signals. The brainstem and hypothalamus control satiety and integrate these signals by saying when
and how much to eat [7]. However, under a pathological
scenario satiety might be overestimated, leading to activation of the reward system, which modulates the incentive
motivation to work and search for food despite an “apparent”
satiety signal. The reward system integrates dopaminergic
neurons located in the ventral tegmental area (VTA) that
project to the nucleus accumbens (NAc) and also innervate
several regions of the prefrontal cortex (PFC), central amygdala, basolateral amygdala (BLA), and hippocampus and
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dopamine neurons in the substantia nigra (SN) that project
to the dorsal striatum, which has traditionally been associated
with appetitive learning, performance, and motivation [8]. It
has been hypothesized that incentive motivation for palatable
food contributes to overfeeding during obesity [9, 10]. For
instance, an evasion of satiety has been identified in obesity
leading to positive energy balance and an increase of body
mass index [11, 12]. Several researchers propose that, like
drug-addiction, obesity sets an altered motivational behavior
for seeking foods rich in fat and sugars (hypercaloric) that
have high reward value (pleasant), which is potentially
dependent on dopamine neurotransmission [10].
The proposal that overeating during obesity might be
considered as food addiction in the Diagnostic and Statistical
Manual of Mental Disorders (DSM) was initially based on
phenotypic similarities between patterns of overeating in
obese individuals and drug abuse in addicted persons. It
has been shown in both animal models and humans that
repeated exposure to high-fat or high-sugar diets disrupts
the integration of energy-satiety peripheral signals into the
CNS, leading to overfeeding which indeed shares behavioral
similarities to addiction [10, 13]. For instance, obese humans
might experience the following: (1) enhanced motivation over
hypercaloric food intake including recurrent and excessive
consumption, (2) an increased time spent seeking palatable
food in contrast to habitual activities, and (3) frequent or permanent relapse to hypercaloric foods after dieting. Of note,
obesity or palatable food overconsumption might be subjectspecific and it is potentially modulated by environmentsubject interaction. Based on this proposal, researchers have
applied a selective Yale Food Addiction Scale (YFAS) to provide a standardized measure for the assessment and diagnosis
of food addiction based mainly on substance dependence
criteria [14, 15]. These evidences suggest that overfeeding
during obesity might be related to incentive motivation for
palatable food in human and animals. However, are humans
born addicted or do they become addicted to food?

3. Potential Role of Fetal Programming by
Hypercaloric Food in the Development of
Addictive Behaviors in the Offspring
Exposure to hypercaloric foods impacts the individual
metabolic-hormonal settings of mothers and fathers and
might also affect their offspring. Substantial scientific evidence has demonstrated the detrimental role of hypercaloric
food intake during pregnancy and lactation leading to a
failure in metabolic homeostasis, favoring the development
of incentive-motivation behavior for food in the offspring. In
this context, epidemiological data from human catastrophes
such as the Dutch famine (1944), the siege of Leningrad
(1942–1944), the great Chinese famine (1958–1961), and also
the Överkalix study (1890-present) have shown that changes
in diet intake regarding overfeeding or fasting are associated
with disorders in the offspring such as diabetes mellitus type
2 and cardiovascular diseases [16–19]. In addition, there is
evidence of behavioral alterations, including schizophrenia
[20–22], affective disorders [23], and addiction [24, 25]. Based
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on this data, Barker (1998) proposed the “Barker hypothesis”
suggesting that the transgenerational effect of diet exposure during pregnancy modulates metabolic and behavioral
phenotypes in the offspring, a mechanism known as “fetal
programming” [26]. In specific, this hypothesis claims that
oversupply or absence of energy intake during embryonicfetal development provides the fetus with physiological adaptations to a new milieu of metabolic-hormonal threshold
to face a potential adverse postnatal environment similar to
those whose parents were exposed to fetal programming.
In fact, any stimulus or insult throughout embryonic-fetal
development, including stress, infections, substance abuse,
overnutrition, and behavioral alterations, might result in
molecular adaptations that produce permanent structural,
physiological, and metabolic changes in the fetus. Also, fetal
programming might increase the risk of serious physiological
problems in perinatal stages including miscarriage, fetalcongenital anomalies, thromboembolism, and gestational
diabetes.
Initial reports demonstrated that energy-dense food disrupts the appetite-energy sensing and satiety systems, exacerbating the reward for food. Also, excessive consumption
of palatable food can lead to a profound hyposensitivity
to reward, leading to compulsive eating behavior similarly
observed during drug seeking [27]. Nutritional programming in murine models induces alterations in behavior and
synaptic plasticity, favoring higher consumption and sensitization to alcohol, methamphetamines, and cocaine [28, 29].
Maternal exposure to hypercaloric diets during pregnancy or
lactation has shown to increase the long-term preference for
junk food in the offspring [30], potentially associated with
repeated, intermittent increases in extracellular dopamine
(DA) in the NAc and the VTA [31–35]. Molecularly, these
synaptic plasticity changes show greater expression of the
ΔFosB gene [28] and both dopamine (e.g., DR2, DAT)
and opioid pathway genes expression (e.g., the 𝜇-opioid
receptor) at early stages of development [35–39]. In fact, the
opioid pathway regulates the rewarding effects of palatable
food; an injection of 𝜇-opioid agonists in the NAc increases
preference for high-fat or sugar-rich foods [40, 41], and
its antagonists decrease palatable food predilection, even at
doses that show no effect on standard food intake [42, 43].
In addition, fetal programming by drugs such as nicotine
exposure during pregnancy might also disrupt brain gene
expression involved in neuronal glutamatergic (e.g., GluA1,
GluA2, and CaMKII𝛼) and dopaminergic (e.g., DR2, DAT,
and DR1) signaling plasticity in the hippocampus [44, 45],
the laterodorsal tegmental nucleus [46], and the NAc [47–49].
In murine maternal overnutrition models, a transcription
modulation of glutamatergic and dopaminergic systems in
the NAc and prefrontal cortex that increases fat/sugar food
preferences in the offspring has been identified [50–53]
(Figure 1).
In humans, it is still under investigation if obesity or
maternal overnutrition during pregnancy leads to the development of food addiction in the offspring. Initial reports
found that children from obese mothers or mothers with
eating disorders presented more binge eating and night eating
[54, 55] and consumed more carbohydrates compared to their
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normal weight counterparts [56]. Also, a positive correlation between addicted parents and food addiction in their
offspring has been proven [57], although epidemiological
studies are needed to support these findings.

4. Obesity and Maternal
Overfeeding Promote Peripheral and
Central Inflammatory Response
An organism’s first line of defense is the innate immune
system and it includes physical barriers such as the skin,
specific cell types such as macrophages, and complement
proteins. The second line of defense is the inflammatory
response which consists of an innate cellular system and
humoral response that happens during injury to restore physiological homeostasis. The function of the immune system is
not limited to fighting infections and repairing tissue damage,
it also plays a key role in shaping neuronal tracts during CNS
development. For instance, cells from the innate immune
system, such as microglia, regulate neurogenesis, synaptic
plasticity, and synaptic striping, and are the major antigenpresenting cells (APC) in the CNS [58]. Cross-talk between
peripheral immune system and brain-resident immune cells
is in part regulated by B and T lymphocytes, macrophages,
and antibodies which migrate and penetrate the blood-brain
barrier (BBB) [58, 59] and have also been reported in the
cerebrospinal fluid [60]. Under an altered physiological scenario, peripheral immune cells located in the brain become
proinflammatory entities and secrete cytokines promoting
an exacerbated immune response by microglia. By doing
this, peripheral immune cells integrate positive feedback with
microglia that modulates neural growth and development
[61]. Microglial cells are the brain-resident macrophages of
the CNS; these oversee surveillance of the CNS integrity and
respond to pathogens and injuries and also to very subtle
alterations in their microenvironment [62]. In healthy brains,
microglia remain in a ramified stated, and when activated,
they enlarge their cell body, change to a phagocytic state,
and execute similar functions to those of other tissue-resident
macrophages such as proinflammatory cytokines secretion,
antigen presentation, and ROS production and phagocytosis,
leading to neuroinflammation [63]. Under this scenario,
neuroinflammation is beneficial because it removes debris or
dysfunctional neurons; under a pathological state, however,
microglia activation is upregulated and can be damaging
to neurons because of the excessive release of ROS and
proinflammatory cytokines, leading to neuroinflammation
[64], and might contribute to tissue damage and disease
pathology. Although microglial activation could be harmful,
microglia are necessary to provide essential trophic factors
for the survival of neurons, like brain-derived neurotrophic
factor (BDNF) and glial-derived neurotrophic factor (GDNF)
[63].
An atypical form of inflammation, primarily induced
by fatty acids accumulation in selective energy-dependent
tissues including liver, adipose tissue, muscle, and brain
occurs when there is a positive energy balance, as found in
obesity or maternal overnutrition, [65]. Fatty acids promote
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Figure 1: Maternal programming by hypercaloric diets increases the development of addictive behavior in offspring. (a) Hypercaloric diet
intake or obesity during pregnancy leads to activation of an inflammatory state of mothers (F0), favoring aversive intrauterine environment
and selective increase in proinflammatory markers. (b) Positive inflammatory state in mothers correlates with the one in the offspring (F1) and
also with activation of fetal epigenetic program including DNA methylation, histone modification (ip acetylation, methylation, sumoylation,
and ubiquitination), and noncoding RNAs (ip miRNA, piRNA, and lncRNA), which are capable of altering gene expression profile in selective
regions belonging to the reward system: prefrontal cortex (PFC), nucleus accumbens (NAc), and ventral tegmental area (VTA). (c) Epigenetic
programming associates with neurodevelopment alterations in F1 including synaptic signaling, synaptic plasticity, and neurogenesis which
contributes to addictive-like behavior.

a type of body inflammation termed “metainflammation” or
“metabolic inflammation,” which involves several immune
cells (T, B lymphocytes and microglia) and proinflammatory
mediators (cytokines and chemokines) leading to metabolic
and neurodegenerative disorders [66, 67]. Obesity or overnutrition during pregnancy leads to maternal immune activation (MIA), which favors changes in plasma and placental tissue-specific lipidomic profile, recruiting lipid species
to membrane Toll-Like Receptor 4 (TLR4) and activating
the nuclear factor-kappa B (NF-𝜅B) pathway, through an
increase of TLR2, TLR4, IL-6, IL-18, and TNF-𝛼 mRNA
levels and macrophage markers cluster of differentiation
including (CD)11b, CD14, and CD68 [68–70]. Maternal
overnutrition in a sheep model of obesity demonstrated that
inflammatory markers such as CD-68, TGF-𝛽1, and TNF𝛼 found in the mother are also identified in the offspring
after birth [71]. These evidences show that imbalances in the
peripheral and immune system cross-talk might compromise
early stages of CNS development and differentiation potentially contributes to epilepsy, schizophrenia, cerebral palsy,
Parkinson disease (PD), Alzheimer disease (AD), and ASD
[72].

5. Central-Peripheral Immune System
Cross-Talk Regulates Synaptic Plasticity,
Neurogenesis, and Neurodegeneration
As mentioned before, neuroinflammation is how the innate
immune system protects the CNS and controls initial stimulus, and although it is intended to be protective and beneficial,
out-of-control inflammation can be fatal and contribute to
tissue damage and disease pathology, including neurodegeneration [73]. Substantial scientific evidence has shown that
neuroinflammation commands changes in cerebral plasticity
and influences synaptic function and memory [72]. However,
there are no conclusive data showing a cause-effect relationship in terms of the role of cytokines on synaptic plasticity
modulation in the NAc, as a trigger to addictive behavior.
Some data from neuroimmune interactions in humans in the
behavioral response to drugs have shown small clues about
their clinical relevance; however, these studies do not identify
the molecular mechanisms of such interactions [74, 75].
Cause-effect relationship is even harder to identify because
the CNS shows a selective cytokine profile when compared
to peripheral cytokines during drug exposure. For instance,
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Figure 2: Synaptic modulation by cytokine levels. (a) According to Bettie and cols. in 2002 and Stellwagen and cols. in 2006 results TNF-𝛼
was demonstrated to promote normal expression of AMPARs favoring synaptic strength at excitatory synapses. (b) In contrast, high levels of
TNF-𝛼 can affect synaptic plasticity by removing of Ca2+-permeable AMPARs from plasma membrane according to Lewitus et al., 2014 (b).
(c) Physiological levels of IL-1𝛽 and IL-6 are detrimental to maintain and modulate hippocampus activity [3, 4]. (d) Excess of IL-1𝛽 and IL-6
affect LTP and impair memory formation [3, 5].

Calipari and colleagues did not find differences between the
TNF-𝛼 expression in serum when mice were exposed to
cocaine [76]. However, Lewitus et al. identified TNF-𝛼 release
from microglia after cocaine consumption as a potential
regulation of neuronal and behavioral plasticity during both
the induction and expression of drug-induced behaviors [77].
Molecularly, initial reports have shown that glia releases
TNF-𝛼 to fit surface expression of AMPARs, favoring the
synaptic strength at excitatory synapses [78, 79]. In fact, TNF𝛼 stimulation in brain slices reduced corticostriatal synaptic
strength by removing of Ca2+ permeable AMPARs from
the plasma membrane [80], suggesting that high levels of

TNF-𝛼 affect synaptic plasticity, but physiological levels favor
brain development and synaptic strength [79] (Figure 2).
These evidences reinforce the previous hypothesis that TNF𝛼 profile in the CNS modulates synaptic plasticity during
addiction; however, it is still unknown whether central TNF𝛼 accumulation might be a node of inflammatory activation
during addiction or there is a cause-effect relationship involving a cross-talk between peripheral and central mechanism.
Synaptic plasticity during addiction might also be modulated by chemokines. For instance, the CCL4 and CCL17
chemokines and their ligand CCL25 are upregulated in
microglia following morphine treatment and might also
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induce local chemotaxis of axon terminals or dendritic
spines. Blocking the synthesis of certain chemokines prevents the relapse of drug-seeking behavior following drug
reexposure months later [81]. In addition, the modulation
of the G-CSF chemokine concentration in the NAc and the
prefrontal cortex is crucial to alter the motivation of cocaine
consumption but not of food [76]. Together, chemokines have
a very profound neuromodulatory effect on the regulation
of neural circuits involved in addiction, but the molecular
mechanisms on this scenario still need to be described in
detail.
Central and peripheral immune cross-talk response
might also modulate hippocampal neurogenesis. It has been
reported that when CD4+ T lymphocytes are systemically
depleted in mice, there are reduced hippocampal neurogenesis, learning impairment, and a decrease in BDNF secretion in the brain, whereas inoculation of CD4+ T lymphocytes promotes hippocampal neurogenesis and restores the
deficits observed before [82, 83]. In models of autoimmune
encephalitis in which inflammatory responses are upregulated, synaptic plasticity in the hippocampus and longterm potentiation (LTP) are affected because of the high
levels of IL-1𝛽. While peripheral inflammatory responses
related to TNF-𝛼 and IL-6 have been identified to modulate
hippocampus activity [84, 85], it has not been fully described
whether central IL-1𝛽 comes from infiltrating lymphocytes or
activated microglia within the CNS [86]. In any case, central
physiological levels of IL-1𝛽 are detrimental, because excessive cytokines level or blockage of IL- 1 signaling through
IL-1ra has been reported to cause memory impairment [87],
potentially due to Ca2+ influx throughout NMDA receptors,
Src kinases activation, and NR2A/B subunits phosphorylation [88].
As mentioned before for TNF-𝛼 and IL-1𝛽, initial reports
characterized that the IL-6 cytokine is required in normal
physiological levels for the formation of LTP, but levels
above normal affect memory formation and learning [89, 90].
Supporting those findings, IL-6 KO mice display memory
impairment [84] and show reduced proliferating neuronal
stem cells (NSCs) in the hippocampus [91]. Under physiological conditions, IL-6 is related to neural plasticity and
NSCs proliferation through the JAK/STAT, MAPK/cAMP,
Ras-MAPK, and PI3K pathways [92]. Lastly, the immune
system is involved in regulation of hippocampal neurogenesis, through the kynurenine pathway [93], affecting directly
the hippocampal neurogenesis and memory and learning
processes [82] (Figure 2).
A positive inflammatory profile including the IL-1, IL-6,
IL-1𝛽, TNF-𝛼, and IFN-𝛾 has been evidenced in a wide range
of neurodegenerative diseases. In particular, TNF-𝛼 production by active microglia is highly related to IFN-𝛾 secreted
by T cells into the CNS parenchyma [3]. Secreted IFN-𝛾 and
other inflammation mediators activate the MEK/ERK signaling pathway leading to TNF-𝛼 production and neuronal
death [4]. Also, TNF-𝛼 and IFN-𝛾 lead to microglial nitric
oxide (NO) production, favoring oxidative stress, inhibiting
neuronal respiration, and favoring neuronal apoptosis [94].
Of note, these responses seem to be independent, although
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there might be a node at different time-frame. For instance,
the TNF-𝛼 targets its own receptor to activate the NF-𝜅Bdependent proinflammatory pathway and the expression of
inducible NO synthase (iNOS) that mediates NO production,
which is regulated by NF-𝜅B and STAT transcription factors
[95].
In addition, IL-6 also might potentially favor neuronal
death. By promoting the formation of the IL-6/IL-6R/gp130
complex, the proinflammatory IL-6 activates the JAK1, JAK2,
and TYK2 pathway and promotes the phosphorylation of
STAT1 and STAT3. In specific, IL-6 favors neuronal death
by the STAT1 nuclear transcription factor, which associates
with transcription of IFNs, including type I (IFN-𝛼, IFN𝛽, and IFN-𝜔) and type II (IFN-𝛾), all of them involved
in detrimental innate immune responses. However, IL-6
might also be anti-inflammatory and promote cell survival
through STAT3-PI3K/Akt signaling activation by regulating
cell cycle proteins (CDK2), antiapoptotic proteins (Bcl-2),
and proapoptotic proteins (Bax, Bad, and caspase-9) [5,
96]. Thus, IL-6 secretion by activated microglia regulates
inflammatory mediators and shows a dual role that prevents
or promotes neuronal death.
In summary, because of their dual roles associated with
threshold levels, cytokines in the brain may help to maintain
cerebral homeostasis having a beneficial effect in normal
physiological conditions; uncontrolled or chronic neuroinflammation, however, leads to neurodegeneration, disruption
of cerebral plasticity, cognitive changes, and the appearance
of aberrant behavior, also defined as “sickness behavior” by
Cibelli and colleagues [74].

6. Epigenetic Mechanisms during Fetal
Programming and Transgenerational
Inheritance of Addictive Phenotype
By now, we have shown evidences that metabolic inflammation during pregnancy leads to chronic inflammation in
offspring that might disrupt synaptic plasticity and set a
self-perpetuating cycle of addictive excessive consumption
of natural and synthetic rewards [28, 97]. Despite the lack
of epidemiological studies addressing the impact of human
obesity or maternal overnutrition as a node to promote
addiction-like phenotypes in offspring, recent evidence suggests that addiction in humans might have a common root
from transgenerational inheritance, given that biomarkers
that share identity in drug programming and addictive
behavior have been previously described [98–101]. A transgenerational inheritance of addiction, eating disorders, or
pathological phenotypes in offspring is modulated directly
by epigenetics, which programs and adapts organisms in
the early stages of development to face sudden changes in
the environment, compared with evolutionary and natural
selection processes, which tend to be slow [102]. Epigenetics
refer to the mechanisms of long-term or stable regulation
of gene expression that do not involve a change in gene
sequences including DNA methylation and histone modification such as acetylation, sumoylation, ubiquitination,
and methylation, as well as gene expression regulated by
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noncoding RNAs, miRNAs, piRNAs, and lncRNA [103].
The role of maternal programing by overnutrition during
pregnancy and its effects on epigenetics linked to a proinflammatory profile in offspring have not been deeply analyzed
yet. Initial work has shown that epigenetics modulate the
immune system and potentially affects the CNS during
pregnancy [103]. A recent paper identified that fat diet primes
an epigenomic reprogramming of myeloid progenitor cells
that led to an increased proliferation and enhanced innate
immune responses [104], which the authors named as “innate
immune memory” or “trained immunity,” able to mediate
metabolic reprogramming for prolonged periods of time
[105]. On this context, using a fetal-programing murine
model with hypercaloric diet, Edlow et al. (2016) identified
a significant number of deregulated miRNAs implicated
in immune and proinflammatory processes, death cellular,
adipogenesis and cellular stress in the males of offspring
[106] (Figure 1). In humans, a positive correlation between
body mass index (BMI) during prepregnancy with adiposity
and inflammatory markers in offspring at birth has been
demonstrated [107]. Also, Alexander and col. (2018) reported
alterations in the methylation profile of genes involved in
mitochondrial function, DNA repair, oxidative stress and
inflammation in the placenta of children who were born from
mothers with type 2 diabetes mellitus [108]. Of importance,
a study in humans revealed that an adherence to Mediterranean diet for 5 years ended up in a significant increase in
DNA methylation which positively correlated with a reduction in the concentrations of TNF-𝛼, sICAM-1, and CRP
[109].
These evidences suggest that gestational exposure to
high-fat and high-sugar diets in murine models results in
a disruption of the central reward system, which correlates
with epigenetic biomarkers found in addicted-programed
subjects. Programming sets the brain to potentiate changes
in neuroplasticity [97, 110], neuronal death, neurotoxicity
[111], etc., in postnatal life, which leads to the development of
cognitive disorders such as addiction [112–115]. It is still under
investigation if humans share the aberrant reward plasticity
that has been described in murine models.

7. Conclusions
Maternal overnutrition leads to fetal adaptive responses
which sets a neuronal gene expression program in offspring.
Selective intake of diets rich in fats and sugars at critical
stages recruit central and peripheral inflammatory cell type
markers, such as microglia and T and B cells, which disrupt
energy sensing and behavioral pathways increasing the susceptibility to show aberrant behaviors similar to addiction.
In fact, an addictive phenotype might be transgenerational
when inherited by selective epigenetic activation during fetal
programming. These evidences propose the immune system
activation by nutritional programming during gestation as
a node to modulate changes in neuroplasticity related to
incentive behavior phenotypes which must be addressed
deeply for a better understanding.
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Atmospheric pollution has been a principal topic recently in the scientific and political community due to its role and impact on
human and ecological health. 9,10-phenanthrenequinone (9,10-PQ) is a quinone molecule found in air pollution abundantly in the
diesel exhaust particles (DEP). This compound has studied extensively and has been shown to develop cytotoxic effects both in
vitro and in vivo. 9, 10-PQ has been proposed to play a critical role in the development of cytotoxicity via generation of reactive
oxygen species (ROS) through redox cycling. This compound also reduces expression of glutathione (GSH), which is critical in
Phase II detoxification reactions. Understanding the underlying cellular mechanisms involved in cytotoxicity can allow for the
development of therapeutics designed to target specific molecules significantly involved in the 9,10-PQ-induced ROS toxicity. This
review highlights the developments in the understanding of the cytotoxic effects of 9, 10-PQ with special emphasis on the possible
mechanisms involved.

1. Introduction
Atmospheric pollution has been an important topic in the
scientific and political community due to its impact on
human and ecological health [1]. With industry development,
the increase in city heating, and the number of automobiles,
there was a severe increase in the concentration of air
pollutants[2]. After the Great Smog event in London in
1952[3], the scientific community and politic governments
are paying more attention to air pollution on human health
[1]. Over the Great Smog event days, mortality in the
general population was more than threefold times than
expected, leading to thousands of people death[2]. Since this
historical air pollution episode, a large number of studies
have demonstrated the association between air pollution and
human disease including respiratory and lung diseases such
as chronic obstructive pulmonary disease, asthma attacks,
pulmonary cancer, leukemia, birth defects and immune
system defects, cardiovascular problems, heart disease and
stroke, neurobehavioral disorders, and liver and other types
of cancer [4–18]. Diesel combustion to generate power has

existed for well over a century and is used in heavy machinery
such as large trucks and oil tankers [19–22]. The mechanism
by which diesel exhaust impacts human health is being
studied extensively [23–31]. One of the most significant
and detrimental impacts diesel combustion is atmospheric
pollution.
Diesel particles can either aggregate or remain as individual particles when released into the atmosphere. Upon
inhalation, these fine particles can penetrate through the
lungs causing many diseases and disorders to develop over
time. DEP have been shown to play an important role
in the generation of pulmonary-related diseases including
bronchitis, asthma, carcinogenesis in the lungs, and other
allergic disorders [23–32]. DEPs are composed of complex
mixtures of particulates, including elemental carbon, polycyclic aromatic hydrocarbons (PAHs), nitro-PAHs, quinones,
heterocyclics, aldehydes, and other hydrocarbons[33–36].
One major particle found in diesel exhaust is 9-10phenanthrenequinone (9,10-PQ, see its structure in Figure 1),
a type of quinone. Quinones are electrophilic compounds
derived from aromatic organic molecules through oxidation.
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Figure 1: 9-10-phenanthrenequinone structure.

These molecules have two ketone groups and, thus, are
biologically active. Understanding the toxic role of quinones
is of great interest as this allows for the development of
novel therapeutics designed to specifically target downstream
mediators. Exposure to 9,10-PQ containing particulate matter
(PM) has been associated with the development of many
disease processes including lung cancer, asthma, and allergic
inflammation [37–52].

2. 9,10-Phenanthrenequinone Is One of the
Major Components of Particulate Matter
Present in the Environment
As one of the most abundant quinones found in DEPs [43],
when inhaled, 9,10-PQ can be generated from phenanthrene
by P-450s as below pathway [37]. Phenanthrene is one of
major PAHs present in the air pollution [37–52].
In addition to phenanthrene photooxidation, 9,10-PQ
could be also directly emitted to the environment from auto
exhaust sources such as diesel exhaust particles. The levels
of airborne DEP have increased dramatically over the last
few decades due to the increase in the use of diesel-based
engines. Compared to gasoline-based engines, diesel-based
engines can provide higher fuel efficiency and lower carbon
dioxide emissions; they also emit about 30–100 times more
particulate matter into the atmosphere than gasoline-based
engines [53]. It has been estimated that DEP constitute as
much as 40% of the respirable particulate matter in a city
where the daily human intake has been estimated to be as
much as 300 𝜇g m-3 of particulate matter [54]
A few studies determined the 9,10-PQ concentration in
the airborne particulates [55, 56]. Various PAH-quinones
including 1-acenaphthene, 9-fluorenone, 11H-benzo[a]fluoren11-one, 7H-benzo[c]fluoren-7-one, 11H-benzo[b]fluoren-11one, benzanthrone, and 6H-benzo[cd]pyrene-6-one, 1,4naphthoquinone, phenanthrenequinone, 5,12-naphthacenequinone, and benzo[a]pyrene-6,12-dione have been detected
at less than 1 ppm in the atmospheric particles in Boston,
MA [55, 56]. The four quinones, 1,2-naphthoquinone (1,2NQ), 1,4-naphthoquinone (1,4-NQ), 9,10-phenanthraquinone
(9,10-PQ), and 9,10-anthraquinone (9,10-AQ), have been
detected in Standard Reference Material (SRM) 1649a and
in ambient air samples of PM2.5 from several rural and
urban areas in Central Los Angeles [55, 56]. The mean

concentrations of these four quinones are 9–40.4 𝜇g/g in
the DEP and 5–730 pg/m3 in the PM2.5 samples [55, 56].
Among these four detected quinones, 9,10-PQ has been
found to have higher concentration [55, 56]. Kishikawa et al.
employed a high-performance liquid chromatography with
fluorescence detection method for detecting 9,10-PQ in the
sample of PM collected at an urban site in Nagasaki city,
Japan, weekly over a year from July 1997 to June 1998 [57].
This method is highly sensitive and allows detecting 9,10PQ at very low concentrations of airborne particulates [57].
The average concentration of 9,10-PQ in airborne particulates
was reported to be 0.287+/-0.128 ppm. Interesting, 9,10-PQ
concentrations were higher in winter than in summer. Also,
9,10-PQ concentrations were higher during weekdays than at
weekends [57].
9,10-PQ concentration in the PM has been investigated
in a few areas during the different season. The phenanthrenequinone mean concentrations in Fresno, CA in winter 2004-2005, and spring 2005 are 1.1±0.77ng⋅m-3 and
0.31±0.13ng⋅m-3 , respectively [58]. However, phenanthrene
average concentrations in urban ambient Southern California
are 50.34 ng⋅m-3 measured over the period of September 89, 1993[59]. 9,10-PQ in Central Los Angeles was found to
be 24.19𝜇g/g in DEP[60]. So, the atmospheric PM2.5 and
DEP consist of significant levels of 9,10-PQ [61]. High levels
of 9,10-PQ were found in samples collected in San Dimas
and in Riverside compared to rural Atascadero due to lower
automotive exhaust emissions in rural Atascadero than that
in San Dimas and in Riverside [60].

3. Redox Cycling of 9,10-PQ in the Generation
of Reactive Oxygen Species (ROS)
As a redox-active quinone in diesel exhausts, 9,10-PQ has
been shown to generate ROS (Figure 2) via its redox cycling
resulting in its toxicity [37–52, 57, 62, 63, 67, 71–88] in vitro
and in vivo. 9,10-PQ can accept an electron to produce the
semiquinone form of 9,10-PQ [70]. Incomplete reduction of
molecular oxygen can cause the redox cycling of 9,10-PQ
as the semiquinone form is oxidized back to the original
quinone form [70]. During this process, the molecular oxygen becomes incompletely reduced and becomes a superoxide anion radical (O2 ∙- ) [89]. Superoxide radicals, considered
as primary ROS, then undergo further metabolism and interact with other molecules to generate secondary ROS such
as hydrogen peroxide (H2 O2 ) and highly reactive hydroxyl
radicals (∙ OH) [90]. ROS are often characterized by their
capability to bring an incredible amount of both discriminant and indiscriminate damage to biomolecules including
protein, lipids, and nucleic acids. In this context, there are
two reduced 9,10-PQ species of biological importance, its
semiquinone radical (9,10-phenanthraquinone; PQU−) and
its hydroquinone PQH2. The semiquinone form of 9,10-PQ
can trigger redox cycling by transferring electrons from a
source such as nicotinamide adenine dinucleotide phosphate
(NADPH) to oxygen to generate ROS. The semiquinone form
of 9,10-PQ was found to be generated via the enzymatic
reaction or nonenzymatic reaction. The enzymatic reaction

BioMed Research International

3
O

OH∙

H2 O2

O2 ∙

O

NAD(P)H

-

9,10-Phenanthrenequinone

O1
NQ

O2
H2 O2

／

−

／

∙

O2 ∙

-

Semiquinone radical

OH∙

O2

NAD(P)+

HO

OH

9,10-Phenanthrene hydroquinone

Figure 2: Redox cycling of 9,10-phenanthrenequinone (9,10-PQ) for production of reactive oxygen species (ROS). First, 9,10-PQ quinone
undergoes 1 electron reduction to produce semiquinone radical. Semiquinone is unstable and is very reactive to oxygen. It reoxidizes back to
quinone and releases superoxide radical. Superoxide molecule is then reduced to hydrogen peroxide by the superoxide dismutase. Hydroxyl
radicals are formed when hydrogen peroxide reacts with metals such as ferrous ions via Fenton reaction. Second, semiquinone can also
undergo further 1 electron reduction to form 9,10-phenanthrene hydroquinone which can further redox cycles back to semiquinone by losing
an electron and yielding superoxide radical. Lastly, 2-electron reduction of 9,10-PQ quinone by NADPH-quinone oxidoreductase-1 (NQO1)
will directly form 9,10-phenanthrene hydroquinone. Thus, redox cycle of 9,10-PQ will generate a large amount of ROS.

was catalyzed by flavoenzymes such as NADPH-cytochrome
P450 reductase or neuronal nitric oxide synthase and a
nonenzymatic reaction was targeted with proximal protein
thiols.
H2 O2 levels within cells can be used to develop an
understanding of how oxidative stress and the generation of
ROS is involved in cell-induced apoptosis [91–96]. Treatment
of human T lymphoblast: acute lymphoblastic leukemia
(MOLT-4) cells with DCFH-DA as a fluorogenic probe can
detect the levels of hydrogen peroxide within the cell. DCFHDA is converted to DCFH which additionally is converted to
2’, 7’ –dichlorofluorescein (DCF) by H2 O2 . If H2 O2 is present,
this conversion will occur, and DCF levels can be measured
by fluorescence to determine the levels of hydrogen peroxide
within the cell. Cells treated with 9,10-PQ were shown to
have a significant increase in H2 O2 levels than control cells
[50]. An interesting approach and technique that can be used
to further understand and thereby strengthen the idea of
the presence of ROS within the cells are to treat cells with

9,10-PQ as well as ROS scavengers such as polyethylene glycol
catalase (PEG-cat) [50]. Upon treatment with PEG-cat and
9,10-PQ, the levels of hydrogen peroxide returned to basal
control levels, indicating that 9,10-PQ indeed is involved in
the generation of ROS. In addition, pretreatment of cells with
PEG-cat and subsequent treatment with 9,10-PQ resulted in
increased cellular viability. This further explains the role of
9,10-PQ in the generation of ROS and how ROS scavengers
are involved in reducing the detrimental effects posed to the
cells upon exposure to 9,10-PQ.

4. Role of L-Xylulose Reductase (XR) in 9,10PQ-Induced Superoxide Production
XR is involved in the reduction of 9,10-PQ at a higher rate
than its substrates diacetyl and L-xylulose [50, 97]. This
enzyme was thought to be involved in cellular detoxification
by reducing 𝛼-dicarbonyl compounds, thus reducing reactive
carbonyl compounds. In contrast to what was expected,
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upon treatment of bovine aortic endothelial cells (BAEC)
containing a sixfold overexpression of the XR enzyme with
9,10-PQ, cell viability drastically decreased and significantly
enhanced cytotoxicity when compared to wild-type cells
treated with only 9,10-PQ [50]. Selective inhibition of XR
by 4-methyl-[1,2,3]-thiadiazole-5-carboxylic acid benzyloxyamide (MTB) eliminated this enhanced cytotoxicity indicating that XR plays a crucial role in decreasing cellular viability
when exposed to 9,10-PQ [50]. Furthermore, when XR
transformed cells were pretreated with PEG-cat, GSH ester,
and N-acetyl-L-cysteine (NAC), the XR induced enhanced
cytotoxicity was significantly reduced [50].
Cytochrome C is an enzyme that can be used to measure
the production of superoxide anion, a very powerful radical
generated in the ROS pathway. As superoxide anion levels
increase the reduction rate of cytochrome C also increases.
In a reaction mixture containing cytochrome C, XR, and 9,10PQ, decrease in levels of cytochrome C significantly increased
compared to the control mixture lacking 9,10-PQ indicating
the generation of the superoxide anion. Also, when the
reaction mixture was treated with CuZn-SOD, a compound
involved in the conversion of superoxide anion into oxygen
and H2 O2 , cytochrome C reduction levels decreased, further
explaining the role of XR in enhancing 9,10-PQ induced
cytotoxicity through the generation of superoxide anion [98].
After establishing the relationship between XR and cytotoxicity, it is crucial to understand how the induction levels
of XR change upon exposure to 9,10-PQ. When MOLT-4
cells were treated with 1 uM 9,10-PQ, XR mRNA levels were
increased 2 hours after treatment, indicating that XR may
be an oxidant-inducible enzyme. Cells treated with low concentrations of 9,10-PQ resulted in a greater expression of XR
mRNA, as opposed to cells treated with higher concentrations
of 9,10-PQ. A probable explanation for this phenomenon
can be obtained from the DNA fragmentation results. As
the cells were treated with higher concentrations of 9,10-PQ
increase in DNA fragmentation was observed. This increase
in DNA fragmentation can be a cause of reduced expression
of XR mRNA levels at higher concentrations of 9,10-PQ.
Furthermore, to strengthen the idea of 9,10-PQ induced
upregulation of XR mRNA expression, cells exposed to 9,10PQ were pretreated with radical scavengers PEG-cat and
NAC to understand how XR mRNA levels may change [98].
XR mRNA levels were indeed reduced upon pretreatment
of cells with radical scavengers; thus, it can be concluded
that enhanced expressions of XR mRNA in the presence of
9,10-PQ can be mitigated upon pretreatment with PEG-cat
and NAC. Upregulation of XR mRNA was not only observed
in cells treated with 9,10-PQ, cells treated with glucose
oxidase (GO) and glucose, a hydrogen peroxide generating
system, also increased the expression of XR mRNA levels
indicating the strong relationship between ROS generation
and upregulation of XR. Knowing this relationship between
ROS generation and enhanced XR levels, it can be predicted
that treatment of cells with XR inhibitory factors can reduce
ROS generation levels as well as increasing cell viability levels
when compared to cells treated with only 9,10-PQ without XR
inhibitors [98]. Indeed, upon treatment of cells with MTB,
an inhibitor of XR, cytochrome C reduction significantly
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decreased and cellular viability significantly increased. These
results further strengthen the important role that XR plays in
the molecular pathway of 9,10-PQ induced cellular toxicity.

5. 9,10-PQ and Cellular Toxicity
Many studies demonstrated that PQ can cause toxicity in vivo
and in vitro biological system via the redox cycling for the
generation of ROS [42, 46, 47, 50, 72, 78, 82]. Excessive ROS
is known to cause DNA damage resulting in gene mutation
[99–103]. 9,10-PQ has been shown to exert toxic effects in
human skin cell lines with low NQO1 activity [45]. Nitric
oxide (NO) is widely known to suppress cytotoxic effects of
oxidative damage. Pretreatment of endothelial cells resulted
in decreased toxicity of 9,10-PQ and conversely, depletion of
NO resulted in a greater level of toxicity, signifying the role
of NO in cellular detoxification [48]. Interestingly, antitumor
studies have been performed using analogs of 9,10-PQ due
to their role in apoptosis. In HCT-116 colon tumor cells and
HL-60 promyelocytic leukemia cells, 9,10-PQ analogs were
successful in inducing apoptosis [43]. In the trophoblast cell
line, JEG-3, 9,10-PQ exerted greater amounts of cytotoxicity
and increased levels of redox cycling were measured when
coupled with copper [67]. 9,10-PQ has been shown to cause
iron-mediated cellular damage in human pulmonary epithelial cells. 9,10-PQ induced apoptosis and downregulated the
effects of CuZn-SOD, which converts superoxide anion into
oxygen or H2 O2 [52]. PQH2 , a hydroquinone of 9,10-PQ,
has shown to play a significant role in generating oxidative
stress, protein damage, and cellular toxicity [70]. Exposure
to 9,10-PQ can be examined in urine specimen by testing
for the presence of 9,10-PQHG, a major metabolite generated
during the breakdown of 9,10-PQ. This metabolite of 9,10-PQ
was detected in rats injected with 9,10-PQ as well as humans
exposed to diesel exhaust particles [63].
One of the most crucial experiments highlighting the
molecular mechanisms of 9,10-PQ induced cellular toxicity
includes a study performed by Matsunaga et al. in 2007.
This study evaluated the effect of 9,10-PQ on various cellular
mechanisms such as apoptosis, generation of ROS, and
the role of the cytoprotective enzyme XR in the apoptotic
signaling and ROS generating pathway in BAECs [50].

6. The Role of 9,10-PQ in Cellular
Viability and DNA Damage
In a study carried out by Matsunaga et al., it has been
shown that 9,10-PQ induces apoptosis in MOLT-4 cells
similar to other quinones such as 1,2-naphthoquinone and
1,4-naphthoquinone. MOLT-4 cells are human T lymphoma
cells, obtained from cancerous T cell leukemia tissue [50].
The use of cancerous tissue in the study of apoptosis can
be very useful in the development of not only anticytotoxic
treatments but also antitumor treatments. One of the most
important aspects of understanding toxicity is measuring
the effects of a compound on cellular toxicity. 9,10-PQ was
shown to decrease the viability of MOLT-4 cells as early
as 8 hours after treatment. Cells were also treated with
phenanthrene to measure cellular toxicity. The purpose of
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measuring toxicity upon treatment with phenanthrene was to
explain the significance the quinone group has on biological
activity, as the structure of phenanthrene is similar to 9,10- PQ
except it lacks the quinone group. Phenanthrene did not have
significant effects on the viability of the cells. Dose-dependent
response to cellular toxicity was also measured in this experiment using varying concentrations of 9,10-PQ, 1,2-NQ, 1,4NQ, acenaphthenequinone, and phenanthrene. The results
suggest that all the quinones except acenaphthenequinone
contributed significantly to cell viability upon treatment with
1 uM of the quinone [50].
DNA fragmentation occurs when the integrity of the
nuclear membrane is compromised by exposure to xenobiotic
compounds, which in turn causes morphological changes
of the nucleus and DNA. These changes are pivotal features
and steps in cells undergoing apoptosis or programmed cell
death. Upon treatment of MOLT-4 cells with 9,10-PQ, DNA
was extracted and analyzed via gel electrophoresis [50]. A
clear and transparent increase in fragmentation of the DNA
was observed in cells treated with 0.05 to 5 uM of 9,10-PQ.
Treatment with 5 uM of phenanthrene did not have any effect
on the fragmentation of DNA, further strengthening the idea
that the quinone portion of 9,10-PQ is a vital component of
the molecule necessary in the exertion of nuclear toxicity
in cells. A separate study performed by Rodriguez et al.
on Saccharomyces cerevisiae analyzed the role of 9,10-PQ
in DNA damage, specifically examining deletions and point
mutations in DNA [49]. The results specify that 9,10-PQ
plays a role in DNA damage only when treated to cells in
the presence of oxygen. No changes in DNA abnormality
were observed within cells treated with 9,10-PQ in anaerobic
conditions in yeast cells indicating oxygen is required by
cells undergoing 9,10-PQ induced DNA damage. Also, an
important protein involved in the repair of DNA is Poly
(ADP-ribose) polymerase (PARP) [50]. The levels of activated
PARP can give an indication as to the amount of stress,
specifically DNA damage, a cell is experiencing [104–107].
PARP repairs DNA and increase in DNA damage triggers
an increase in PARP activity. 9,10-PQ has been shown to
increase the levels of activated PARP inside cells, further
strengthening the role of 9,10-PQ in DNA damage. Nucleic
morphology can provide imperative clues in understanding
the methodology by which cells are undergoing death.
The two main types of cell death are apoptosis and
necrosis [108–111]; noteworthy, molecular and morphological differences are observed in each type of cell death.
Apoptosis is referred to as programmed cell death involving
well-organized sequence of morphological events [108–111].
Nuclear and cytoplasmic membranes of cells undergoing
apoptosis shrink and condense which results in the collapse
of the cytoskeleton causing the formation of blebs by the cell
membrane. These cells subsequently undergo degradation of
the genetic and protein material as the nucleus is condensed
and fractured. The cellular debris or blebs are eventually
phagocytosed by neighboring cells or macrophages [108–
111]. On the contrary, necrosis is referred to as accidental
or unscheduled cell death. Necrotic cells swell and distend
which drastically alters their structure due to an inability to
maintain membrane integrity. This in turn ultimately results
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in the damage and destruction of the organelles, and the
interior composition of the cells leak out. Nucleic morphology of cells treated with 9,10-PQ displayed the formation of
condensed and fragmented nuclei. These changes explain the
noteworthy role of 9,10-PQ in the induction of apoptosis [50].

7. The Role of 9,10-PQ on Mitochondria
Dysfunction and Caspase Activation
The mitochondria play an essential role in the steps leading
towards apoptosis; thus, studying this organelle is vital in
understanding how xenobiotic factors impair the activity
of cells through this organelle [112–114]. Three key proteins
located on the inner mitochondrial membrane include the
apoptotic Bax and the antiapoptotic Bcl-2 and Bcl-XL play a
crucial role in regulating the permeability of the membrane
[115–119]. Upregulating the activity of Bax and downregulating the activity of Bcl-2 and Bcl-XL result in the cell
progressing towards apoptosis. Other proteins involved in
the apoptotic pathway include cytochrome C and cysteineaspartic proteases (caspase) 3, caspase 8, and caspase 9. Caspases are a family of cysteine-dependent aspartate-directed
proteases which play a critical role in the transduction
of apoptotic signals [120, 121]. Cytochrome C is a protein
normally localized in the mitochondria, but upon receiving
intrinsic apoptotic signals, cytochrome C translocates to the
cytosol where it interacts with apoptosis-activating factor
1 (Apaf-1) and caspase 9 which play a crucial role in the
activation caspase 3 [122–124]. Activation of caspase 3 results
in the apoptosis of the cell. Treatment of MOLT-4 cells with
9,10-PQ resulted in the decrease of Bcl-2 and Bcl-XL proteins
and an increase in the Bax protein as well as an upregulation
of cytosolic cytochrome C levels indicating mitochondrial
damage and cell progression towards apoptosis [50]. Also,
the membrane potential of the mitochondria was notably
reduced. Increase in the activity of caspases 3, 8, and 9 was
also observed. Time-dependent experiments were performed
to understand the precise time caspases 3, 8, and 9 were
activated. To trigger apoptosis caspase 3 should be activated
after caspases 8 and 9. Based on the analysis caspase 3 activity
increased by approximately 8-fold 8 hours after treatment
with 9,10-PQ, whereas caspases 8 and 9 activity was increased
by approximately 4-fold, the highest level, after 6 hours [50].
From this data, a possible mechanism involved in triggering
apoptosis includes activation of caspase 8 upon exposure
to 9,10-PQ. Activated caspase 8 eventually downregulates
antiapoptotic Bcl-2 and Bcl-XL proteins and upregulation of
the proapoptotic Bax protein. Increase in Bax activity causes
Bax to translocate into the mitochondria causing a reduction
in the mitochondrial membrane potential and increase in the
permeability of the mitochondria, which ultimately results in
the release of cytochrome C into the cytoplasm of the cell,
triggering caspase activated apoptosis [50].

8. The Role of 9,10-PQ in Glutathione and
Cellular Detoxification
A major component of cellular detoxification involves
Phase II reactions which are responsible for increasing the
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hydrophilicity of the xenobiotic compounds to aid in the
excretion process [125]. Phase II reactions are often referred
to as conjugation reactions because of these reactions couple
hydrophilic groups to xenobiotic compounds. One of the
most studied Phase II coupling reactions involves glutathione
conjugation. GSH is a tripeptide which acts as a critical
component in the detoxification process of cells undergoing
oxidative stress [126–128]. This thiol compound containing a
reactive sulfhydryl group is a very powerful and important
antioxidant. The enzyme responsible for this crucial reaction is referred to as glutathione transferase (GST), which
adds glutathione to the parent xenobiotic compound either
by direct addition or by replacement of an electrophilic
substituent. Although GSH acts as a cofactor for GST, it
can independently act as a free radical scavenger [126–128].
To understand the role of 9,10-PQ in GSH levels, it can
be predicted that GSH levels will be low upon exposure
to 9,10-PQ. Upon treatment of MOLT-4 cells with 9,10-PQ
in a time-dependent manner GSH levels were significantly
decreased inside the cells to 40 percent of the original
concentration after 4 hours and after 24 hours GSH levels
were approximately 10 percent of the original concentration
[50]. GSH levels drop significantly when cells are undergoing oxidative stress as this mechanism is very vital in
the antioxidant detoxification process. To further prove and
confirm the depletion of GSH was indeed caused by 9,10-PQ
induced oxidative stress and apoptosis, MOLT-4 cells were
pretreated with varying concentrations of cell-permeable
GSH monoethyl ester (NAC) to mimic the effects of GSH
before being exposed to 5 uM concentrations of 9,10-PQ [50].
Pretreatment of cells with 1 and 2 mM NAC significantly
increased cell viability, thereby protecting the cells against
9,10-PQ induced cell death. NAC also protected the cells
against DNA fragmentation, although GSH was not directly
involved in DNA repair. These results suggest the relative
significance and importance of antioxidant compounds,
namely, GSH, in the cellular detoxification process as well as
maintaining the viability of cells.

9. The Role of 9,10-PQ in
Cardiovascular Disease
Common types of the cardiovascular disease mainly include hypertension, coronary heart disease (CHD), stroke,
rheumatic heart disease, congenital heart disease, and congestive heart failure (CHF)[129]. Despite great progress has
been made in the management of CVDs, CVD do harm to
human health because of the high morbidity and mortality.
It has been shown that about 63% of premature deaths in
adults (aged 15–69 years) and three-out-of-four of all adult
deaths are mainly attributed to CVD [130]. It is shocking
that, by 2030, over 23.3 million people will die annually
from CVD[131].A large number of researches have shown
that long-term exposure to fine particulate matter, known
as PM2.5, can impact heart disease [132–144]. Both acute
and chronic PM exposures can significantly increase the
cardiovascular morbidity and mortality [133–144].
Previous studies demonstrated that 9,10-PQ can elicit
adverse cardiovascular effects such as alterations in vascular
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reactivity [48, 72, 82, 145–147] and aortic ring relaxation [53].
Exposure to diesel exhaust containing 9,10-PQ was found to
diminish humans forearm blood flow through endotheliumdependent and -independent mechanisms [148]. In the animal experiment, it was found that gaseous components of
diesel exhaust can enhance vasoconstriction and suppress
vasodilation in septal coronary arteries of mice [146]. An
animal study examined the effects of phenanthraquinone
on eNOS activity, endothelium-dependent relaxation, and
blood pressure [53]. Exposure of rats to phenanthraquinone
(0.36 mmol/kg) via an intraperitoneal administration was
shown to result in the significant elevation of blood pressure [53]. Administration of phenanthraquinone to rats also
decreased the level of NO2- /NO3 in plasma. NO2- /NO3
has been considered to be an excellent indicator of NO
production in vivo [53]. NO production was also suppressed
by phenanthraquinone in membrane fraction of BAECs with
a concentration-dependent manner by measuring citrulline
formation from L-arginine [149]. Thus, these in vitro and
in vivo studies demonstrated that 9,10-PQ can cause an
impairment of endothelium-dependent vasorelaxation and
are associated with cardiopulmonary-related diseases and
mortality (Table 1) [48, 72, 82, 147].

10. Conclusion
9,10-PQ is a quinone molecule found in air pollution abundantly in the DEP. This compound has been studied extensively and has been shown to develop cytotoxic effects both in
vitro and in vivo. Cytotoxicity generated by 9,10-PQ has been
proposed to be mediated by its cycling for ROS generation.
Exposure to 9,10-PQ can activate apoptotic factors such as
caspases. Understanding the molecular mechanisms involved
in the ROS pathway can allow for the development of novel
and effective treatment of 9,10-PQ-mediated toxicity.
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9,10-PQ:
DEP:
ROS:
GSH:
PAHs:
PM:
Cu,Zn-SOD:
NQO1:
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9,10-PQH2:
1,2-NQ:
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9,10-AQ:
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∙
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Glutathione
Polycyclic aromatic hydrocarbons
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Cu,Zn-superoxide dismutase
Quinone oxidoreductase
L-Xylulose reductase
9,10-dihydroxyphenanthrene
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1,4-naphthoquinone
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Hydroxyl radicals
Nicotinamide adenine dinucleotide
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MOLT-4 cells: Acute lymphoblastic leukemia cells
DCF:
2’, 7’–dichlorofluorescein
PEG-cat:
Polyethylene glycol catalase
BAEC:
Bovine aortic endothelial cells

50 mg/kg for male rat

10𝜇M

10𝜇M or 100𝜇M

0-25𝜇M

5-30𝜇M

Hatae et al. (2013) [43]

Koizumi et al. (2013)
[64]

Toyooka et al. (2012)
[45]

Sugimoto et al. (2005)
[65]

0.1–30 𝜇M

Concentrations/Doses
of 9,10-PQ

Asahi et al. (2014) [63]

Muraki et al. (2017)
[62]

Source

A549 human pulmonary
epithelial cells

A549 and MCF7 cell lines

In Vitro Enzyme reaction

HCT-116 colon tumor cells and
HL-60 promyelocytic leukemia
cells

Urine samples from Male rats
and human

Human embryonic kidney
(HEK) cells and alveolar A549
cells

Models (in vitro/in vivo)

In rat urine samples following 9,10-PQ exposure, the monoglucuronide of
9,10-dihydroxyphenanthrene (9,10-PQHG) was found to be a major metabolite.
9,10-PQHG also present in human urine.
Effects of orthoquinone moiety in 9,10-phenanthrenequinone on apoptosis were
studied in HCT-116 and HL-60 cells. Results showed that the loss of the
cis-orthoquinone unit in 9,10-PQ abrogated its ability to induce apoptosis in
HCT-116 and HL-60 cells suggesting that cis-orthoquinine is an essential unit for
9,10-PQ to induce tumor cells apoptosis
Redox cycling of 9,10-PQ in the presence of dihydrolipoic acid can cause oxidative
damage of Cu, ZnSOD, which are associated with decreased enzyme activity.
In low NQO1-expressing cells, N-acetyl-L-cysteine (NAC) significantly enhanced
9,10-PQ-mediated cytotoxicity and the formation of DNA double-strand breaks
with phosphorylation of histone H2AX. In contrast, 9,10-PQ-mediated cytotoxicity
and genotoxicity were suppressed in presence of NAC in high NQO1-expressing
human adenocarcinoma cell lines, A549 and MCF7. The results suggested that dual
effects of NAC on 9,10-PQ-mediated cytotoxicity and genotoxicity are dependent
on the NQO1 activity
9,10-PQ induced apoptosis in A549 cells and the LC50 is ∼7𝜇M. Furthermore,
9,10-PQ induced the formation of hydroxyl radical in the presence of iron, NADPH,
and P450 reductase in A549 cells. Chelating iron provided protection against the
PQ-induced cytotoxicity. Treatment of A549 cells with PQ caused a decrease in
levels of Cu,Zn–superoxide dismutase (Cu,Zn–SOD) and heme oxygenase-1 (HO-1)
indicating that 9,10-PQ exerted oxidative stress in human A549 cells via
iron-mediated oxidative damage with down-regulation of Cu, Zn-SOD.

The results showed that 9,10-PQ activated human TRPA1 via critical cysteine
residues at 621 and 665 in the N-terminus of the channel.

Results/ mechanisms of action

Table 1: Major 9,10-phenanthraquinone studies and mechanisms of action.
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Gas-phase model complexes
[(PQ)FeCl(CH(3)O)](+),
[(phen)FeCl(CH(3)O)](+), and
[(PQ)(phen)FeCl(CH(3)O)](+)

TSQ Classic mass
spectrometer with a
QOQ configuration
chemical reaction,
9,10-PQ as a ligand

0.01 nmole/animal

1-10𝜇M

Milko et al. (2009)
[68]

Hiyoshi et al. (2005)
[69]

Matsunag et al. (2008)
[50]

human acute T-lymphoblastic
leukemia MOLT-4 cells

Male ICR mice

JEG-3 trophoblast cell line

0-100𝜇M

Peters et al. (2007)
[67]

A549 human pulmonary
epithelial cells

yeast Saccharomyces cerevisiae

Models (in vitro/in vivo)

1-20𝜇M

Concentrations/Doses
of 9,10-PQ
Aerobic conditions:
2.5-20𝜇M; Anaerobic
conditions: 20-50𝜇M

Taguchi et al. (2007)
[66]

Rodriguez et al.
(2008) [49]

Source

Administration of 9,10-PQ (2.1 ng/animal) via intratracheal route dramatically
increased allergic airway inflammation in mice and allergen-specific production of
IgG1 and IgE.
9,10-PQ generated ROS, depleted cellular glutathione and trigged apoptosis
signaling including mitochondrial membrane dysfunction and activation of
caspases and poly(ADP-ribose) polymerase. 9,10-PQ-mediated ROS generation and
cytotoxicity were increased in an XR-transformed cell line. Furthermore
9,10-PQ-induced cell death was partially inhibited when cells were pretreated with
XR-specific inhibitors followed by 9,10-PQ exposure. These results suggest that
-Xylulose reductase is critically involved in 9,10-phenanthrenequinone-induced
apoptosis in human T lymphoma cells

The results showed that there is an interaction between iron(III) and
phenanthraquinone in the isolated complexes in the gas phase, which is is driven by
the reduction of iron(III) to iron(II) and 9,10-phenanthraquinone to the
semihydroquinone radical or semiquinolate.

9,10 PQ can inhibit yeast S. cerevisiae growth under both aerobic and anaerobic
conditions. However, 9,10 PQ induced DNA deletions and point mutations only in
the presence of oxygen, not anaerobic conditions.
The results showed that PQH2 is the product of an NADPH-dependent two-electron
reduction of 9,10-PQ. NADPH-dependent enzymes such as the AKR1C isozyme can
mediate the two-electron reduction of 9,10-PQ to PQH2 resulting in redox cycling
with 9,10-PQ, which is associated with oxidative protein damage
9,10-PQ induced a concentration-dependent decline in Alamar Blue (AB),
suggesting an impairment to energy metabolism. 9,10-PQ-mediated cytotoxicity
was dramatically enhanced by the addition of copper.

Results/ mechanisms of action

Table 1: Continued.
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Female and male Fischer-344
(F-344) rats

5 𝜇M for In Vitro
principal nutrient
artery studies

Prisby et al.
(2005)[32]

Pig heart cytosol

10 𝜇M

Oginuma et al. (2005)
[71]

Mouse primary hepatocytes

1–50 𝜇M

Bovine aortic endothelial cells;
Wistar rats (8–10 wk old)

In vitro (0.15-5 𝜇M),
in vivo (0.36
mmole/kg body
weight)

KUMAGAI et al.
(2001) [53]

Taguchi et al. (2008)
[70]

Models (in vitro/in vivo)

Source

9,10-PQ was found to significantly inhibit nitric oxide (NO) formation in bovine
aortic endothelial cells with an IC(50) value of 0.6 𝜇M. 9,10-PQ also inhibited
endothelium-dependent relaxation of rat aortic rings while the
endothelium-independent relaxation by nitroglycerin was not affected.
Furthermore, intraperitoneal injection of 9,10-PQ (0.36 mmol/kg) to rats elevated
blood pressure, plasma levels of stable NO metabolites, nitrite/nitrate compared to
control group. These results suggested that 9,10-PQ is a potent inhibitory action on
eNOS activity resulting in inhibition of NO-mediated vasorelaxation and elevation
of blood pressure.
Exposure of human pulmonary epithelial A549 cells to 9,10-PQ resulted in a
time-dependent formation of 9,10-PQH2 (9,10-PQHG) and. UGT1A10 and
UGT1A6 found to be particularly involved in 9,10-PQHG formation. In cell-free
systems, 9,10-PQ while not 9,10-PQHG, showed a quick thiol oxidation and oxygen
consumption in the presence of dithiothreitol.
9,10-PQ was found to be a potent inhibitor for the 4-benzoylpyridine (4-BP)
reduction. and pig heart carbonyl reductase plays a critical role in superoxide
generation via redox cycling of 9,10-PQ
9,10-PQ diminished endothelium-dependent vasodilation of PNA in 14- and
24-mo-old rats of both genders. However, there was no change in femoral PNA in
6-mo-old male rats, suggesting that ovarian hormones play important role in the
vascular endothelium at this stage of development.

Results/ mechanisms of action

Table 1: Continued.
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MTB:

4-methyl-[1,2,3]-thiadiazole-5-carboxylic
acid benzyloxy amide
NAC:
N-acetyl-L-cysteine
GO:
Glucose oxidase
NO:
Nitric oxide
PARP: Poly (ADP-ribose) polymerase
Caspase: Cysteine-aspartic proteases
GST:
Glutathione transferase
CHD: Coronary heart disease
CHF:
Congestive heart failure
CVDs: Cardiovascular diseases.
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[25] A. Mastrofrancesco, M. Alfè, E. Rosato et al., “Proinflammatory
effects of diesel exhaust nanoparticles on scleroderma skin
cells,” Journal of Immunology Research, vol. 2014, Article ID
138751, 9 pages, 2014.
[26] K. E. Cosselman, R. M. Krishnan, A. P. Oron et al., “Blood
pressure response to controlled diesel exhaust exposure in
human subjects,” Hypertension, vol. 59, no. 5, pp. 943–948, 2012.
[27] K. A. Mattingly and C. M. Klinge, “Diesel exhaust particulate
extracts inhibit transcription of nuclear respiratory factor-1 and
cell viability in human umbilical vein endothelial cells,” Archives
of Toxicology, vol. 86, no. 4, pp. 633–642, 2012.

BioMed Research International
[28] J. Li, P. Kanju, M. Patterson et al., “TRPV4-mediated calcium
influx into human bronchial epithelia upon exposure to diesel
exhaust particles,” Environmental Health Perspectives, vol. 119,
no. 6, pp. 784–793, 2011.
[29] P. R. Reynolds, K. M. Wasley, and C. H. Allison, “Diesel
particulate matter induces receptor for advanced glycation endproducts (RAGE) expression in pulmonary epithelial cells, and
RAGE signaling influences NF-𝜅B-mediated inflammation,”
Environmental Health Perspectives, vol. 119, no. 3, pp. 332–336,
2011.
[30] J. Li, A. J. Ghio, S.-H. Cho, C. E. Brinckerhoff, S. A. Simon,
and W. Liedtke, “Diesel exhaust particles activate the matrixmetalloproteinase-1 gene in human bronchial epithelial in a
𝛽-arrestin-dependent manner via activation of RAS,” Environmental Health Perspectives, vol. 117, no. 3, pp. 400–409, 2009.
[31] F. Anselme, S. Loriot, J.-P. Henry et al., “Inhalation of diluted
diesel engine emission impacts heart rate variability and
arrhythmia occurrence in a rat model of chronic ischemic heart
failure,” Archives of Toxicology, vol. 81, no. 4, pp. 299–307, 2007.
[32] R. D. Prisby, J. Muller-Delp, M. D. Delp, and T. R. Nurkiewicz,
“Age, gender, and hormonal status modulate the vascular toxicity of the diesel exhaust extract phenanthraquinone,” Journal
of Toxicology and Environmental Health, Part A. Current Issues,
vol. 71, no. 7, pp. 464–470, 2008.
[33] S. Malgorzata and P. Malgorzata, “Polycyclic aromatic hydrocarbons in ultrafine particles of diesel exhaust fumes – The use of
ultrafast liquid chromatography,” Medycyna Pracy, vol. 65, no.
5, pp. 601–608, 2014.
[34] A. I. Totlandsdal, J. Øvrevik, R. E. Cochran et al., “The
occurrence of polycyclic aromatic hydrocarbons and their
derivatives and the proinflammatory potential of fractionated
extracts of diesel exhaust and wood smoke particles,” Journal
of Environmental Science and Health, Part A: Toxic/Hazardous
Substances and Environmental Engineering, vol. 49, no. 4, pp.
383–396, 2014.
[35] A. I. Totlandsdal, J. I. Herseth, A. K. Bølling et al., “Differential
effects of the particle core and organic extract of diesel exhaust
particles,” Toxicology Letters, vol. 208, no. 3, pp. 262–268, 2012.
[36] H.-E. Wichmann, “Diesel exhaust particles,” Inhalation Toxicology, vol. 19, no. 1, pp. 241–244, 2007.
[37] R. D. Brown, R. C. Quardokus, N. A. Wasio et al., “Non-intuitive
clustering of 9,10-phenanthrenequinone on Au(111),” Beilstein
Journal of Nanotechnology, vol. 8, no. 1, pp. 1801–1807, 2017.
[38] M. El-Maghrabey, N. Kishikawa, and N. Kuroda, “9,10Phenanthrenequinone as a mass-tagging reagent for ultrasensitive liquid chromatography–tandem mass spectrometry
assay of aliphatic aldehydes in human serum,” Journal of
Chromatography A, vol. 1462, pp. 80–89, 2016.
[39] V. R. Kumar, N. Rajkumar, and S. Umapathy, “Solvatochromism
of 9,10-phenanthrenequinone: An electronic and resonance
Raman spectroscopic study,” The Journal of Chemical Physics,
vol. 142, no. 2, Article ID 024305, 2015.
[40] S. Mallakpour, M. T. Behnamfar, M. Dinari, and H.
Hadadzadeh, “Preparation of new fluorophore lanthanide
complexes-Cloisite nanohybrids using the tricationic Pr(III),
Gd(III) and Dy(III) complexes with 9,10-phenanthrenequinone,” Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy, vol. 137, pp. 1206–1212, 2015.
[41] V. R. Kumar, N. Rajkumar, F. Ariese, and S. Umapathy, “Direct
Observation of Thermal Equilibrium of Excited Triplet States
of 9,10-Phenanthrenequinone. A Time-Resolved Resonance

11

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Raman Study,” The Journal of Physical Chemistry A, vol. 119, no.
40, pp. 10147–10157, 2015.
T. Matsunaga, Y. Morikawa, M. Haga et al., “Exposure to 9,10phenanthrenequinone accelerates malignant progression of
lung cancer cells through up-regulation of aldo-keto reductase
1B10,” Toxicology and Applied Pharmacology, vol. 278, no. 2, pp.
180–189, 2014.
N. Hatae, J. Nakamura, T. Okujima et al., “Effect of the orthoquinone moiety in 9,10-phenanthrenequinone on its ability to
induce apoptosis in HCT-116 and HL-60 cells,” Bioorganic &
Medicinal Chemistry Letters, vol. 23, no. 16, pp. 4637–4640, 2013.
Z. Afrasiabi, P. Stovall, K. Finley et al., “Targeting Triple
Negative Breast Cancer cells by N3-substituted 9, 10-Phenanthrenequinone thiosemicarbazones and their metal complexes,”
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 114, pp. 114–119, 2013.
T. Toyooka, T. Shinmen, J. M. M. J. G. Aarts, and Y. Ibuki, “Dual
effects of N-acetyl-l-cysteine dependent on NQO1 activity: Suppressive or promotive of 9,10-phenanthrenequinone-induced
toxicity,” Toxicology and Applied Pharmacology, vol. 264, no. 3,
pp. 404–412, 2012.
T. Matsunaga, M. Hosogai, M. Arakaki, S. Endo, O. El-Kabbani,
and A. Hara, “9,10-Phenanthrenequinone induces monocytic
differentiation of U937 cells through regulating expression of
aldo-keto reductase 1C3,” Biological & Pharmaceutical Bulletin,
vol. 35, no. 9, pp. 1598–1602, 2012.
T. Matsunaga, M. Haga, G. Watanabe et al., “9,10-Phenanthrenequinone promotes secretion of pulmonary aldo-keto
reductases with surfactant,” Cell and Tissue Research, vol. 347,
no. 2, pp. 407–417, 2012.
T. Matsunaga, M. Arakaki, T. Kamiya et al., “Nitric oxide
mitigates apoptosis in human endothelial cells induced by 9,10phenanthrenequinone: Role of proteasomal function,” Toxicology, vol. 268, no. 3, pp. 191–197, 2010.
C. E. Rodriguez, Z. Sobol, and R. H. Schiestl, “9,10-Phenanthrenequinone induces DNA deletions and forward mutations
via oxidative mechanisms in the yeast Saccharomyces cerevisiae,” Toxicology in Vitro, vol. 22, no. 2, pp. 296–300, 2008.
T. Matsunaga, T. Kamiya, D. Sumi, Y. Kumagai, B. Kalyanaraman, and A. Hara, “L-Xylulose reductase is involved
in 9,10-phenanthrenequinone-induced apoptosis in human T
lymphoma cells,” Free Radical Biology & Medicine, vol. 44, no.
6, pp. 1191–1202, 2008.
J. Holt, S. Hothem, H. Howerton, R. Larson, and R. Sanford,
“9,10-Phenanthrenequinone photoautocatalyzes its formation
from phenanthrene, and inhibits biodegradation of naphthalene,” Journal of Environmental Quality, vol. 34, no. 2, pp. 462–
468, 2005.
H. Shimada, M. Oginuma, A. Hara, and Y. Imamura, “9,10Phenanthrenequinone, a component of diesel exhaust particles,
inhibits the reduction of 4-benzoylpyridine and all-transretinal and mediates superoxide formation through its redox
cycling in pig heart,” Chemical Research in Toxicology, vol. 17,
no. 8, pp. 1145–1150, 2004.
Y. Kumagai, T. Hayashi, T. Miyauchi et al., “Phenanthraquinone
inhibits eNOS activity and suppresses vasorelaxation,” American Journal of Physiology-Regulatory, Integrative and Comparative Physiology, vol. 281, no. 1, pp. R25–R30, 2001.
B. Peterson and A. Saxon, “Global increases in allergic respiratory disease: the possible role of diesel exhaust particles.
Annals of allergy,” Annals of Allergy, Asthma & Immunology:

12

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

BioMed Research International
Official Publication of the American College of Allergy, Asthma,
& Immunology, vol. 77, pp. 263–268; quiz 269-270, 1996.
J. O. Allen, N. M. Dookeran, K. Taghizadeh, A. L. Lafleur, K.
A. Smith, and A. F. Sarofim, “Measurement of oxygenated polycyclic aromatic hydrocarbons associated with a size-segregated
urban aerosol,” Environmental Science & Technology, vol. 31, no.
7, pp. 2064–2070, 1997.
A. K. Cho, E. Di Stefano, Y. You et al., “Determination of
four quinones in diesel exhaust particles, SRM 1649a, and
atmospheric PM2.5,” Aerosol Science and Technology, vol. 38, no.
1, pp. 68–81, 2004.
N. Kishikawa, M. Nakao, Y. Ohba, K. Nakashima, and
N. Kuroda, “Concentration and trend of 9,10-phenanthrenequinone in airborne particulates collected in Nagasaki city,
Japan,” Chemosphere, vol. 64, no. 5, pp. 834–838, 2006.
S.-H. Kim, K.-M. Lim, J.-Y. Noh et al., “Doxorubicininduced platelet procoagulant activities: An important clue for
chemotherapy-associated thrombosis,” Toxicological Sciences,
vol. 124, no. 1, Article ID kfr222, pp. 215–224, 2011.
E.-J. Kim, K.-M. Lim, K.-Y. Kim et al., “Doxorubicininduced platelet cytotoxicity: A new contributory factor for
doxorubicin-mediated thrombocytopenia,” Journal of Thrombosis and Haemostasis, vol. 7, no. 7, pp. 1172–1183, 2009.
A. K. Cho, E. Di Stefano, Y. You et al., “Determination of
four quinones in diesel exhaust particles, SRM 1649a, and
atmospheric PM2.5: Special Issue ofAerosol Science and Technologyon Findings from the Fine Particulate Matter Supersites
Program,” Aerosol Science and Technology, vol. 38, no. 1, pp. 68–
81, 2004.
D. Schuetzle, “Sampling of vehicle emissions for chemical analysis and biological testing,” Environmental Health Perspectives,
vol. 47, pp. 65–80, 1983.
K. Muraki, T. Sekine, Y. Ando et al., “An environmental
pollutant, 9,10-phenanthrenequinone, activates human TRPA1
via critical cysteines 621 and 665,” Pharmacology Research and
Perspectives, vol. 5, no. 4, Article ID e00342, 2017.
M. Asahi, M. Kawai, T. Toyama et al., “Identification and quantification of in vivo metabolites of 9,10-phenanthrenequinone
in human urine associated with producing reactive oxygen
species,” Chemical Research in Toxicology, vol. 27, no. 1, pp. 76–
85, 2014.
R. Koizumi, K. Taguchi, M. Hisamori, and Y. Kumagai, “Interaction of 9,10-phenanthraquinone with dithiol causes oxidative
modification of Cu,Zn-superoxide dismutase (SOD) through
redox cycling,” Journal of Toxicological Sciences, vol. 38, no. 3,
pp. 317–324, 2013.
R. Sugimoto, Y. Kumagai, Y. Nakai, and T. Ishii, “9,10Phenanthraquinone in diesel exhaust particles downregulates
Cu,Zn-SOD and HO-1 in human pulmonary epithelial cells:
Intracellular iron scavenger 1,10-phenanthroline affords protection against apoptosis,” Free Radical Biology & Medicine, vol. 38,
no. 3, pp. 388–395, 2005.
K. Taguchi, S. Fujii, S. Yamano et al., “An approach to evaluate
two-electron reduction of 9,10-phenanthraquinone and redox
activity of the hydroquinone associated with oxidative stress,”
Free Radical Biology & Medicine, vol. 43, no. 5, pp. 789–799,
2007.
Z. J. Peters, J. A. Nykamp, K. Passaperuma et al., “Effect
of copper on the cytotoxicity of phenanthrene and 9,10phenanthrenequinone to the human placental cell line, JEG-3,”
Reproductive Toxicology, vol. 23, no. 4, pp. 513–520, 2007.
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Schwann cells (SCs) are significant due to the way in which they sustain and myelinate axons within the peripheral nervous system
(PNS). This study has investigated the effect of cyclic tensile strain (CTS) on the oxidative stress and function of SCs derived from the
sciatic nerves of an infant rat population. A group of 20 6-day-old Wistar rats was selected, and SCs were separated from the sciatic
nerve. The SCs then underwent a 6-hour period of cyclical straining, and ElectroForce 3200 in combination with the BioDynamic
chamber was employed to apply 0% and 5% strains at a 0.25 Hz frequency. The results showed that the control group suffered higher
oxidative stress than that in 5% strains group (P<0.05). The results RT-PCR analysis indicated a correlation between 5% CTS and
a reduction in Netrin-1 expression (P<0.05). Furthermore, there was a significant upregulation in NGF, GDNF, and Slit-2 gene
expression (P<0.05). Finally, the results showed that CTS stimulate SCs by increasing the expression of nerve-oriented factors, and
these importantly caused the decrease of oxidative stress, reconstruction of cell skeleton, the promotion of axonal regrowth, and
the augmentation of nerves.

1. Introduction
The key point of dissimilarity when comparing the central
nervous system (CNS) to the peripheral nervous system
(PNS) relates to the latter’s inherent ability to spontaneously
regenerate. Research demonstrates that despite how the
function of peripheral nerves is impaired upon sustaining an
injury, they display a capacity for regrowth and, moreover, for
reconnection to their targets [1, 2]. Schwann cells (SCs) are
important due to the way in which they sustain and myelinate
axons within the PNS, and immature SCs—produced via
intermediate SC precursors from the neural crest—are distinct from their mature counterparts in view of the capacity
they have for cellular differentiation [3, 4]. Immature SCs can
morph into cells that include both myelin-forming and nonmyelin-forming variations and are critical to the successful
function and regrowth of peripheral nerves. Because SCs
are structurally and functionally central to the PNS and
are a key contributor to the process of neuroregeneration
for peripheral nerves, the formulation of numerous strategic
approaches to the enhancement of peripheral nerve regeneration currently revolves around their investigation [5, 6].
Therefore, much recent academic research has focused on

determining the effective pharmaceutical agents that positively influence SC behaviour and functions.
With regard to wound healing processes, mechanical
stimuli are linked to numerous cytological and molecular
biological phenomena. Several studies have illuminated the
positive role that tensile strength and frequency, when operating within a suitable range, play in the healing of neurological
function, and evidence shows that a minor portion of the
axon induces axon extension [7–9]. The imbalance of oxygen
radical systems involves the excessive production of reactive
oxygen species (ROS), including super oxygen anion (O2 − ),
hydrogen peroxide (H2 O2 ), hydroxyl free radicals (-OH),
and malondialdehyde (MDA), accompanied by a recession in
the free radical-scavenging function of superoxide dismutase
(SOD), catalase (CAT), and glutathion peroxidase (GPx), and
increasing the enhancement of lipid peroxidation, which is a
vital factor in tissue damage observed in many diseases. It was
found that mitochondrial dysfunction and corresponding
oxidative stress generation were induced in the chemotherapy, which mediate peripheral nerve damage [10].
A decision was made to conduct research on this specific
topic, as a literature review of existing academic works
indicated a lack of in-depth knowledge of the impact of cyclic
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tensile strain (CTS) on SCs. Hence, this study will evaluate the
ways in which CTS affects the oxidative stress, behaviour, and
functions of primary SC, and the potential contributory role
played by related genes. This research constitutes the initial
systemic examination to address the extent to which CTS is
biologically significant with respect to these variables.

2. Materials and Methods
2.1. Animals. Prior to being conducted, every course of experimentation outlined in this study received approval from
an Ethical Committee at Tianjin Hospital (Tianjin, China).
Thus, each phase of the research reported in this paper
conforms to the relevant stipulations and provisions mandated by the committee. The animal specimens drawn on for
experimental purposes, 20 6-day-old Wistar rats bought from
Tianjin Laboratory Animal Public Service Center, could eat
and drink freely, and they were held in a measured laboratory
environment. This environment maintained a light/dark cycle
of 12 hours/12 hours (with light activation at 06:00), a
temperature of 22 ± 2.5∘ C, and an air humidity of 55-65%.
2.2. Isolation and Culture of SCs. In accordance with the
processes overviewed in previous reports [11, 12], the acquisition of SCs was conducted by targeting the sciatic nerves of
the 6-day-old Wistar rats. Briefly, the bilateral sciatic nerves
and brachial plexuses of twenty 6-day-old Wistar rats were
harvested and then washed with PBS (pH = 7.4). After separating the epineurium, 0.03% type I collagenase and 0.25%
trypsin were used to cut the nerve into less than 1 mm discrete
clusters in 10 ml PBS for 30 min at 37∘ C. In turn, the growth
of the SCs was carried out in Dulbecco’s modified Eagle’s
medium/F-12 Ham nutrient mixture (DMEM/F-12; Gibco,
USA), which contained the following: 10% fetal bovine serum
(FBS; Gibco); 1% penicillin-streptomycin solution (Gibco);
and 2 mm (Sigma-Aldrich). Prior to the below-mentioned
experimentation commencing, the researcher drew on the
first passage (P1) cells, which were identified through S-100
and anti-glial fibrillary acidic protein (GFAP) immunostaining. Subsequently, seeding of the SCs took place in the plates,
and these were sustained using a serum medium for a period
of 24 hours. Finally, the culture medium was substituted with
a serum medium incorporating one of the following: (1) 40%
(1,400,000 plate- lets/mL); (2) 20% (700,000 platelets/mL);
(3) 10% (350,000 platelets/mL); (4) 5% (175,000 platelets/mL);
or (5) 2.5% (87,500 platelets/mL) PRP (v/v). It is important to
note that control cultures were conducted in the same method
without the presence of PRP.
2.3. Cyclic Tensile Strain. ElectroForce 3200 and the BioDynamic chamber (BOSS) were employed to function as the
loading instrument, and following the growth of the cells
under the previously discussed controlled conditions, the
products were divided into two sets. The first set was subjected to 5% equibiaxial CTS with a 0.25 Hz (involving
one second elongation and one second relaxation). This
incorporated the usage of loading posts with a diameter of
25 mm, for the duration of 24 hours. The second set of cells
was not subject to CTS during this time.
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2.4. Immunocytochemical Staining Identification of SCs. The
in vitro amplification of the P2 generation of SCs was carried
out, and incubation was conducted on 0.01% polylysine
on the coverslip. At the point where the SCs accounted
for 70-80% of the plate, 4% paraformaldehyde was applied
to the coverslip for a period of 15 minutes, and this was
subsequently subjected to 3 3-minute periods of washing
with 0.02 mol/L PBS. Following this, the SCs were washed
with 3% H2 O2 diluted 50 times in methanol, which resulted
in the inactivation of the peroxidase for a period of 15
minutes. After the cells had been through the three-time
washing process, they were incubated for 5 minutes at room
temperature with a 10% conventional sheep serum blocking
antibody. This process included the mouse anti-rat S-100
primary anti-mouse antibody (Titer 1:50). The SCs were
controlled overnight at a temperature of 4∘ C, after which
a goat anti-mouse secondary antibody labelled with biotin
was added. Following incubation for a period of 2 hours at
room temperature, the SCs were further incubated with DAB
for a period of 15 minutes. Once haematoxylin staining had
been carried out, a 100-fold optical microscope was utilised
to assess the morphological features of the SCs, and it was
observed that the tan was positive. Finally, in order to evaluate
the histological elements of P3 SCs, a 100-fold inverted phasecontrast microscope was used.
2.5. Cell Migration Studies. In accordance with the methods
of Kashani et al. [13], 6.5 mm Transwell chambers with 8 mm
pores were employed to examine the ability of the PRP samples to stimulate the migration of rat SCs. The chambers at the
bottom of the device were filled with a serum-free medium,
and the higher surface of every membrane was sterilised
with cotton balls following a 12-hour period of incubation
at 37∘ C and a humidified 5% CO atmosphere. Consequently,
the migrated cells attached to the membrane’s lower side, and
4% paraformaldehyde was used to facilitate fixing. Finally,
straining and counting processes were conducted.
2.6. Real-Time PCR. The TRIzol reagent (Takara Bio, Japan)
was used to isolate the total of RNA and then treated with
DNase I (Invitrogen, USA) according to the manufacture’s
instruction. The total number of RNA in the sample was
measured in the 260 nm spectrum. Subsequently, the assessment of the expression of the NGF, GDNF, Netrin-1, and
Slit-2 genes was achieved by employing the SYBR Premix Ex
Taq (Takara Bio). The normalisation of the amount of
mRNA in the cultures was facilitated by using the reference
household gene, GAPDH, and the sequences for the primers
presented as follows were evaluated closely in terms of
their specificity: NGF, forward 5 -TCAACAGGACTCACAGGAGCA-3 , reverse 5 -GGTCTTATC TCCAACCCACACAC-3 [3]; GDNF, forward 5 -CAGAGGGAAA GGTCGCAGAG-3 , reverse 5 -ATCAGTTCCTCCTTGGTTTCGTAG-3 [3]; Netrin-1, forward 5 -CTTCTGCGGCAGGCGGACAGAT-3 , reverse 5 -ACGCGTTGCAGAGGTGGCACGA-3 [14]; Slit-2, forward 5 -AACTTGTACTGCGACTGCCA-3 , reverse 5 -TCCTCATCACTGCAGACAAACT-3
[15]; GAPDH, forward 5 -GGCACAGTCAAGGCTGAG
AATG-3 , reverse 5 -ATGGTGGTGAAGACGCCAGTA-3
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Figure 1: (a) Control group and (b) 5% CTS group, phase-contrast microscopic appearance of cultured SCs. In the control group, there is
ambiguous polarity of the SCs, whereas conversely, in the 5% CTS group, the quantity and spread are rising and the SCs are displaying strong
polarity.

[3]. Finally, relative expression refers to the ratio of target
gene to control gene by means of Ct = (Cttarget − Ct𝛽-actin)
treatment − (Cttarget −Ct𝛽-actin) control [16].
2.7. Total Antioxidant Activities. Based on the existing literature, ABTS∗+ radical-scavenging activity was identified. It
should be noted that ABTS∗+ were pregenerated by combining 5 mL of a 4.9-mM potassium persulfate solution to 5 mL
of a 14-mM ABTS solution, which was then maintained for
a 16-hour period under minimal light conditions. Following
this, the cells were combined with the pregenerated ABTS
solution, which was appropriately diluted with distilled water,
thereby giving rise to an absorbance of 0.70 at 734 nm.
This was subsequently employed to serve as the antioxidant
assay, while the reference compound was ascorbic acid
(50 𝜇g/mL). In turn, the 950 𝜇L of the ABTS solution was
combined with this, and this underwent vertexing for a 10second period. Within 6 minutes, the fall in absorbance
was identified at 734 nm, relying on distilled water as a
blank, on an ELICO (SL-150) UV-visible spectrophotometer.
The enzymatic defence system was constituted of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx), each of which underwent analysis based on the user
manual (with commercial kits produced from the Nanjing
Jiancheng Biotechnology Company, Nanjing, China).
2.8. Statistical Analysis. The data collected from the experiments was logged as means ± SEM, and the analysis focused
on the use of Student’s t-test with SPSS v 22.0. Differences
were regarded as being statistically significant at P<0.05.

As the motility and migration of SCs are a critical
function in the neuroregeneration of peripheral nerves, it
was deemed appropriate to investigate the degree to which
SC migration was impacted by CTS. Thus, in both groups
seeding was conducted on the higher side of a membrane
with pores of 8mm, which were given free serum in a serumfree medium from the internal chambers at the bottom of the
device. As shown in Figure 2, the cells that migrated from one
side of the membrane to the other were counted, and it was
observed that the frequency of migrated cells was higher in
the 5% CTS group (P<0.05).
The final analytical operation conducted was to examine
the degree to which the neurotrophic function of SCs was
affected in the 5% CTS group. In order to do so, Real-Time
PCR for the quantitative evaluation of target gene expression
(namely, those involved in neuroregeneration: NGF, GDNF,
Netrin-1, and Slit-2) was utilised for both groups (Figure 3).
The results indicated that the mRNA expressions for NGF,
GDNF, and Slit-2 were significantly upregulated for the
5% CTS group—more so than for the counterpart control
group (P<0.05). Additionally, Netrin-1 mRNA expression was
considerably reduced for the 5% CTS group in comparison to
the control group (P<0.05).
The ABTS assay was to examine the total antioxidative
capacity of SCs (Figure 4). The results indicated that the total
antioxidative capacity of SCs were significantly upregulated
for the 5% CTS group than that in the control SCs group
(P<0.05). Meanwhile, the activities of antioxidant enzymes
were determined (Figure 5). The results showed the SOD,
CAT, and GPx were significantly upregulated for the 5% CTS
group than that in the control SCs group (P<0.05).

3. Results
Following immunocytochemical staining of SCs, the positive
rate of SCs was 96.3 ± 2.7% under 100-fold optical microscope. Next, the morphology of the SCs was assessed under a
microscope for both the control group and the 5% CTS group.
SC polarity was not immediately apparent for the control
group (Figure 1); however, following the 5% CTS, the number
and proliferation of SCs increases and the SCs display strong
polarity.

4. Discussion
The significance of this research stems from the fact that it
represents the initial systematic examination of the impact
that (5%) CTS has on SCs in terms of migration and mRNA
expression. The results indicated that moderate loading of
CTS caused histological alteration, increase in SC migration,
and upregulation in NGF, GDNF, and Slit-2 mRNA expression
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Figure 2: The migration of SCs for the control and 5% CTS groups. ∗ indicates that 5% CTS group differs significantly from the control group
(P<0.05).

(a)

(b)

(c)

(d)

Figure 3: Real-Time PCR for (a) NGF, (b) GDNF, (c) Netrin-1, and (d) Slit-2 gene expression for the control and 5% CTS groups. ∗ indicates
that 5% CTS group differs significantly from the control group (P<0.05).

Research has demonstrated that the proper operation of
the PNS is predicated on the synaptic connections between
neurons, which subsequently creates an intercellular functional network [17]. Axonal guidance is a critical type of
movement engaged in by neuronal axons, and it occurs when
they are exposed to specific stimuli [18]. In the context of
the neuroregeneration of peripheral nerves, the critical stages

are remyelination and axonal extension, and it is important
to recognise that both are facilitated by SCs. Filamentous
pseudopodal extension or recovery is initiated by the neural
growth cone skeletal eggs during the preliminary phases
of neuroregeneration. This arises as a consequence of the
activation of attractant (Netrin family) or excitatory (Slit
family) axon guidance factors—the most widely known cases
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Figure 4: Total antioxidant capacity in Schwann cells. ∗ indicates
that 5% CTS group differs significantly from the control group
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of which are slit, netrin, ephrin, semaphoring, and Rgm—in
combination with its receptor. In turn, this causes effective
synaptic engagement with target cells [18]. Previous academic
research has primarily focused on the Slit-2 and Netrin-1
genes in each of their respective classifications [19, 20]. Of
significant relevance to the present study is the observation
reported by Li et al. [21], who determined that a critical
process in the preliminary phase of neural repair is SC
migration; it is crucial not only in the context of axonal
regeneration but also in neuroregeneration.
As previously noted, the body of literature addressing
the impact that mechanical stimuli have on SC proliferation
and expression is not extensive. Henninger et al. established
a correlation between an increase in the propagation of SC
and the expression of the Laminin gene and periodic tensile
stress loaded on SCs [22], and Zhang et al. observed a
relationship between CTS and the promotion of SC-induced
BDNF secretion [23]. The latter finding is significant, because
this phenomenon has been associated with the promotion
of the axonal regeneration of SCs, thereby indicating that
mechanical stress could have an impact on the establishment
of the cytoskeleton. Despite the publication of findings such
as these, no insights into the impact that CTS has on the
expression of the nerve-guiding factors of SCs can be found
in the existing literature.
The findings reported in this paper demonstrated that
after a duration of 12 hours, 5% CTS corresponds to a polar
configuration regarding the morphological features of SCs.
It is noteworthy that the direction of this phenomenon is
comparable to the direction of cyclic stretch stress. Moreover,
assessment of microchemotaxis illustrated the capacity for
SC migration after 5% CTS, and the findings showed that
5% CTS substantially heightened the frequency of migrated
SCs. Both SC groups were evaluated regarding neural factors
so as to better ascertain the functionality of SCs. One of the
primary discoveries was that SCs supported the expression
and secretion of NGF and GDNF as neurotrophic factors. It
is important to further investigate these neurotrophic factors,
as they carry out critical biological roles supporting the
peripheral neuron subsistence and protection [24]. When
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Figure 5: Activities of antioxidant enzymes in Schwann cells. ∗
indicates that 5% CTS group differs significantly from the control
group (P<0.05).

compared to the control group, the gene expression of NGF
and GDNF was significantly higher for the 5% CTS group;
furthermore, the downregulation of Netrin-1 expression in
SCs was substantial and the upregulation of Slit-2 expression
was observed. Nevertheless, the impact of mechanical stimulation regarding Slit-2 secretion by SCs in vitro was considerably greater than Netrin-1. At a certain level, the directional
growth pattern of axons in this context is dominated axon
repulsion (in contrast to axon outgrowth), while at another
level, the temporal and frequency variables associated with
CTS (in combination with additional variables) may affect SC
expression.
The findings illustrate that moderate CTS has the potential to lead to the effective stimulation of SCs, and cytoskeleton remodelling and alterations were observed to arise due to
a related inducement in the upregulation of nerve-oriented
factors expression. Histologically, the modifications were
associated with axillary guidance growth. However, further
studies are needed to show how the CTS affects the SCs of
the animals in vivo. Overall, the present study contributes to
the existing academic literature by detailing the influence that
appropriate mechanical conditions can have regarding the
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expression of axon guidance-related factors in SCs, thereby
accounting for a gap in the extant literature. In this way, this
research represents the first confirmation for the expression
of axon guidance factors of SCs under certain mechanical
action by utilising the mechanical intervention of SCs.
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Background. Vascular calcification, which is associated with low-level chronic inflammation, is a complication that occurs
during aging, atherosclerosis, chronic kidney disease, diabetes mellitus, and hyperlipaemia. In this study, we used conditioned
media from mesenchymal stem cells (MSC-CM), a source of autologous cytokines, to test the hypothesis that MSC-CM
inhibits vascular smooth muscle cell (VSMC) calcification by suppressing inflammation and apoptosis. Methods. VSMCs were
treated with 𝛽-glycerophosphate (𝛽-GP) to induce calcification and MSC-CM was used as a treatment. Calcium deposition
was evaluated using alizarin red and von Kossa staining after a 7-day induction period. Intracellular calcium contents were
measured via the o-cresolphthalein complexone method, and alkaline phosphatase (ALP) activity was determined using the paranitrophenyl phosphate method. The expressions of specific-osteogenic markers, inflammatory cytokines, and apoptosis-associated
genes/proteins were examined by real-time polymerase chain reaction or western blotting. Results. MSC-CM inhibited 𝛽-GPinduced calcium deposition in VSMCs and decreased intracellular calcium content and ALP activity. Additionally, MSC-CM
suppressed the 𝛽-GP-induced increases in BMP2, Msx2, Runx2, and osteocalcin expression. Additionally, MSC-CM decreased
the expression of TNF-𝛼, IL-1𝛽, and IL-6 in VSMC. MSC-CM also partly blocked 𝛽-GP-induced VSMC apoptosis, which was
associated with an increase in the Bcl-2/Bax expression ratio and a decrease in caspase-3 expression. Conclusion. Our study results
suggest that MSC-CM can inhibit VSMC calcification. This suggests a potential novel clinical application for MSCs in the treatment
of vascular calcification and associated diseases.

1. Introduction
Vascular calcification (VC) is a known complication of aging,
coronary artery disease (CAD), hypertension, diabetes, and
chronic kidney disease (CKD) and is strongly associated
with cardiovascular mortality [1, 2]. Patients with diabetes,
CAD, and CKD who exhibit extensive medial and intimal
calcification have a significantly higher risk of cardiovascular
mortality, compared with the general population. Given the
dramatic increase in the global incidence of these diseases,
an increase in the frequency of VC is expected in the next
decade. Unfortunately, however, no ideal medical or other
treatment options are currently available to prevent or treat
this ongoing clinical problem.

VC research is often based on a cell model involving
the differentiation of aortic vascular smooth muscle cells
(VSMC) to osteocytes/chondrocytes, a process that plays an
essential role in the initiation and progression of VC [1].
Currently, the close association of VC with inflammation is
well known, and inflammatory cytokines have been shown to
be crucial promoters of VSMC differentiation and VC [3, 4].
Additionally, increasing evidence suggests that apoptosis may
be a critical mechanism underlying VC, as this process occurs
prior to the initiation of VSMC calcification [5].
In the field of clinical medicine, various studies have
identified the significant potential of mesenchymal stem cells
(MSC) as effective therapeutic agents in various diseases
such as peritonitis, sepsis, and myocardial infarction. The
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curative effects of MSCs in these disease settings may be
partly attributed to the ability of these cells to secrete
bioactive factors, including various cytokines as well as
anti-inflammatory, antiapoptotic, and growth factors [6, 7].
Notably, conditioned media from MSCs (MSC-CM) contains
autologous bioactive factors and is widely used in current
clinical practice. We hypothesised that these potentially
anti-inflammatory and antiapoptotic bioactive substances
secreted by MSCs could prevent or treat VC. Herein, we
describe the use of MSC-CM as a source of bioactive
substances secreted by MSC and investigate its effects on
VSMC calcification, as well as the underlying mechanism.

2. Materials and Methods
2.1. Cell Culture. Mouse MSCs were purchased from Cyagen
Biosciences (Guangzhou, China), and mouse aortic VSMCs
were purchased from Procell Life Science & Technology
(Wuhan, China). In this study, we used MSCs between
passages 3 and 6 and VSMCs between passages 8 and
11. VSMCs were routinely cultured in Dulbecco’s Modified Eagle’s Medium/High Glucose (H-DMEM) containing
4500 mg/L D-glucose and supplemented with 10% foetal
bovine serum (FBS), 100 U/ml of penicillin, and 0.1 mg/ml of
streptomycin. The cells were cultured in an incubator at 37∘ C
in an atmosphere of 5% CO2 and were passaged using 0.5%
trypsin/EDTA upon reaching confluence.
MSCs were cultured using the same complete medium. To
maintain a consistent MSC-CM quality and ensure enough
nutrient element left in MSC-CM, 2 × 106 MSC were cultured
in 15 ml H-DMEM for 48 hours. Subsequently, the MSC-CM
was collected and centrifuged at 800 ×g for 10 minutes to
remove detached MSCs and debris.
During experiments, VSMCs were treated with normal
medium (control group), calcification medium containing
10 mM 𝛽-glycerophosphate (𝛽-GP; Sigma, St. Louis, MO,
USA) (H-DMEM𝛽-GP group), or MSC-CM containing 10 mM
𝛽-GP (MSC-CM𝛽-GP group). To ensure enough nutrients in
the medium, 2 × 105 VSMCs were cultured in 3 ml medium
and the medium was changed every 2 days.
2.2. Alizarin Red Staining and Quantification. Mineral depositions in the experimental groups of VSMC were evaluated
after a 7-day induction period. Calcified VSMCs were fixed
with 4% paraformaldehyde for 1 hour at 4∘ C, followed by
staining with 2% alizarin red (pH 4.2, Sigma) for 5 minutes at
ambient temperature, two rinses in phosphate-buffered saline
(PBS) to eliminate nonspecific staining, drying in an oven,
and observation and imaging under an inverted microscope.
To quantify alizarin red staining, 10% formic acid was used
to elute the alizarin red dye taken up by VSMCs, and the
absorbance of the resulting solution at 405 nm was detected
and normalised to the protein content.
2.3. Von Kossa Staining. After a 7-day induction period,
calcified VSMCs were detected using a von Kossa stain kit
(Genmed Scientifics Inc., Wilmington, DE, USA). Cells were
fixed in a 4% paraformaldehyde solution for 1 hour at 4∘ C,
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rinsed twice with ultrapure water, stained with 5% silver
nitrate, and exposed to a 100-W light for 1 hour.
2.4. Intracellular Calcium Content. After a 7-day treatment
with 𝛽-GP with or without MSC-CM, VSMCs were washed
twice with PBS and decalcified in 0.6 mM HCl at 4∘ C for 24
hours. The calcium content in the supernatant was detected
using a Calcium Colorimetric Assay kit (BioVision, Milpitas,
CA, USA).
2.5. Alkaline Phosphatase (ALP) Activity Assay. The ALP
activity in VSMCs was measured using LabAssay ALP (Wako
Pure Chemical Industries, Osaka, Japan). Briefly, VSMCs
were treated in medium supplemented with or without 𝛽-GP
for 7 days. Subsequently, the cells were washed and subjected
to three freeze–thaw cycles in 0.1% Triton X-100 solution.
Twenty microlitre aliquots of the resultant cell lysates were
mixed with 100 𝜇l of p-NPP substrate and incubated at 37∘ C
for 15 minutes, after which the absorbances of the solutions
at 405 nm were measured using a microplate reader. The ALP
activity was normalised to the protein content of each sample,
which was determined using a bicinchoninic acid protein
assay.
2.6. Cell Viability. A cell counting kit-8 (CCK-8, Dojindo
Laboratories, Kumamoto, Japan) was used to evaluate cell
viability. VSMCs (5 × 103 cells/well) were seeded into 96-well
plates and incubated at 37∘ C for various time points (1, 2, 3, 4,
and 5 days). At each time point, the cell medium in each well
was replaced with 100 𝜇l of fresh complete medium and 10 𝜇l
of CCK-8. After a 1-hour incubation with CCK-8 at 37∘ C, the
absorbance at 450 nm was measured.
2.7. Flow Cytometric and Hoechst Fluorescence Analysis
of Apoptosis. An Annexin V-FITC/Propidium Iodide (PI)
Apoptosis Detection Kit (Dojindo Laboratories, Kumamoto,
Japan) was used for the VSMC apoptosis assay. After a 3day treatment period, VSMCs were removed from culture
plates via trypsin digestion and washed twice with PBS.
Following resuspension, the cells were double-stained with
annexin V-FITC and PI and analysed via flow cytometry
(FACSCanto, BD Biosciences, San Jose, CA, USA). After
gating, the apoptosis rate was determined as the sum of the
cell populations in quadrant 3 (Q3) (FITC+/PI−) and Q2
(FITC+/PI+). For Hoechst staining, VSMCs were treated for
3 days and subsequently stained with Hoechst 33258 (Merck,
Kenilworth, NJ, USA) for 10 min in the dark. Morphological
changes such as chromosomal condensation and nuclear
fragmentation were counted in five different fields under a
fluorescence microscope (magnification ×200).
2.8. Quantitative Real-Time PCR Analysis. Total RNA was
extracted from cultured VSMCs using TRIzol Reagent (Invitrogen Corp, Carlsbad, CA, USA). Subsequently, 2 𝜇g of total
RNA were reversed-transcribed to cDNA using a RT-PCR
kit (TaKaRa Biotech, Shiga, Japan). The levels of mRNA
corresponding to BMP2, Msx2, Runx2, and osteocalcin were
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quantitated in cells treated for 3 days, whereas those corresponding to TNF-𝛼, IL-1𝛽, IL-6, caspase-3, Bax, and Bcl-2
were quantitated after a 1-2-day treatment period. RT-PCR
was performed using an ABI 7500HT Fast Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA). GAPDH
was used as an endogenous control.
2.9. Western Blotting. Cells were harvested and homogenised
after 3–7 days of treatment. The cell homogenates were subjected to SDS–polyacrylamide gel electrophoresis and protein
transfer, and the resulting PVDF membranes were incubated
with appropriate antibodies specific for BMP-2, Runx2, TNF𝛼, caspase-3, and 𝛽-actin (all from Abcam, Cambridge, UK).
The reactions were visualised using enhanced chemiluminescence.
2.10. Statistical Analysis. Data are presented as means ±
standard deviations. Differences among multiple groups were
assessed using a one-way analysis of variance (ANOVA). A 𝑃
value < 0.05 was considered statistically significant.

3. Results
3.1. MSC-CM Suppresses Mineral Deposition and ALP Activity
in VSMCs. To investigate the effects of MSC-CM effect on
VSMC calcification, we subjected cells exposed to different
types of media for 7 days to alizarin red staining and
quantification, as well as von Kossa staining. Almost no
mineral deposits were observed in the control cells, whereas
VSMCs treated with 10 mM 𝛽-GP (H-DMEM𝛽-GP group)
had a relatively high level of mineral deposition (Figures
1(a)–1(c)). Compared with the H-DMEM𝛽-GP group, VSMCs
in the MSC-CM𝛽-GP group contained fewer mineral deposits,
which suggests that MSC-CM inhibited 𝛽-GP-induced mineralisation in VSMCs.
To further investigate whether MSC-CM could efficiently
prevent the differentiation of VSMCs to osteoblasts, we
measured the intracellular calcium content and ALP activity.
The H-DMEM𝛽-GP group had a significantly higher calcium
content relative to the control group (Figure 1(d)). However,
the high calcium level induced by 𝛽-GP was dramatically
reduced by treatment with MSC-CM (MSC-CM𝛽-GP group).
Similarly, a remarkable increase in ALP activity was observed
in 𝛽-GP-treated VSMCs (H-DMEM𝛽-GP group) relative to
the control group. Again, this increase was significantly
decreased by MSC-CM (MSC-CM𝛽-GP group) (Figure 1(e)).
These data demonstrate the ability of MSC-CM to attenuate
the osteoblastic differentiation of VSMCs and indicate that
MSC-CM might be a novel therapeutic option for blocking
VSMC calcification.
3.2. MSC-CM Inhibits the Expression of Specific-Osteogenic
Markers in VSMCs. To further verify the suppressive effects
of MSC-CM on VSMC calcification, we evaluated the mRNA
expression of osteogenesis-specific markers, such as BMP2,
Msx2, Runx2, and osteocalcin, in VSMCs after a 3-day induction period. The relative mRNA expression levels of all four
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markers were increased in the H-DMEM𝛽-GP group relative
to the control group. However, these 𝛽-GP-induced increases
in marker mRNA expression were abolished by treatment
with MSC-CM (MSC-CM𝛽-GP group) (Figure 2(a)). Furthermore, we detected the protein expression of BMP2 and
Runx2, which are more classic and important indicators
in vascular calcification. Similarly, the protein expression
levels of BMP2 and Runx2 were upregulated in the HDMEM𝛽-GP group, compared with the control group, whereas
this upregulation was significantly suppressed by treatment
with MSC-CM (MSC-CM𝛽-GP group) (Figures 2(b) and 2(c)).
3.3. MSC-CM Suppresses 𝛽-GP-Induced Inflammatory
Cytokine Expression in VSMCs. TNF-𝛼, IL-1𝛽, and IL-6 are
important inflammatory cytokines with crucial roles in the
initiation and progression of vascular calcification. To further
examine the mechanisms by which MSC-CM inhibits VSMC
calcification, the levels of inflammatory cytokines expressed
by VSMC were determined using RT-PCR and western
blotting. Notably, VSMCs exposed to 𝛽-GP (H-DMEM𝛽-GP
group) expressed higher levels of TNF-𝛼, IL-1𝛽, and IL-6
mRNA, compared with untreated control cells (control
group). These 𝛽-GP-induced increases in inflammatory
cytokine expression were suppressed by MSC-CM (MSCCM𝛽-GP group) (Figures 3(a)–3(c)). Furthermore, TNF-𝛼
protein levels were upregulated after 𝛽-GP treatment, and
this phenomenon was reversed by the addition of MSC-CM
as shown in Figure 3(d).
3.4. MSC-CM Suppresses the 𝛽-GP-Induced Apoptosis of
VSMCs. Many studies have identified 𝛽-GP as an inducer of
apoptosis in VSMCs through a process involving the release
of inorganic phosphate and consequent VSMC calcification.
These earlier findings suggest that apoptosis plays a causative
role in VSMC calcification [8]. To validate the mechanisms
by which MSC-CM suppresses VSMC calcification, we measured viability and apoptosis in the experimental cell groups.
First, we used a CCK8 assay to measure the viability of
VSMCs exposed to different culture conditions. Notably,
cells in the H-DMEM𝛽-GP group exhibited reduced viability
relative to those in the control group at every time point,
whereas cells in the MSC-CM𝛽-GP group exhibited increased
cell viability relative to the H-DMEM𝛽-GP group (Figure 4(a)).
We next analysed VSMC apoptosis using flow cytometry.
In the H-DMEM𝛽-GP group, exposure to 𝛽-GP strongly
increased the rate of apoptosis among VMSCs relative to the
control group (14.57 ± 1.17% versus 4.26 ± 0.46%). However,
this 𝛽-GP-mediated increase in apoptosis was remarkably
reversed by MSC-CM (9.71 ± 0.54% in the MSC-CM𝛽-GP
group) (Figure 4(b)). Hoechst staining revealed the same
nuclear changes in all three groups (Figure 4(c)).
Cell apoptosis is regulated by the expression of caspase3 and the ratio of the antiapoptotic factor Bcl-2 to the
proapoptotic factor Bax [9]. Therefore, we evaluated the
expression of caspase-3 and ratio of Bcl-2/Bax in VSMCs
using RT-PCR and western blot as a further measure of the
effects of MSC-CM. Compared to the control group, both
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Figure 1: MSC-CM suppresses mineral deposition and ALP activity in VSMCs. VSMCs from different treatment groups were incubated for
7 days. Images of (a) alizarin red staining (magnification ×100) and (b) von Kossa staining (×100). The graphs depict the quantification of
alizarin red staining (c), calcium content (d), and ALP activity (e) analyses.
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Figure 2: MSC-CM inhibits the expression of osteogenesis-specific markers in VSMCs. (a) The mRNA expression levels of BMP-2, Msx2,
Runx2, and osteocalcin were determined by RT-PCR after 3 days. (b) The protein expression levels of BMP-2 and Runx2 were measured by
western blotting; 𝛽-actin was used as an endogenous control. (c) BMP-2 and Runx2 protein levels were quantified densitometrically. ∗ 𝑃 < 0.05.

the mRNA and protein levels of caspase-3 were significantly
increased in VSMCs from the H-DMEM𝛽-GP group, whereas
these increases were inhibited by MSC-CM treatment (MSCCM𝛽-GP group) (Figures 4(d) and 4(e)). Additionally, the
Bcl-2/Bax mRNA expression ratio was reduced in the HDMEM𝛽-GP group relative to the control group; again, this
effect was suppressed by MSC-CM (MSC-CM𝛽-GP group)
(Figure 4(f)). These results suggest that MSC-CM exerts
antiapoptotic effects on 𝛽-GP induced VSMC apoptosis. This
effect may be closely associated with the ability of MSC-CM
to inhibit calcification in VSMCs.

4. Discussion
Currently, the prevalence of vascular calcification (VC) is
increasing in accordance with growth in the populations of
elderly and dysmetabolic adults [10, 11]. VC, in which calcium
deposits in the coronary arteries affect atherosclerotic plaque
stability and increase the incidence of the acute coronary syndrome, is frequently observed in aging and various diseases,

including atherosclerosis, diabetes, chronic kidney disease,
hypertension, osteoporosis, and hyperlipaemia [12, 13]. Accumulating evidence has identified inflammation and apoptosis
as two potentially important mechanisms underlying the
initiation and progression of VC and thus provides possible
clues regarding the prevention and control of this condition
[14].
MSC-based medical therapies have emerged as potential
cell-based treatment options for many disorders, including
brain injury [15], lung diseases [16], myocardial infarction
[17], spinal cord injury [18], and renal injury [19]. The
potential benefits of these cells are attributed mainly or
partly to anti-inflammatory and antiapoptotic properties. In
our study, we identified a powerful anticalcification effect of
MSC-CM, which almost completely inhibited 𝛽-GP-induced
mineral deposition (e.g., alizarin red and von Kossa staining).
In addition, MSC-CM also dramatically inhibited the 𝛽-GPinduced increase in intracellular calcium levels and reduced
the activity of ALP, an important enzyme in early osteogenesis. Furthermore, MSC-CM abolished the upregulation of
various markers of calcification and osteogenesis, including
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Figure 3: MSC-CM suppresses 𝛽-GP-induced inflammatory cytokine expression in VSMCs. (a–c) Expression levels of TNF-𝛼, IL-1𝛽, and
IL-6 mRNA are shown. (d) TNF-𝛼 protein expression was determined by western blotting; 𝛽-actin was used as an endogenous control.

BMP2, Msx2, Runx2, and osteocalcin, and mitigated 𝛽-GPinduced increases in inflammation and apoptosis in VSMCs.
Taken together, these results indicate that MSC-CM can
inhibit VSMC calcification and therefore may be a new
therapeutic option for the prevention or control of VC.
Increasingly, studies have reported that VSMCs undergo
a shift to an osteoblastic phenotype during the onset and
progression of VC, and this change is accompanied by
the upregulation of specific markers of osteogenesis (e.g.,
BMP-2, Runx2, Msx2, and osteocalcin) [20–22]. Accordingly,
the levels of these markers correlate with the level of VC.
Zhang et al. reported that IL-18 significantly promotes VC,
as well as increasing in the expression of BMP-2, Runx2,
and osteocalcin, in VSMC [23], while Alesutan demonstrated

that homoarginine augmented VC and increased mineral
deposition, ALP activity, and Msx2 mRNA expression in
human aortic smooth muscle cells [24]. Accordingly, we
evaluated the expression of these osteogenic markers in
VSMCs to further investigate the inhibitory effect of MSCCM on calcification and found that 𝛽-GP led to an increase
in calcification and upregulation of these osteogenic markers,
consistent with previous studies. By contrast, MSC-CM
abolished these effects of 𝛽-GP, thus suggesting that MSCCM warrants further consideration as a potential therapeutic
option for the prevention or alleviation of VC.
MSCs mainly or partly exert their effects via the production of autocrine or paracrine bioactive substances, such
as anti-inflammatory, antiapoptotic, and growth factors [25].
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Notably, inflammation is a key contributor to the development and progression of vascular calcium deposition [26, 27],
which has itself been identified as an active inflammatory
process. Furthermore, some level of inflammation at different
vascular sites, including the intima, media, and even adventitia, has been identified as a very common phenomenon in
most forms of arterial calcification [28–30]. Previous studies
have confirmed the involvement of various cytokines in VC:
for example, TNF-𝛼 accelerates calcium deposition in VSMC
by provoking the release and strengthening the activity of
BMP-2 [4]. Furthermore, IL-1𝛽 stimulates tissue-nonspecific
ALP activity and calcification in VSMCs [30], while IL6 enhances the activity of BMP-2 by inhibiting matrix gla
protein (MGP) [31]. Consistent with many previous studies [32, 33], we also demonstrated that exposure to 𝛽-GP
stimulates inflammatory reactions in VSMCs, as indicated by
the enhanced expression of various inflammatory cytokines,
including TNF-𝛼, IL-1𝛽, and IL-6. Moreover, we found that
the levels of these three cytokines decreased significantly
in MSC-CM-treated VSMCs relative to their 𝛽-GP-treated
counterparts. Similarly, Chen et al. reported that MSC-CM
significantly decreased the expression of TNF-𝛼, IL-1𝛽, and
IL-6 mRNA in irradiated rat livers [34]. These findings
suggest that MSC-CM protects against 𝛽-GP induced inflammation, which may be a key mechanism underlying the
ability of MSC-CM to inhibit VSMC calcification. Although
experts believe that MSCs exert their anti-inflammatory
effects via the production and release of bioactive substances
such as tumour necrosis factor alpha-stimulated gene-6,
prostaglandin E2, indoleamine 2,3-dioxygenase, inducible
nitric oxide synthase, and IL-10 [7], the exact bioactive
substances secreted by MSCs and the related molecular
mechanisms will require in-depth research in the future.

VSMC apoptosis has been reported to accompany calcification induced by exposure to high phosphate levels [35,
36], and the association between apoptosis calcification was
verified by the observation that the inhibition of caspasemediated apoptosis also reduced calcification [5]. In VSMCs,
apoptosis precedes calcification, and apoptotic bodies may
act as nucleating structures for calcium deposition. Notably,
both MSCs and MSC-CM have been shown to exert antiapoptotic effects in various diseases. Xagorari et al. found
that MSC-CM activated FGL1 to protect against hepatic cell
apoptosis following acute liver injury [37], and Huang et
al. reported that paracrine factors secreted by MSCs could
protect astrocytes from apoptosis [38]. To further explore
the mechanisms by which MSC-CM suppresses VSMC calcification, we evaluated the effects of MSC-CM on VSMC
viability, apoptosis, and the expression of associated markers.
Consistent with a previous report [39], we verified that 𝛽GP promotes VSMC apoptosis by reducing the ratio of Bcl2/Bax expression and increasing the expression of caspase3. By contrast, MSC-CM suppresses 𝛽-GP-induced apoptosis
by increasing the ratio of Bcl-2/Bax expression and reducing
the expression of caspase-3, suggesting that the inhibitory
effects of MSC-CM on VSMC calcification are at least partly
mediated via antiapoptotic mechanisms.
Although our study revealed that MSC-CM might inhibit
VSMC calcification via its anti-inflammatory and antiapoptosis properties, we did not determine which bioactive substance secreted by MSCs is responsible for these effects. The
exact molecular mechanism responsible for this cytoprotective effect can only be defined by purifying and identifying
this putative bioactive substance. However, this process is a
complex, long-term project that is beyond the scope of this
article.

BioMed Research International
In conclusion, our findings are the first to implicate MSCCM as a protector against calcification in vitro via reductions
in inflammation and apoptosis, which play pivotal roles in
vascular calcification. Therefore, we have identified a novel
potential therapeutic agent for VC and associated diseases,
such as atherosclerosis, diabetes, and chronic kidney disease.
Nevertheless, we are not sure which bioactive substance
secreted or consumed by MSCs is responsible for these effects.
In our study, we supplied MSCs with enough H-DMEM to
avoid serum or other medium content deprivation. Thus, we
tend to believe that the bioactive substance secreted by MSCs
works in these effects. However, identification of the bioactive
substance present in MSC-CM that exerts these protective
effects will require further studies.

Data Availability
All the data are available from Dr. Shuangshuang Wang
(wangss1023@126.com) upon request.
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The global incidence of inflammatory bowel disease (IBD), a group of chronic gastrointestinal disorders, has been rising. The
preponderance of evidence demonstrates that oxidative stress (OS) performs a critical function in the onset of IBD and the manner
of its development. The purpose of this review is to outline the generation of reactive oxygen species and antioxidant defense
mechanisms in the gastrointestinal tract and the role played by OS in marking the onset and development of IBD. Furthermore, the
review demonstrates the various ways through which OS is related to genetic susceptibility and the mucosal immune response.
The experimental results suggest that certain therapeutic regimens for IBD could have a favorable impact by scavenging free
radicals, reducing cytokine and prooxidative enzyme concentrations, and improving the antioxidative capabilities of cells. However,
antioxidative activity characterized by a high level of specificity may be fundamental for the development of clinical therapies and for
relapsing IBD patients. Therefore, additional research is required to clarify the ways through which OS is related to the pathogenesis
and progression of IBD.

1. Introduction
The group of chronic disorders of the gastrointestinal (GI)
tract known as inflammatory bowel disease (IBD), including
its main types, Crohn’s disease (CD) and ulcerative colitis
(UC), is marked by sequential stages of symptom and
sign disappearance (remission) followed by clinical relapse.
Although the adverse effects of CD are not associated with a
specific part of the GI tract, UC is characterized by its localization to the rectum and colon. Despite the unclear etiologic
underpinning of IBD, the pathogenesis and progression of
the inflammatory cascade in patients with CD and/or UC are
often attributed to genetic, microbiome, and environmental
factors [1].
Physiological oxygen metabolism gives rise to reactive
oxygen/nitrogen species (ROS/RNS), which pose a threat to
existing cells within the body. ROS and RNS function as
signaling molecules in mitogenic responses or as safeguards
against pathogens when observed at low-to-moderate concentrations, but oxidative stress (OS) and nitrosative stress

(NS) arise when ROS scavenge in an inefficient manner or
RNS are produced in excess. High concentrations of the
two molecules can change the body’s inflammatory response
and bring about changes in lipids and proteins, paired with
programmed cell death (apoptosis), cancerogenic cell transformation, and DNA lesions [2]. ROS are primarily produced
by mitochondria, which possess dedicated ROS scavenging
mechanisms (which aid in cell survival), in physiological and
pathological states [3]. However, the literature indicates that
mitochondria produce ROS at a level that is disproportionate
to their scavenging capability [4].
Many researchers consider that OS, which is an immuneregulatory factor, is a principal agent in the pathophysiology
of IBD. Studies have shown that prolonged inflammation of
the intestines is linked to excessive ROS/RNS production,
which, as previously noted, results in OS and NS, respectively.
Both OS and NS have been found to be causative agents of
various adverse health conditions, including IBD [5]. The
literature also indicates that IBD is linked to disequilibrium
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between ROS and antioxidant activity, with impaired antioxidant activity or heightened ROS production, giving rise to OS
[6].
Over the past 20 years, the pathological mechanisms
of IBD have been increasingly documented in the medical
literature. Nevertheless, owing to the adverse and unfavorable
secondary effects that patients of modern IBD treatments
regularly suffer, our understanding of the role played by OS in
IBD must be improved and therapeutic interventions should
thereby be enhanced [7]. Therefore, the purpose of this review
article is to provide a summary of the most recent data
pertaining to the role of OS as a causative agent in UC and
CD.

2. Free Radicals in the Intestine
2.1. Reactive Oxygen Species. Various ROS arise as a consequence of the standard metabolic processes of biological systems, including superoxide radicals (O2 ∙− ), hydroxyl radicals
(∙ OH), hydrogen peroxide (H2 O2 ), and singlet oxygen (1 O2 )
[3]. A range of physiological processes are dependent on
minimal ROS levels, including protein phosphorylation, cell
immunity, apoptosis, cell differentiation, and transcription
factor activation [8]. Furthermore, ROS at low-to-moderate
concentrations serve as secondary signals for the regulation
of cardiac and vascular cell functioning [8]. The superoxide
anion (O2 ∙− ), which results from the addition of one electron
to molecular oxygen, is the free radical with the highest
prevalence in human tissues. Its primary source in cells is
complexes I and III of the mitochondrial electron transport
chain, which is responsible for conversion of approximately
1% to 3% of total oxygen to O2 ∙− [9]. The enzymatic reaction
catalyzed by xanthine oxidase (XO) and membrane enzyme
complexes (NADPH oxidases [NOX]) represents an additional source of O2 ∙− . In an environment characterized by
stress, the concentrations of O2 ∙− increase to a point at which
deleterious hydroxy radicals (OH∙ ) are produced excessively
by the Haber-Weiss reaction. In the GI tract, OH∙ is responsible for inactivating a fundamental mitochondrial enzyme,
pyruvate dehydrogenase, which results in the depolymerization of GI mucin [10], which in turn facilitates mitochondrial
RNA and DNA damage. In addition to this, perhydroxyl
(HOO∙ ), a protonated form of O2 ∙− responsible for causing
fatty acid peroxidation [11], is responsible for disrupting the
degree to which biomembranes are fluid and permeable,
thereby changing lipoproteins into proinflammatory forms
and forming products that are potentially toxic [12].
Various intracellular organelles, including the endoplasmic reticulum, mitochondria, nucleus, peroxisomes, and the
cytosol and extracellular matrix, are responsible for producing the majority of endogenous ROS [13]. The mitochondrial
electron transport chain also plays a prominent role in the
production of ROS [13]. In addition to mitochondria, plasma
membrane NADPH oxidases and peroxisomes contribute to
the number of cellular free radicals, giving rise to H2 O2
as a result of oxygen consumption. Within the GI tract,
O2 ∙− is primarily produced by XO, and in the context of
pathological states, circulating XO undergoes binding to
vascular endothelial cells, giving rise to site-specific oxidative
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injury of intestinal tissue [14]. It is noteworthy that the basal
level of ROS in enterocytes is variable and that the ROS
concentration is lower in the small intestine than in the colon
[14]. This variability can affect the levels of oxidized protein
and lipids, as well as DNA damage, thereby affecting the
degree to which the GI tract is susceptible to GI diseases at
various sites.
2.2. Reactive Nitrogen Species. RNS are a group of free
radicals that are produced by nitric oxide synthases (NOS),
which are expressed within the intestinal submucosa and
mucosal regions. NOS are responsible for the metabolization
of arginine to citrulline, which leads to the formation of nitric
oxide radical (NO∙ ) via a five-electron oxidative reaction
[15]. Over the course of the progression of inflammatory
diseases, NO steady-state levels within the bowel mucosa
can be seriously affected by alterations in the synthesis and
disposition of RNS. Improved phagocytic cell recruitment,
followed by an increase in the concentration of inducible NOS
(iNOS) (both of which take place in IBD-affected cellular
mucosa), occurs alongside changes in the local endothelium,
which leads to expression of iNOS and endothelial NOS
(eNOS). The half-life of NO∙ is quite long, but because of its
quick diffusion into the bloodstream and subsequent inactivation owing to hemoglobin, its reaction time is slow [16].
Furthermore, NO∙ protects epithelial cells against the toxicity
that arises from H2 O2 and impairs leukocyte adhesion to
endothelial cells [17]. Although eNOS gives rise to NO∙ via
pulsation, iNOS generates it in a continuous manner. The
literature shows that, in UC, iNOS/cyclooxygenase-2 (COX2)/5-lipoxygenase (5-LOX) loop activation and increased
amounts of their end products (i.e., NO, prostaglandin E2
[PGE2 ], and leukotriene B4 [LTB4 ]) damage the mucous
membrane of the large intestine due to overproduction of
free radicals and inhibition of the antioxidative system [18].
It is important to note that the inducible and constitutive
variants of NO synthases that appear in standard intestinal
microvasculature are significantly reduced in the context of
IBD. Furthermore, the total quantity of NO in the inflamed
gut mucosa over the long term was shown to be seriously
high, as a result of tissue invasion by inflammatory cells [19],
and the local concentration of iNOS is heightened in response
[19]. In addition, iNOS-derived NO undergoes a reaction
with tyrosine, thereby producing nitrotyrosine. Researchers
have found that tissue from UC patients (but not those
with collagenous colitis) is characterized by intense epithelial
staining for nitrotyrosine, which is linked to the infiltration
of neutrophils in the epithelium [20].
2.3. Targeting Oxidative Stress in IBD. IBD is typically diagnosed in pediatric and young adult patients [21]. UC inflammation is usually restricted to the colon’s mucosa and submucosa and starts in the rectum before spreading to nearby
areas (continuously and often involving the periappendiceal
region) [22]. Proinflammatory cytokines, along with ROS
and NOS, have long been implicated in the pathogenesis and
development of UC [23]. In another study, the researchers
observed notable neutrophil infiltration, paired with an
increasing myeloperoxidase level in patients with UC [24].
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Furthermore, iNOS-derived NO has been found to stimulate
TNF-𝛼 production in the colon, which then causes neutrophil
infiltration (e.g., via the promotion of intercellular adhesion
molecule (ICAM) and P-selectin production, thus causing
colonic tissue damage) [25]. Neutrophil recruitment and
activation of important transcriptional pathways, including
nuclear factor-kappa B (NF-𝜅B) and AP-1, also heighten the
inflammatory response and tissue damage [24]. In addition,
NF-𝜅B can facilitate the modulation of the permeability of
the intestinal layer and is linked to intestinal epithelial cell
homeostasis [26]. It is also notable that NF-𝜅B signaling can
heighten the chronic intestinal inflammation that characterizes the mucosa in patients with UC [27]. Intestinal epithelial
cells, which recognize microbial-activated toll-like receptors
and TNF-𝛼, facilitate the stimulation of NF-𝜅B signaling
events, and it should be noted that these are responsive to OS
[28, 29].
The hallmarks of CD include comparatively low levels of
naı̈ve T cells, higher levels of memory T cells, and elevated
expression of major histocompatibility complex (MHC) class
II molecules [30]. All areas within the GI tract can be
affected by CD, but the terminal ileum or perianal region
is usually affected [31]. In the preliminary phases of the
condition, patchy necrosis of the surface epithelium can
be detected, and this is paired with the detection of focal
accumulations of leukocytes proximate to crypts and large
numbers of intraepithelial macrophages and granulocytes.
Stimulated inflammatory cells give rise to ROS and RNS, but
the underlying mechanisms associated with the production
of free radicals and their origins in CD patients are not
straightforward. In recent years, the literature has indicated
that immune peripheral cells in patients with active CD are
characterized by greater superoxide dismutase (SOD) activity
and H2 O2 generation, paired with higher lipid peroxidation,
impaired mitochondrial function, and impaired catalase
(CAT) activity [32]. It is particularly noteworthy that these
modifications, aside from CAT activity, are subject to reversal
over the course of disease remission, which indicates the
crucial role of mitochondria and OS in the progression of CD
[32].
In addition to IL-4, cytokines such as TNF-𝛼, IL-1𝛽, IL6, and IL-8 play an important role in CD [33]. Both ROS
and RNS induce cytokine secretion. Notably, a recent study
indicated that NOS mRNA was upregulated in peripheral
blood mononuclear cells and the colonic mucosa in active
CD patients, and it was hypothesized that NOS-derived NO∙
and the plasma levels of some proinflammatory cytokines
are positively correlated [34]. Furthermore, it is worth noting
that NOX enzymes give rise to free radicals such as O2 ∙− . In
particular, in the presence of SOD3, O2 ∙− undergoes conversion to hydrogen peroxide, and/or it then results in a direct
increase in the content of advanced glycation end products
(AGEs). AGE paired with proinflammatory cytokines such as
IL-6 or TNF-𝛼 activates the NF-kB signaling pathway. This
results in the heightened expression of caspase 3, TNF-𝛼,
and IL-6 genes and activates MAPK, thereby resulting in the
amelioration of AP-1 expression and increasing the level of
iNOS. When considered together, the impairment of NF- 𝜅B
or p38 MAPK may lower cytokine production in the context
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of CD while influencing ROS/RNS production, particularly
with respect to the condition’s active phase [35].
2.4. Antioxidant Defenses in the GI Tract. Despite the manner
in which unregulated OS in the GI tract exerts a detrimental effect on its continued and effective functioning, the
antioxidant defenses of the human body can limit the negative outcomes that result from excessive ROS production.
Various defense mechanisms are responsible for establishing
appropriate ROS/RNS concentrations, and the endogenous
antioxidant system primarily comprises intracellular enzymatic antioxidants, including SOD, glutathione peroxidase
(GPx), and CAT; intracellular nonenzymatic antioxidant
glutathione; and extracellular antioxidants (e.g., vitamins,
minerals, and ceruloplasmin).
2.5. Intracellular Enzymatic Antioxidants. As reported in
recent studies, enzymatic and nonenzymatic antioxidant cellular defense systems perform a critical function in safeguarding elements of the human body against ROS, and this occurs
by controlling free radical and metabolite production [36, 37].
The key antioxidant enzymes oriented against superoxide
radicals are SOD, CAT, and GPx, which perform in concert in
the ROS metabolic pathway. It is important to recognize that
lipid peroxidation can occur when the activity of one enzyme
changes and when this is simultaneously unaccompanied by
relevant modifications in its counterparts [36, 37].
Recent research indicates that the mucosa in patients with
active CD or UC displays relatively low SOD levels [38]. It is
noteworthy that SODs are enzymes that are oriented around
a metal cofactor, which itself operates to convert O2 ∙− to O2
and H2 O2 in a catalytic manner [4]. It is possible to categorize
enzymes of this kind into the following four groups:
(i) Iron SOD (Fe-SOD), which is native to the chloroplasts of eukaryotic cells
(ii) Manganese SOD (Mn-SOD), which is commonly
identified in mitochondria (but can also be observed
in peroxisomes)
(iii) Copper-zinc SOD (Cu/Zn-SOD), which is the most
abundant of all SODs, situated in chloroplasts, the
cytosol, and extracellular space
(iv) Nickel SOD (Ni-SOD), which has been isolated from
several Streptomyces bacteria and cyanobacteria [39]
SOD activity stimulated by intrarectal acetic acid can be
identified in patients with UC or CD, especially when
compared to healthy controls, and it is possible to restore
pronounced SOD levels to what is normally expected when
patients are in remission [32]. Overall SOD activities are
higher in IBD pathogenesis, because they constitute a way
to safeguard intestinal tissues from oxidative damage, which
results from inflammation and OS. The levels of SOD in IBD
patients’ peripheral blood are therefore currently being used
as an OS biomarker.
The literature demonstrates that isoforms of GPx are
upregulated in a transcriptional way by oxidative mechanisms and as a consequence of the OS response [40]. It is possible for GPx to catalyze glutathione into oxidized glutathione
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(glutathione disulfide [GSSG]), and it has the capability to
reduce H2 O2 to H2 O or lipid hydroperoxides (ROOH) into
stable alcohols. GPx, combined with glutathione reductase
(GSSG-R), sustains reduced glutathione (GSH) levels and
thus safeguards cells from peroxide damage. The following
are the subspecies of GPx:
(i) GPx1: observed in the cytosol of most cells (inclusive
of red blood cells)
(ii) GPx2: observed in the cytosol but not found outside
the GI tract
(iii) GPx3: observed in plasma as a glycoprotein
(iv) GPx4: observed in mitochondria, in which it engages
with complex lipids (e.g., cholesterol and lipoproteins) which have been damaged by free radicals [41]
In a recent study, researchers examined a sample group
of patients with UC in the active or remission stage and
found that a noteworthy rise in GPx activity was associated
with the inflamed mucosa. Additional research has verified
that patients with UC and CD have higher plasma GPx
levels than healthy controls, and it is particularly notable
that this is true during both active and remission phases
[42]. However, numerous contradictory findings have been
released with respect to the antioxidant capabilities of SOD
and GPx in IBD, depending on controls resulting from
various approaches and conditions. In view of this, further
research is necessary.
CAT, primarily situated in peroxisomes and responsible
for catalyzing the reduction of H2 O2 to H2 O and O2 [43,
44], is mainly distributed in the liver, kidney, and erythrocytes. CAT can be categorized into the following types:
(i) typical or monofunctional catalases (e.g., mammal-type
catalases), (ii) bifunctional catalase-peroxidases, and (iii)
pseudocatalases. Mammal-type catalases are characterized
by their activity as tetramers, and they exhibit relatively
reduced rates of peroxidase activity. Furthermore, their target
molecules are restricted to microscopic organic substrates.
Catalase-peroxidases are characterized by bifunctionality;
they serve as both catalase and peroxidase. Furthermore, they
can capitalize on numerous organic substances to serve as
hydrogen donors. In stark contrast to monofunctional catalases, catalase-peroxidases are active as dimers or tetramers.
Pseudocatalases, also referred to as non-heme manganesecontaining catalases, are non-heme catalases that include
three characterized and sequenced enzymes that hail from
various bacterial species. It is possible for a collection of
pathogens associated with GI tract conditions to cause modified CAT expression [45]. Reduced CAT activity is seen in
patients with CD and in patients with colorectal cancer, gastric adenocarcinoma, and H. pylori-positive stomach ulcers
[46, 47]. Furthermore, experimental studies of genetically
altered mice have found that elevated CAT activity is linked
to a decrease in the likelihood of developing colitis or colon
cancer [48].
2.6. Intracellular Nonenzymatic Antioxidants. GSH is a
notable intracellular nonenzymatic antioxidant. It is a watersoluble tripeptide that contains a cysteine-derived thiol

group. The reduced form of GSH is prevalent in the cytoplasm, nucleus, and mitochondria. In each cell compartment,
it has been found to serve as the main soluble antioxidant. The
sustenance of GSH homeostasis in healthy tissues can occur
as a consequence of de novo synthesis from cysteine, GSSG
regeneration, and GSH uptake by way of sodium-dependent
transport systems [49]. In addition, GSSG synthesis stems
from the reduction of a pair of GSH particles when NADPH
is present. GSH regeneration from GSSG takes place via
the reaction facilitated by GSH reductase (GRd), or it is
removed from the cell as a consequence of exportation into
the extracellular space [50]. GSH, combined with glutathione
peroxidase (GPx), glutathione reductase (GSr), and glutathione S-transferase (GST), establishes in the gut mucosa an
antioxidant obstacle. It is notable that GSH is regularly used
as a biomarker not only for inflammation but also for OS.
It has been reported that a reduced GSH level is associated
with dextran sulfate sodium- (DSS-) induced colitis and that
antioxidant therapies can be applied to reestablish health [51].
Melatonin is an endogenous hormone that is primarily
synthesized in and secreted by the pineal gland [52]. In
the 1960s, melatonin was isolated and chemically identified
as N-acetyl-5-methoxytryptamine [52]. The literature indicates that melatonin treatment limits the severity of UC.
Notably, the hormone is a potent antioxidant that is naturally
synthesized by mammals. It has the ability to limit OS in
lipid and aqueous cellular environments, which occurs as
a consequence of crossing physiological barriers (e.g., the
mitochondrial membrane). Notably, melatonin is responsible
for scavenging peroxyl and hydroxyl radicals, and it performs
a protective function in the preliminary and late stages
of numerous adverse health conditions that involve ROS
metabolites.
2.7. Extracellular Antioxidants. Certain antioxidant enzymes
are reliant on minerals including Zn, Fe, Cu, and Mn. Variable
SOD isoforms need Zu, Cu, or Mn to serve as cofactors,
and iron must be present for effective CAT activity to occur
[14]. Plants are the major source of polyphenols, extracellular
antioxidants that are primarily found in fruits and vegetables
[53].
Vitamins A, C, and E are antioxidants, and deficiencies
of each are frequently identified in patients with UC and
CD. This is primarily attributed to malnutrition from an
absence of fruits and vegetables [54]. Yellow fruits and green
vegetables contain vitamin A or 𝛽-carotene (pro-vitamin A),
which is noteworthy for its antioxidant activity, which relies
on retinol-binding proteins. Vitamin C is synthesized from
glucose, has the ability to reduce numerous types of RO, and
can be derived from fresh fruits and vegetables. Vitamin E
plays a protective role for the cell membrane with respect to
lipid peroxidation.

3. Conclusions
Because OS is presently considered as a potentially critical
pathogenic factor in the pathogenesis, progression, and
severity of IBD, its prior status as the result of chronic inflammation of the intestinal mucosa in facilitating pathological
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change within the GI tract is understudied in IBD patients.
Even for adults, the foundational mechanisms that give rise to
the condition and underpin its likely course of development
must still be clarified. Clinical research into currently used
and experimental anti-IBD therapies, particularly those that
include naturally occurring antioxidants, is associated with
positive patient outcomes for both IBD and colorectal cancer
[55]. Nevertheless, given that a range of intestinal variables
(such as bacteria, digestive enzymes, and food metabolites)
can have an effect on the antioxidative characteristics of drugs
(often rendering them ineffective), additional clinical trials
are required. It is anticipated that a renewed understanding
of the fundamental antioxidative impacts of existing pharmaceuticals and proposed experimental agents will aid in the
provision of increasingly more satisfying and effective healthcare services to new and relapsed IBD patients. Furthermore, with the derivation of novel antioxidant-heightening
interventions, paired with the administration of traditional
pharmaceuticals, it is expected that patients with IBD will
benefit from significantly more favorable outcomes promoted
by further clinical trials.
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Probiotics are microbial strains that are beneficial to health, and their potential has recently led to a significant increase in research
interest in their use to modulate the gut microbiota. The animal gut is a complex ecosystem of host cells, microbiota, and available
nutrients, and the microbiota prevents several degenerative diseases in humans and animals via immunomodulation. The gut
microbiota and its influence on human nutrition, metabolism, physiology, and immunity are addressed, and several probiotic
species and strains are discussed to improve the understanding of modulation of gut microbiota. This paper provides a broad
review of several Lactobacillus spp., Bifidobacterium spp., and other coliform bacteria as the most promising probiotic species and
their role in the prevention of degenerative diseases, such as obesity, diabetes, cancer, cardiovascular diseases, malignancy, liver
disease, and inflammatory bowel disease. This review also discusses a recent study of Saccharomyces spp. in which inflammation
was prevented by promotion of proinflammatory immune function via the production of short-chain fatty acids. A summary of
gut microbiota alteration with future perspectives is also provided.

1. Introduction
Alteration of the gut microbiota with probiotic species is very
prominent in human and animal disease treatment. The
potential of probiotic species has recently motivated researchers to examine the production of probiotic foods and the modulation of the gut microbiota. The importance of consumption of probiotic foods with a specific mix of bacteria has been
widely studied since the beginning of the 20th century, and
yogurt has drawn attention to maintaining good health via
development of the digestive system and the prevention of
various degenerative diseases [1–3].
The word “probiotic” comes from Greek and means “for
life.” In 1954, Ferdinand Vergin conceived the term “probiotic” in an article entitled “Anti-und Probiotika,” in which
several microorganisms were studied to make a list of useful
bacteria and to determine the detrimental effects of antibacterial agents and antibiotics on the intestinal microbiota [4].

A few years later, Lilly and Stillwell described probiotics
as beneficial microorganisms that exert growth-promoting
factors for other microorganisms [5]. The term “probiotics”
has been modified over time and with research into their
application and clinical trials in various human and animal
models. According to the Food and Agriculture Organization
(FAO) and the World Health Organization (WHO), probiotics are live strains of microorganisms that confer health
benefits upon the host when administrated in adequate
amounts [6], and this definition is followed by the International Scientific Association for Probiotics and Prebiotics
(ISAPP) [7, 8]. However, researchers continue to develop new
probiotic species, even though probiotic species have long
been used for human health improvement. Most probiotic
products today are developed with Bifidobacteria, Lactobacilli, and other lactic acid bacteria, such as Lactococci and
Streptococci. Other promising probiotic strains include the
bacterial genera Bacillus, Escherichia, and Propionibacterium
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and some other yeast genera, mainly Saccharomyces. Probiotics are usually considered to be safe for human health
with limited adverse effects [9]. Several species and strains of
Lactobacilli, including Lactobacillus acidophilus, Lactobacillus
casei, Lactobacillus rhamnosus, and Lactobacillus helveticus,
have been extensively studied in the prevention of human and
animal diseases. These probiotic species are able to change
the population of microorganisms in the gut microbiota and
control the functioning of the ecosystem of gut microbiota.
In earlier studies, considerable evidence of clinical trials
of probiotics in animal and human models has reported
suitability for the treatment of a variety of diseases, and this
number continues to grow.
The human gut is a complex ecosystem in which nutrients, the microbiota, and host cells interact extensively. The
relationships between these microorganisms and host cells
were long considered only from a pathogenic point of view
because toxins invade the gut mucosa and translocate, disseminate, and cause systemic infections [10]. However, no
attention was paid to the majority of gut microorganisms
and their relationship with host health. Several studies have
reported beneficial interactions between the commensal
microbiota and the human body and have indicated that the
microbiota acts as a real partner. A deeper understanding of
the gut microbiota and its role is necessary for future healthcare strategies. In this regard, extensive study of the potential
use of selected probiotic bacteria species and their strains is
desperately needed for the prevention and treatment of numerous human and animal diseases [11–14].
The relationship between health and the composition of
the gut microbiota has raised interest in the modulation of
the gut microbiota by administration of probiotic species for
the prevention of some diseases in humans and animals. This
review focuses on the gut microbiota and several probiotic
species that have been extensively studied in the modulation
of the gut microbiota and prevention of degenerative diseases.

2. Gut Microbiota
The term “gut microbiota” was first introduced to the scientific community by Joshua Lederberg who called it “the ecological community of commensal, symbiotic, and pathogenic
microorganism that literally share our body space and have
been all but ignored as determinants of health diseases” [31].
The human body consists of trillions of microbes, mostly
within the gastrointestinal tract (i.e., the small intestine and
colon). Using a 70 kg man as a reference, 3.8 × 1013 microbes
are reported to have a total weight of 0.2 kg [32]. The gut
microbiota can ferment nondigestible carbohydrates, which
are well known as prebiotics, including fructooligosaccharide, oligofructose, inulin, galactose, and xylose, that contain oligosaccharides to fulfill energy requirements. The
microbes in the host body have a significant influence on the
metabolism, physiology, and immune development and function, whereas symbiotic functions include the synthesis of
vitamins, protection from pathogenic colonization as a regulatory immune system via modulation of gastrointestinal
hormone release function, and regulation of brain behavior
in terms of neuronal signaling [33–38]. The improvement of
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culture-independent and molecular high-throughput techniques favor the identification of previously unknown bacteria, which would provide novel insights into the functional
capacity and compositional diversity of some of the fecal
microbiota. In addition, several studies have suggested that
disorders such as colorectal cancer, inflammatory bowel
disease (IBD), alcoholic and nonalcoholic fatty liver diseases,
obesity, type 2 diabetes, oxidative stress–related disease, and
immune-mediated diseases are associated with disease-specific dibiotic of altered microbiota compositions [15, 39–43].
Modification of the gut microbiota has thus gained more
attention as a potential treatment for several diseases in humans and animals.

3. Modulation of Gut Microbiota and
Probiotic Species
The gut microbiota includes bacteria, fungi, archaea, protozoa, and viruses that interact with the host and each other to
affect the host’s physiology and health [44]. The gut bacteria
play significant roles in human health, including vitamin
B synthesis, improvement in digestion, and promotion of
angiogenesis and nerve function [45]. In addition, modification of the gut microbiota can be harmful when the gut
ecosystem undergoes severe abnormal changes. The bacterial
species found in the human gut microbiome include mostly
three phyla: Bacteroidetes (Porphyromonas, Prevotella), Firmicutes (Ruminococcus, Clostridium, and Eubacteria), and
Actinobacteria (Bifidobacterium). Lactobacilli, Streptococci,
and Escherichia coli are found in small numbers in the gut.
However, alteration of the gut microbiota composition can
lead to multiple diseases in humans and animals [21, 22, 28,
30].
Current evidence supports a link between the activity
and composition of the gut microbiota and human health
and disease. Furthermore, the gut microbiota composition
is likely to affect many organ systems, including the cardiovascular, neural, immune, and metabolic systems. The gut
microbiota composition is altered in many disease states, such
as cardiovascular disease, cancer, malignancy, type 2 diabetes mellitus, obesity, colitis, asthma, psychiatric disorders,
inflammatory disorders, disorders of the gut-brain axis, and
numerous immune disorders [15, 40, 41, 46–48]. Modulation
of the gut microbiota facilitates a number of health problems;
probiotic feeding with a high-fat diet showed alteration of
the gut microbiota composition with a decrease in the grampositive bacteria phyla Firmicutes and Actinobacteria in
mice [49]. In contrast, in a mouse model of hyperlipidemia,
the probiotic administration of Lactobacillus led to significant changes in the microbiota composition, including an
increased abundance of Bacteroidetes and Verrucomicrobia
and a reduced ratio of Firmicutes [50]. It is evident that probiotic species play important roles in maintaining the gut
microbiota ecosystem in humans and animals.

4. Bacteria Species
Table 1 presents the most significant results of various studies
on the influence of probiotic bacteria species or strains on
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Table 1: Some bacterial strains used in gut microbiota modulation.

Bacteria strains
L. acidophilus
L. acidophilus (NCK2025)
L. acidophilus
L. acidophilus

L. casei BL23
L. fermentum FTDC 812
L. johnsonii
L. plantarum CCFM10, RS15-3
L. acidophilus
B. cereus, B. infantis
L. acidophilus
L. rhamnosus, B. bifidum
B. breve IPLA20004
E. coli Nissle 1917
S. boulardii
S. boulardii
E. hirae

Disease model

Outcomes
References
↑ IL-10, Treg
Eight-week-old male C57BL/mice
IBD
[15]
↓ IL-6, IL-1𝛽, IL-17
↑ IL-10, IL-12
CRC
[16]
Generation of TS4Cre ×APClox468 mice
↓ Treg
↑ IL-17
Female BALB/c mice
Crohn’s disease
[17]
↓ Th17 function, IL-23
↑ Lactobacilli,
BALB/c mice
Ulcerative colitis
Bifidobacteria
[18]
↓ S. aureus
↑ Th17, Th 22, IL-10, and
Female C57BL/6 mice
CRC
IL-22
[19, 20]
↓ Treg
Eight week old BALB/c mice
Hypercholesterolemia
↑ Lactobacillus
[21]
Male C57BL/6 mice
Acute live injury
↑ IL-22, Lactobacillus
[22]
58 week BALB/c mice
Oxidative stress
↑ Bacteroidetes, Firmicutes
[23]
↑ E. coli, Enterococcus,
↓ Bifidobacteria,
Nonalcoholic fatty
[24]
Eight week SPE male SD mice
Bacteroides, and
liver disease
Lactobacillus
↑ Firmicutes,
Eight week C57BL/6 mice
Type 2 diabetes
[25]
Actinobacteria
↓ Bacteroidetes
Human colon
Inflammatory
↑ IL-8, IL-10, IL-12
[26]
Chronic
↑ IL-10, tight-junction
Male C57BL/6J mice
[27]
inflammation
↓ IL-17
↑ Bacteroidetes
Adult BALB/c mice
Acute liver failure
[28]
↓ Firmicutes, Proteobacteria
↑ Firmicutes,
Six week C57BL/6 mice
Type 2 diabetes
Proteobacteria, and
[29]
Fibrobacteria
C57BL/6J mice
Cancer
↑ Th 17 cell response
[30]

modulation of the gut microbiota in various models and diseases.
4.1. Lactobacillus. Most studies of probiotic species in biomedical research have examined the lactic acid bacteria
group. In gut microbiota studies, Lactobacillus has been
reported as the most prominent probiotic from the lactic
acid bacteria group. Changes in the composition, diversity,
and function of the gut microbiota by probiotic species have
been studied using tools and techniques including targeted,
culture-dependent methods and metagenomics sequencing.
However, a few studies have demonstrated the associations
of probiotic species with altered gut microbiota composition.
A recent metagenomic analysis of 8-week-old Swiss mice
fed a high-fat diet showed that treatment with a probiotic
mixture of Lactobacillus and Bifidobacterium (L. rhamnosus,
L. acidophilus, and Bifidobacterium bifidum) significantly
altered the composition of the gut microbiota and increased
insulin sensitivity. Several authors have reported that mice
with a high-fat diet with probiotic species had a lower population of Firmicutes, Actinobacteria, and Bacteroides than
untreated mice [25]. Similar work on obese mice revealed that
several Lactobacillus spp., Bifidobacterium spp., and other

Disease

coliform bacteria increased the gut microbiota composition
in mice with a high-fat diet treated with various Lactobacillus
probiotic strains (L. acidophilus IMV B-7279, L. casei IMV B7280, B. animalis VKL, and B. animalis VKB). In addition,
the gut microbiota composition of obese mice treated with L.
casei, L. delbrueckii subsp. bulgaricus, and B. animalis showed
a significant decrease in microscopic fungi [51]. Probiotic
species of Lactobacillus may improve gastrointestinal barrier
function by the proliferation of some harmful bacteria [24,
52]. Intestinal permeability can be achieved with an increase
in the intestinal tight-junction protein occludin. After a
change in the gut microbiota composition with a probiotic,
mice with a high-fat diet were reported to show an increase
in the expression of the tight-junction protein, proglucagon
mRNA, and reduced intestinal expression of the pattern
recognition receptors CD-14 and NOD1. It also leads to a
reduction in the circulating level of lipopolysaccharide and
an increase in glucagon-like peptide 1. In addition, probiotic-treated mice have shown increases in lipoproteinlipase-dependent triglyceride storage in adipose tissue and
adipocyte triacylglycerol accumulation [25, 53]. Probiotic
Lactobacillus strains have been found to increase gastrointestinal barrier function by the proliferation of harmful
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bacteria in nonalcoholic fatty acid liver diseases and IBD
[15, 24].
An accumulating body of research on probiotics provides evidence that T regulatory (Treg) cells play a crucial
role in maintaining immune homeostasis in many diseases.
Treg cells secrete IL-10, IL-17, and IL-22 (anti-inflammatory
cytokine) which are important for maintenance of homeostasis [54–56]. Commensal Lactobacillus species can restore
homeostasis in intestinal disorders and thus play a protective
role against inflammatory diseases. A recent study showed
that a probiotic species of Lactobacillus acidophilus (L. acidophilus) administered for modulation of dextran sulfate
sodium-induced colitis restored the balance of inflammatory
cytokines and Th17/Treg cells [15]. The authors also reported
that L. acidophilus suppressed proinflammatory cytokines
such as IL-6, tumor necrosis factor-a, and IL-1b in colon
tissues. In addition, in vitro treatment by L. acidophilus
directly induced the production of IL-10 and Treg cells and
suppressed the production of IL-17. Similarly, a probiotic
strain of L. acidophilus isolated from a normal human intestinal tract and orally administrated in mice with dextran sulfate sodium-induced colitis suppressed the colitis-associated
response of the IL-23/Th17 axis and reduced the secretion
of proinflammatory cytokines [17]. Furthermore, based on
Treg cell modulation and Th17-biased immune response in
regulatory cytokines, the probiotic strain of Lactobacillus
spp. showed beneficial effects in preventing cancer and
intestinal inflammation [16, 19, 57, 58]. Similarly, a probiotic
strain of L. plantarum TN8 reduced the proinflammatory
cytokine expression and also regulated the intestinal immune
system of Wistar rats with trinitrobenzene sulfuric acidinduced colitis [59]. The same probiotic strains (L. plantarum
TN8) also showed anti-inflammatory properties by inducing
production of IL-10 and a small amount of IL-12 cytokines
[60].
4.2. Bifidobacterium. Bifidobacterium is important in gut microbiota studies and has long been used as a probiotic to
alleviate various diseases by changing the gut microbiota
composition. Like other Lactobacillus, Bifidobacterium can
also inhibit harmful bacteria, improve gastrointestinal barrier function, and suppress proinflammatory cytokines [24].
Recent studies have demonstrated that Bifidobacterium alters
the function of dendritic cells to regulate the intestinal
immune homeostasis to harmless antigens and bacteria or
initiate protective measures against pathogens. It also has
the potential to control various intestinal diseases, like IBD,
cancer, and allergies [61–63]. The probiotic Bifidobacterium
has shown metabolic capacity in gut bacteria and can
increase the proportion of beneficial bacteria in the gut
microbiota by cross-feeding. According to Turroni et al. [64],
Bifidobacterium bifidum significantly increased metabolic
activity when cocultured with Bifidobacterium breve. This
coculture of probiotic bacteria affected the metabolic shift
in the gut microbiota by increasing the production of shortchain fatty acids rather than by changing the gut microbiota
composition. Colonic mucus is a physical barrier that consists
of gut microbiota and is maintained by an extensively glycosylated mucin-2 network. In vivo, the ability of bacteria-sized
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beads to penetrate the mucus layer was greater in mice fed
a Western-style diet than in chow-fed mice, which indicated
slower mucus growth in the mice fed a Western-style diet
due to host metabolic factors. It is worth noting that the
abundance of Firmicutes increased and that of Bacteroidetes
and Actinobacteria were reduced in the colonic lumen of mice
fed a Western-style diet. A study with probiotic treatment
showed that Bifidobacterium longum NCC 2705 (B. longum)
prevented mucus production [65]. Moreover, Bifidobacterium
exerts a positive effect via hormonal signaling in the gut-brain
microbiome axis to improve memory function, including
brain-derived neurotropic factor and N-methyl-D-aspartate
receptor expression. It has been reported that a combination
of Lactobacilli and Bifidobacterium decreased acute stress
and depression [66, 67]. However, the understanding of the
molecular mechanism is beyond the scope of this study.
4.3. Other Bacteria Species. Like other probiotic species,
Escherichia coli, a gram-negative bacterium in the Enterobacteriaceae family, is a well-known probiotic strain with some
beneficial effects on gut microbiota homeostasis. The nonpathogenic strain Escherichia coli Nissle (EcN) is one of the
most used probiotic strains in gut microbiota homeostasis.
It has been shown that EcN can stimulate the production of
human 𝛽-defensin 2, which can protect the mucosal barrier
against adhesion and invasion by pathogenic commensals
[68, 69]. In addition, several in vivo and in vitro studies have
shown that EcN has a protective function against Salmonella,
Shigella, Candida, and some other invasive commensals and
may restore damaged epithelium by modulation of tightjunction and zonula occludens proteins [70]. However, outer
membrane vesicles (OMVs) released by gram-negative bacteria play a vital role in the signaling process of the intestinal gut
mucosa. The release of OMVs begins a mechanism to deliver
some active compounds and microbial proteins to the host
body without intercellular contact. It was recently demonstrated that OMVs trigger the host immune and defense
responses of the probiotic strain EcN, which entered intestinal cells via clathrin-mediated endocytosis. In fact, in vitro
and ex vivo studies have demonstrated expression of antimicrobial peptides and modulation of the cytokine/chemokine
response of gut epithelial and gut immune cells when the
probiotic strain EcN induced OMVs. Moreover, these OMVs
promote the upregulation of the tight-junction proteins of
zonula occludens and claudin-14, but down-regulation of
claudin-2 reduces gut permeability and supports intestinal
barrier functions in intestinal epithelial cell lines [71, 72].
Finally, the probiotic strain EcN is also involved in the intestinal microbiota immune response, including macrophages,
epithelial cells, dendritic cells, and upregulation of proinflammatory cytokines (IL-6, IL-8, and IL-1𝛽) [71].
Enterococcus are gram-positive bacteria in the lactic acid
bacteria family. Some strains of Enterococcus exert antibioticinduced dysbiosis and act as antitumor or anticancer agents
and modulate the immune system. It has been found that
culture of E. faecium strain from human intestinal epithelium
increased the bactericidal effects against enteroaggregative E.
coli, membrane damage, and cell lysis [73, 74]. Fusco et al.
[74] characterized intestinal cytokine expression in epithelial
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cells and reported that intestinal cytokines play a key role in
the host inflammatory response to damage by Salmonella
typhimurium. It has been revealed that E. faecium increases
the expression of proinflammatory and anti-inflammatory
cytokines without appearing as a pathogen. Furthermore, E.
hirae exerts the gut epithelial barrier function by inducing
Th17 [30].
Saccharomyces is well-known nonpathogenic selective
probiotic yeast that has been used commercially in the production of probiotic foods. Over the past few decades,
S. cerevisiae and S. boulardii have demonstrated extensive
promise as a probiotic treatment [28]. Several studies have demonstrated that S. cerevisiae and S. boulardii were associated
with an increased proportion of Bacteroidetes in the gut
microbiota composition and decreased the relative abundance of Firmicutes and Proteobacteria. In addition, this yeast
has ability to prevent inflammation by promoting proinflammatory immune function and increasing the production of
short-chain fatty acids [28, 29, 75, 76].
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5. Conclusions
Probiotic bacteria species form a reproducible gut microbiota
population in various host bodies and diseases. Various probiotic species have been reported to prevent many degenerative diseases, including obesity, diabetes, cancer, cardiovascular disease, malignancy, liver diseases, and IBD. An imbalance of the gut microbiota composition can lead to several
diseases. Probiotics have been proved to modulate gut microbiota composition imbalance by increasing bacteria population, gut epithelium barrier function, and cytokine production. Meanwhile, diets and different nutrients have been
reported to productively and markedly shape gut microbiota
communities [77–83], further studies should be performed to
elucidate the metagenomics relationship between alteration
of the gut microbiota composition and probiotic species under different diets or nutrients. A well-designed and appropriate experimental model (in vivo, in vitro, or ex vivo) is
suggested to provide insights into the gut microbiota composition and potential commensals for host health. Furthermore, the identification of new probiotics and isolation from
microbiome and mixture of probiotic species would be a key
pathway for future studies to promote host health.
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[64] F. Turroni, E. Özcan, C. Milani et al., “Glycan cross-feeding
activities between bifidobacteria under in vitro conditions,”
Frontiers in Microbiology, vol. 6, Article ID 01030, 2015.
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The increased contaminants caused by anthropogenic activities in the environment and the importance of finding pathways to
reduce pollution caused the silicon application to be considered an important detoxification agent. Silicon, as a beneficial element,
plays an important role in amelioration of abiotic stress, such as an extreme dose of heavy metal in plants. There are several
mechanisms involved in silicon mediation in plants, including the reduction of heavy metal uptake by plants, changing pH value,
formation of Si heavy metals, and stimulation of enzyme activity, which can work by chemical and physical pathways. The aim of
this paper is to investigate the major silicon-related mechanisms that reduce the toxicity of heavy metals in plants and then to assess
the role of silicon in increasing the antioxidant enzyme and nonenzyme activities to protect the plant cell.

1. Introduction
Silicon is a beneficial mineral element commonly found in
soil. It is the second most abundant element after oxygen
[1, 2] in soil. Since silicon is an essential element and a plant
nutrient [3, 4], it has an important role in plant growth, yield
[3, 5, 6], photosynthetic properties, chlorophyll contents, and
enzyme activity [7–9], especially under stressful conditions
[1, 10]. Currently, there is no evidence showing the direct
role of silicon in plant metabolism. However, silicon can
still be assumed to be essential in the process because it
belongs to a molecular compound which is involved in plant
metabolism. Because plants require silicon, it helps with plant
growth and development. Consequently, silicon reduction
can adversely affect plant growth and produce abnormal
characters in plants [11, 12]. Many researchers confirmed that
silicon has the ability to ameliorate the abiotic stresses such
as an excess dose of heavy metal and increase the tolerance
of plants against heavy metals [7, 13–15]. The mechanism
by which silicon alleviates stress from heavy metals can be
categorized into internal and external mechanisms [16, 17].
In the external mechanism, silicon ameliorates the heavy

metals’ toxicity through various methods, such as reducing
the absorption and activity of the metal or changing the
metal’s formation by adding a silicon compound. However, in
the internal mechanisms, silicon reduces the adverse effects
of heavy metal toxicity through different mechanisms, such
as stimulation of antioxidant enzyme activity, complexation and compartmentalization of silicon with metal ions,
and changing the cell wall by transportation control [17].
In addition, silicon can protect plants exposed to biotic
and abiotic stresses [18, 19]. The protective role of silicon
revealed in plants can be attributed to an accumulation of
polysialic acid in plant cells. Thus, with an enhancement in
polysialic acid concentration in the cell wall, plant tolerance
increases and indirectly interferes with stress factors [20].
The application of silicon on tissue cultures can protect the
cell wall by decreasing oxidative stress, ameliorating the plant
growth cycles, including embryogenesis, organogenesis, and
inducing growth in traits and leaves in vitro [21]. Moreover,
the protective role of silicon in reactive oxygen species (ROS)
scavenging is bold. Silicon can scavenge ROS indirectly. A
previously conducted experiment shows that Si can decrease
OH hydroxyl radical accumulation in cucumber leaves by
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reducing the free apoplastic Mn+2 [19]. One of the other
protective roles of silicon is regulating internal water in plants
[22] so that the accumulation of silicon in epidermal tissue
preserves water in the transpiration process [23]. Generally,
plants tend to accumulate heavy metals, such as cadmium, in
the root more than shoot and stem [24]. Therefore, silicon
is accumulated in plants’ roots for certain mechanisms,
including a physical barrier, reduction of translation, and
reduction of heavy metal uptake.

2. Silicon Defense Mechanisms
Silicon is often absorbed in plants through monosilicic acid
formation and precipitated in internal plant parts, such as
cell wall and lumens. In addition, it is deposited as an
amorphous silica (Opal A; Sio2 ⋅ 𝑛H2 o) or in intercellular
sites like phytoliths [25-10]. Phytolith is a Greek word
meaning “stone of plant,” which is known to be the space
between the plant cells [25]. Silicon’s defense mechanisms
appear throughout plants. In leaves silicon is used to create
structures such as epidermal trichomes and hair. Silicon
is also accumulated in spines as amorphous silica (SiO2 )
and phytoliths [26]. In plants and soil, there are different
mechanisms and pathways by which silicon scavenges ROS
and ameliorates heavy metals. In growth media (i.e., tissue
culture), silicon decreases the ions’ activities and limits the
metal uptake and metal translocation from roots to shoots. In
cell structure, silicon ameliorates heavy metal stress through
various mechanisms, such as regulating the gene expression
involved in metal transport and metal-chelation mechanisms,
participating in coprecipitation of metals, changing the plant
structure, and stimulating antioxidant enzymes’ activity [13,
18, 27]. Song et al. indicated that, with the combination of
silicon and cadmium, cadmium tolerance increases in B.
chinensis demonstrating the role of silicon in the reduction of
heavy metal uptake, limitation of root to shoot translocation,
and stimulation of antioxidant enzyme activity [28]. Many
researchers reported that codeposit of metal with silicon can
reduce the concentration of toxic ions in plants [13, 17, 29].
It has been reported that, using some mechanisms, such as
root exudation and pH increase, silicon limits the aluminum
uptake in roots; this issue can later precipitate Al concentration in the root surface [30, 31]. In a general classification,
silicon detoxification mechanisms can be grouped as either
chemical or physical mechanisms. Chemical mechanisms
refer to the mechanisms involved in coprecipitation of heavy
metals with silicon, while in physical mechanisms silicon
reduces the translocation of heavy metals to shoot and aerial
parts by changing the plant structure such as the apoplastic
barrier [32]. Generally, Si is involved in the alleviation process
in plants exposed to abiotic stresses and heavy metals in
some important mechanisms, including (1) stimulation of
antioxidant enzyme activity to enhance ROS scavenging,
(2) complexation and immobilization of toxic metal ions in
plants [18, 33], (3) deposition and accumulation in plant tissue
for developing the rigidity and stability in leaves, (4) water
mobility, and (5) providing plant nutrient and coprecipitation
of metal toxicity [34]. In the following, we discuss some of the
key mechanisms involved in silicon detoxification in plants.
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2.1. Mechanism One: Reduction of Heavy Metal Uptake by
Plants. Regarding the relationship between the silicon and
heavy metal uptake, it can be stated that silicon can alleviate
and reduce the uptake of heavy metal and its transportation
in plants [13, 28, 35, 36]. Moreover, silicon can increase
the chelated ions through (1) stimulation of root exudate,
which can limit metal uptake by roots in plants [13] or (2)
decreasing the free metals in plant organs which reduces the
translocation activity in apoplasm [13]. In the cell wall, silicon
can accumulate in the lignin and improve the metal binding;
it can then reduce the translocation of ions from roots to
aerial organs [37, 38]. Silicon creates a complex with metal
ions in the cell wall and additionally precipitates metal ions
as a cofactor [30]. The results revealed that enhancement of
silicon could increase malic and formic acid in plants growing
process and consequently reduce the uptake of Al [30].
Furthermore, it was observed that phenolic compounds in
maize can decrease the Al uptake so that flavonoid-phenolics
can lead to Al-chelating link and reduce the Al uptake in
plants [13]. Heavy metal chelating significantly contributes to
digestion of heavy metals, and it is created by chelation of
heavy metal with flavonic-phenolics or other organic acids
[39]. Silicon can increase heavy metal accumulation in intercellular plant parts [13]. By investigating the amelioration role
of silicon in Mn, Doncheva indicated that silicon, used as a
barrier, can expand the epidermal layer of maize. It can lead
to an accumulation of Mn in nonphotosynthetic tissue [40].
Then, through certain mechanisms, such as coprecipitation,
it prevents the heavy metals from translocating to other plant
parts. It is reported by Hai-Hong Gu that the reduction in
stem-to-shoot translocation in rice was the consequence of
a high concentration of silicon [32].
Most beneficial effects of silicon can be revealed in the
accumulation in the cell walls of root, stems, leaves, and
hulls, which enhance the stability of plant tissue as a physical
barrier [37]. In roots, silicon increases the binding of metal
ions by decreasing the apoplastic bypass flow and reduces the
translocation of toxic metals from roots to shoots. Moreover,
accumulation of Si in the cell wall of stems, leaves, and hulls
limits the transpiration of the cuticle with alternation in the
efficiency and function of the cell wall and consequently
increases the plant’s resistance against stresses [41]. Rizwan
et al. reported that silicon decreases cadmium uptake and
reduces the translocation of cadmium to shoots [42]. In the
case of silicon precipitation in shoots, silica precipitates in
water evaporation sites of the plant’s shoot as phytoliths. This
can be close to the epidermis of the plant shoot [42–44].
Additionally, silicon can shift the Mn to the leaf blade causing
a homogenetic mechanism against Mn and then decrease Mn
uptake [45]. Thus, it can be estimated that beneficial impacts
on plants can be obtained by high deposition in shoots [46].
However, most deposition in plants depends on Si uptake
by roots [37]; therefore, plants with less ability to uptake
silicon could be deprived of silicon benefits [45]. The roots
are the first line exposed to heavy metals; this issue shows
the role of root anatomy in reducing heavy metal toxicity.
Apoplastic barriers in roots, including exodermis, epiblema,
and endodermis, can play an important role in reducing
heavy metal uptake and consequently diminishing metal
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2.2. Mechanism Two: Changes in pH Value in Soil and
Plant Culture. The pH value plays an important role in bioavailability and mobility of heavy metals in soil and culture
[50–54]. One of the main mechanisms of silicon amelioration
is the role of silicon in changing soil and growth medium’s
pH. Silicon compounds, like biosolids, increase the pH
value so that this increase can improve the absorption of
silicon. On the other hand, it can lead to an immobilization
and unavailability of heavy metals, such as Cd, in plants
[16] and also to a reduction of heavy metal bioavailability.
Organic materials and pH exist in soil, including soil sodium
metasilicate or alkaline pH, playing an important role in
the reduction of metal availability in soil and consequently
amelioration of metal toxicity to plants [39]. The results of
[55] show that reducing the toxicity of aluminum metal ions
by changing the pH in a medium can be one of the external
mechanisms in amelioration of Al by silicon in soybeans.
This can later lead to the unavailability and precipitation of
AL [30]. Moreover, silicon can facilitate metal transport in
plants. As a result, silicon with the formation of hydroxy
aluminum silicate complexes in shoots can increase the
transportation from root to shoot. Kopittke et al. (2017)
reported that detoxification of aluminum by silicon is related
to the formation of hydroxy aluminum silicates in roots [56].
However, this formation depends on pH [57], so that the
formation of hydroxy aluminosilicate reduces the pH value
to less than 4.0 [58].
It is seen that, in exposure to metal stress, such as extreme
concentration of Al, silicon accumulates in cell walls and
leads to a reduction in Al toxicity in the apoplasm. The
result of one experiment showed that Al with formation of
hydroxyl aluminum silicates in root apoplast can convert the
Al to a nontoxic form in the apoplast and ameliorate the
Al toxicity in the plant root. This issue indicates the silicon
mechanism to reduce metal toxicity in the apoplast. The rate
of HAS (hydroxy aluminum species) efficiency depends on
the enhancement of pH and high concentration of Al and Si
[58]. The pH value is an important factor in the formation of
HAS. Al toxicity often occurs in low pH, and HAS formation
does not have enough efficiency in low pH (<5) [58].

Al-Si, decreases the toxicity of Al3+ [30, 56]. Additionally, it
decreases the Al availability [55] and reduces the free Al by the
formation of the aluminum silicate compound in plant cells
[60]. The plant cell wall has an important site in colocalized
Al-Si in hypodermal and epidermal cells [61], which is shown
to be a major site for accumulation of silicon to make wallbound organosilicon compounds [62]. Investigating Minuartia verna, Neumann et al. expressed that formation of Znsilicate precipitated in the leaf epidermis acts as an important
pathway for Zn detoxification [63]. There are different ideas
regarding the impact of silicon on the cell wall. In some
experiments on the cell wall, the results showed that silicon
could not significantly reduce the Al concentration, but they
indicated an exchange enhancement in Al-cell wall binding.
Therefore, it was concluded that silicon decreases the Al-cell
wall binding in the apoplast [58]. There are, however, other
researchers who attributed this factor to the reduction of alumina biologic activities; they believe that Si could not reduce
Al concentration in the cell wall, but Si can decrease the ability
of Al biologic activity in the cell wall. This is assumed as a
factor in the reduction of aluminum efficiency in connection
with the cell wall, which reduces the toxicity of aluminum.
Prabagar et al. (2011) demonstrated that degradation of free Al
by silicon in the cell wall can be an important factor to protect
the plant cells in P. abies [60] so that the reduction of Al
biological availability, hydroxy aluminum species, and silicic
acid is key in the formation of HAS in low pH [30]. Silicon
involved in the translocation of the cell wall is one of the
crucial mechanisms in the reduction of heavy metal toxicity
in plants [13, 64]. One experiment conducted by Gunes et
al. (2007) showed that silicon limited baron translocation
from root to shoot in spinach [65]. Formation of Si heavy
metals in ultrastructures revealed the role of Si in heavy
metal transport. The results of another experiment reported
that, in Cardaminopsis sp., silicon actively contributes to the
transportation of Zn to vacuoles. Through this process, Zn
precipitates to the cytoplasm with silicate formation. The
formation of Zn-silicate during such a fast process degrades
to SiO2 and Zn immediately. Then, Zn is transferred to the
vacuole, and SiO2 precipitates in the cytoplasm [17]. The other
pathway is related to plasma member and tonoplast forming
pinocytotic vesicles in which Zn is directly transferred from
extracellular fractions to vacuoles [39]. This is known as a
compartmentation mechanism in plants. In both cases, the
formation of Si heavy metals has a vital role in the digestion
and precipitation of metal ions. It can be concluded that
silicon can reduce the heavy metal mobility with chemical
interaction mechanisms, such as formation of Si heavy metal
[39].

2.3. Mechanism Three: Formation of Si Heavy Metals. Silicon,
in the first step, detoxifies the heavy metals in plants with
(1) solution chemistry mechanism (i.e., making complexes
with heavy metals) and (2) planta mechanism [1, 30, 59] (i.e.,
stimulating the organic acid exudate from plants to chelate
metals ions) [1, 30, 59]. In the solution chemistry mechanism,
silicon creates a compound by forming silicates and oxides
with heavy metals, which is caused by the unavailability of
Si in plants [59]. For instance, Si, in a complex formation of

2.4. Mechanism Four: Stimulation of Enzyme Activities. Metals ions, with distribution in photosynthesis electron transfer (Phet) and reduction of net photosynthesis (Pn), may
lead to a severe impairment in photosynthetic metabolism
[66]. Severe impairment in photosynthetic metabolism is
expressed as an important factor in the generation of ROS
derivatives, such as H2 O2 , O−2 , and OH [67] in chloroplasts,
mitochondria, and plasma membranes [68], which is a
primary response of plants to oxidative stress [69, 70]. An

toxins in plants [47]. Furthermore, extension of apoplastic
barriers, such as development of endodermis under metal
stresses, are among important mechanisms to prevent the
translocation of cadmium to aerial parts [48]. This matter has
been reported in the rice plant [49]. Similar results obtained
from Qiong Zhong’s study on Avicennia reported that silicon
with expanding and improved apoplastic barriers in roots can
reduce Cd uptake in plants [47].
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ROS compound is divided into two categories: (1) nonradical molecules, such as singlet oxygen (1O2 ) and hydrogen
peroxide (H2 O2 ), and (2) free radicals. Free radicals include
hydroxyl radical (∙OH), superoxide anion (O2∙−), alkoxy
radical, perhydroxyl radical (HO2 ), reactive molecules, and
ions. Chloroplasts and mitochondria are major colonies in
generating O2 and O−2 [68, 70]. The primary location in the
plant for generating ROS includes the reaction center of PS1
and PS11 in chloroplast thylakoid membranes. Generation
of ROS usually occurs with the excess of photons (p) in
environmental changes (environmental stress) when there is
an extra dose of CO2 assimilation (A) (P > A) [71]. ROS
derivatives increase oxidative stress in plants, which can lead
to an increase in MDA and lipid peroxidation, disturbance
in enzyme activity and amino acids in cells, and protein
oxidation [68, 72, 73]. Thus, damaging impacts of ROS can
be summarized as follows:
(A) Morphological impacts, including (1) decreasing of
root and shoot growth and (2) leaf curling
(B) Biochemical impacts, such as (1) membrane damaging, (2) permeability, and (3) protein structure
(C) Physiological impacts, such as (1) chlorosis, (2) photosynthesis, and (3) metal uptake [74, 75].
Silicon accumulation in different plant tissues, such as root,
stem, leaves, and hulls, can preserve the plant from abiotic
and biotic stresses [76]. Plants’ major defense mechanisms
to adjust to heavy metal stress and to protect plant cells
from oxidative stress are scavenging free radicals by ROS.
ROS stimulates enzyme activities, either antioxidant enzymes
or nonenzyme activities [77–80]. Antioxidant enzymes and
nonenzymes include superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), guaiacol peroxidase (GPX),
ascorbate peroxidase (APX), glutathione reductase (GR)
[65, 71, 81, 82], ascorbic acid (AA), flavonoids, reduced
glutathione, 𝛼-tocopherol, carotenoids, and osmolyte proline
[83, 84]. They can scavenge ROS in plants with some
chemical cycles, such as ascorbate-glutathione, water-water,
and peroxisomal glutathione peroxidase. And these chemical
cycles are in intercell organs including cytosol, mitochondria,
chloroplast, apoplast, and the peroxisomes [85–87]. They
can maintain plant integrity against metal stress inside
mitochondria, nuclei, and chloroplasts [28, 88]. In this case,
SOD converts superoxide anion to peroxide [63]. CAT
catalyzes the conversion of H2 O2 to water and O2 [89, 90].
Ascorbic oxidase majorly contributes to the regulation of
GR and NADPH [91]. Glutathione, which shows intracellular
redox potential and ascorbate, would then be involved in
cytoplasmic and apoplastic signaling [92, 93]. In terms of
antioxidant activity, silicon leads to stimulation of antioxidant
enzyme activity in plant growth under heavy metal stress
[37]. This issue has been shown in many plants under
different metal stressors, including soybean [94], barley [65],
rice [95], A. thaliana [96], cotton [7], banana [97], Brassica
chinensis L [28], peanut [35], and ramie [98]. For instance,
the results obtained from Ajuga multiflora indicated that the
medium with extra dose of silicon to MS can increase shoot
regeneration by increasing the antioxidant enzyme activities,

such as SOD, POD, APX, and CAT [99]. However, other
sources indicated that silicon can impact the Mn uptake by
root and reduce Mn concentration in cucumber [100]. A
similar result was reported for sorghum [101]. In another
experiment on rice exposed to extreme doses of Zn, it is
shown that Si application increases the antioxidant activities,
such as SOD, CAT, and APX, while reducing the H2 O2 and
MDA content [95]. Feng et al. indicated that an extra dose of
Si applied in cucumber and exposed to manganese toxicity
increases antioxidant and nonantioxidant enzyme activities,
including SOD, APX, DHAR, GR, ascorbate, and GSH and
decreases the lipid peroxidation [102]. Additionally, Song et
al. obtained the same result in a study on cucumber exposed
to Mn [95]. In general, silicon plays an important role in
increasing the antioxidants in plants. However, the efficiency
of this mechanism relates to the concentration of heavy
metals so that in a high dose of metal toxicity antioxidant
activity may not work well [13].
2.4.1. Silicon via Ascorbate. Ascorbate, as a regulator with
small molecular weight, can regulate cell processes, including
those through cell cycle, those during cell expansion, and
senescence [103]. The main site of ascorbate is located in the
mesophyll cells of leaves with 40% storage in the chloroplast,
which is often decreased in stress conditions [70]. Ninety
percent of AsA ascorbate is localized in cell cytoplasm, known
as a frontier line in the interference with external oxidant
damage [104]. It plays an important role in removing H2 O2
from water [105]. Additionally, reduced glutathione (GSH)
is an important component for the formation of ascorbateGSH (AsA-GSH), which consists of the bench of the enzyme,
including GSH sulfotransferases (GSTs), glutathione peroxidase (GPX), and glutathione reductase (GR) [106]. GSH,
as a biothiol tripeptide, plays a vital role in cell tolerance
to metal stresses using two pathways: (1) antioxidant and
phytochelatins (PCs) regulating redox imbalance and (2)
reducing the concentration of free ion cellular, respectively
[107, 108], that is important to the amelioration of heavy metal
stress as the antioxidant [109, 110]. Glutathione peroxidase
(GPX, EC 1.11.1.9.), as one peroxidase enzyme, plays an important role in the degradation of ROS compounds in cytoplasm
and apoplast area [68] and also biosynthesis of lignin [111].
GPX can scavenge ROS from intra- and extracellular media
[112]. Additionally, it would scavenge H2 O2 by reducing
the glutathione and regenerating GSSG using glutathione
reductase (GR) [70]. Ascorbate peroxidase (APX) (1.1.11.1) is
known to be the indicator of H2 O2 amounts in chloroplasts
and cytosol, which can be used to degrade the ascorbic acid
[105]. APX in the ascorbate-glutathione cycle degrades H2 O2
to water (as a cofactor) [70, 113] which can raise its activity
with some enzyme functions, such as SOD, CAT, and GSH
reductase [105]. APX is the main form of AsA-GSH cycle
which has the ability to scavenge H2 O2 to H2 O and oxygen
with MDHA molecular [105]. The ability to scavenge H2 O2 in
APX is much stronger than CAT [105, 114]. The role of APX in
cell protection is crucial and can cover plant cells with five different isoforms, including cytosolic form (cAPX), chloroplast
stromal soluble form (s APX), and thylakoid (t APX) glyoxysome membrane form (gmAPX) [105]. The role of silicon
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is to increase the APX, GSH, and AsA activity under heavy
metal stress conditions. Silicon application also has a positive
impact on the ascorbate-glutathione cycle and can improve it
by increasing APX [28]. Thus, it can be concluded that silicon
indirectly associates with the degradation of ROS compounds, such as H2 O2 and OH to detoxify plant toxicity, and
consequently can increase the plant tolerance to metal stress.
2.4.2. Silicon via Glutathione. Glutathione, as a redox buffer,
plays an important role in the antioxidant mechanisms to
scavenge ROS by preserving the balance of cellular redox
[115]. Glutathione reductase (GR, EC, 1.6.4.2) is a compound
containing disulfide groups. It is categorized as flavoenzymes, which can work with some mechanisms, including
catalyzing and oxidizing flavin with NADH and disulfide. It
also interchanges some reactions by GSSG degradation in
disulfate [116], which has an important role in the synthesis
of phytochelatins and is an essential factor in sequestering
heavy metals [117]. Additionally, it has the ability to scavenge
ROS by converting it to sulfhydryl form GSH through
catalyzing glutathione disulfide [118], which has a major role
in the control of H2 O2 levels [119]. Glutathione reductase
occurs during the photosynthetic process for scavenging
and degradation of H2 O2 [120, 121] and was often localized
in chloroplasts. However, a small amount of that was also
found in mitochondria and cytosol, which play the catalyst
role in ASH-GSH cycle by mechanisms of degradation and
regeneration of GSH [122]. GSH plays an important role
in the cell system through certain mechanisms such as the
regulation of the sulfhydryl (-SH) group and GSTs [123]. In
addition, it is known to be one of the important antioxidant
and redox buffers and has an important role in cell division
[123]. GR and APX, with the ascorbate-glutathione cycle, play
an important role in scavenging ROS by degrading H2 O2 , so
that ascorbate converts H2 O2 to H2 O and GR in the first line
of this pathway and continues degrading H2 O2 to reduced
glutathione level in the last step [71, 124].
2.4.3. Superoxide Dismutase. The soluble enzyme dismutase
has an important duty in the dismutation of O−2 to O2 and
H2 O2 [125]. It also plays a vital role in cell protection. In
the case of heavy metal toxicity, superoxide dismutase (SOD)
with enzyme code (EC 1.15.1.1) is known to be the first line
in the detoxification of ROS compound. Firstly the enzyme
causes a dismutation of O−2 and secondly it reduces the
possibility of OH formation [125]. The dismutation reaction
is conducted by three types of formations to use different
metals as cofactors in SOD, including manganese (Mn-SOD),
iron (Fe-SOD), and copper/zinc (Cu/Zn-SOD) [126]. The
SOD site, in a plant cell, can be located in the chloroplast,
mitochondria, cytosol, or peroxisomes. More precisely, the
sites of these three types of formations are normally in
peroxisomes; however, their specific sites are manganese in
mitochondria, iron in the chloroplast, and copper/zinc in
glyoxysomes, chloroplast, and cytosol [127, 128].
2.4.4. Catalase. In peroxisomes and photorespiration, catalase acts as a dismutation factor in scavenging H2 O2 to oxygen and H2 O through the process of 𝛽-oxidation of fatty
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acids. Oxidation has a vital role in the digestion of the ROS
components especially for H2 O2 [129, 130]. One molecule of
CAT can catalyze two molecules of H2 O2 to water and oxygen
[131]. Additionally, CAT can degrade some hydroperoxide
groups, including methyl hydrogen peroxide (MeOH). By
controlling the H2 O2 compound, CAT preserves cell walls
from lipid production and membrane damage. It is also
involved in photosynthesis and prevents chlorophyll degradation [132].

3. Conclusion
Silicon is the second most abundant element in soil and the
earth’s crust. It cannot be found as a free element in soil and
always appears as a combination of oxygen and silicate and
other elements, which can be used in plants as silicic acid,
Si(OH)4 . Silicon can be considered a quasi-essential element
to increase plant growth and development and to reduce
the abiotic and biotic stresses in plants through different
mechanisms. It also plays a positive role in increasing the
plant’s resistance against stress, which can be achieved by
silicon accumulation in plant parts, including roots stem,
leaves, and hulls.
Silicon is generally used in plant protection processes
against heavy metals in two mechanisms: avoidance and
tolerance. Avoidance mechanisms include silicon reducing
heavy metal uptake and availability by increasing the soil pH.
It can additionally chelate-heavy metal compounds with root
exudates, such as phenolics and organic acids, or decrease
the translocation of heavy metals in the plant. However, in
tolerance mechanisms, silicon elevates heavy metal stress
with various mechanisms, including compartmentalizing
heavy metals into cell walls and vacuoles, increasing enzyme
antioxidant and nonenzyme antioxidant activity, limiting
transportation in plants, homogeneously distributing metals
in the leaf surface, and chelating or making a heavy metal
barrier to reduce translocation in plants. The pH value mechanism caused by silicon is one of the important mechanisms
for amelioration of heavy metals. Having additional silicon
in the soil causes the pH value to increase. It can be vital for
the immobility of heavy metals, may decrease heavy metal
uptake, and can finally reduce the precipitation of silicon
and heavy metals. Reduction of heavy metal uptake can be
done in two ways: chemical or physical pathways. In the
first way, stimulating the root exudate, silicon leads to an
increase in chelating heavy metals, which can then reduce
the ion uptake by plants. In the other case, plasmids in
root cells prevent the translocation of heavy metals from
root to shoot with building barriers. This can be counted
as a physical mechanism to reduce heavy metal uptake
in plants. The terms “chemical solution” and “planta” in
silicon mechanisms are very important; “planta” expresses
the increase in organic acid exuded from plants for chelation
purposes of metals ions, as previously discussed. However,
“chemical solutions” often occur in plant cells; they have
this ability to initiate a silicon-to-metals ion formation and
make a new compound of the silicon-heavy metal, which
can cause the precipitation of heavy metal and silicon in the
space between cells and phytoliths. The impacts of silicon
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on antioxidant enzymes’ and nonenzymes’ activities are
considered one of the important mechanisms to reduce the
negative effects of heavy metals in plants. This can effectively
protect plant cells from oxidative stress and scavenging
free radicals caused by ROS to stimulate both antioxidant
enzymes’ and nonenzymes’ activities, such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), guaiacol
peroxidase (GPX), ascorbate peroxidase (APX), glutathione
reductase (GR), ascorbic acid (AA), flavonoids, reduced
glutathione, 𝛼-tocopherol, carotenoids, and osmolyte proline.
Antioxidants can scavenge ROS in plants with some chemical
cycles, such as ascorbate-glutathione, water-water, and peroxisomal glutathione peroxidase. And these chemical cycles
are in plant intercell organs, including cytosol, mitochondria,
chloroplasts, apoplast, and peroxisomes. Another mechanism
related to silicon mediation under heavy metal stress is
gene expression. Physiologic alteration in plants related to a
change in gene expression and changes in plant structures
causes amelioration of heavy metals. This topic requires more
research to identify mechanisms and thus will be followed by
the authors in future research.
This article attempted to highlight the major mechanisms
of silicon in reducing and ameliorating heavy metals in
plants. Additionally, it tried to address the role of genes and
intracellular organs and nuclei in plants.
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The high within-litter birth weight variation has become a big issue in multiparous animals. The present study was conducted
to investigate the effects of leucine supplementation in premating diet on the reproductive performance, maternal antioxidative
capability, and immune function in primiparous rats. Six-week-old female SD rats were assigned to basal diet or 0.6% leucine
supplemented diet for two weeks. After mating during the eighth week of age, the rats were fed with regular gestation diet. Maternal
blood samples were collected on the day before mating (day −1) and day 7 and day 20 of pregnancy, while ovaries and uteruses were
obtained on day −1 and on day 7, respectively. The results indicate that, compared with control group, within-litter birth weight
variation was significantly decreased, while birth weights were significantly increased in the leucine group (𝑃 < 0.01). Also, leucine
improved the embryo distribution uniformity and the number of implantation sites in uterine. The ovarian gene expressions of
LHR, CYP19A1, and VEGFA were upregulated, while Mucin-1 was decreased significantly (𝑃 < 0.05). Leucine also increased the
maternal antioxidant capacity and immune function. Conclusively, leucine supplementation in premating diet could improve the
reproductive performance, which could be attributed to the improved oxidative and immune status.

1. Introduction
Over the past few decades, advances in selecting and breeding
have significantly increased the litter sizes in modern highproducing sows [1]. However, this increase in litter size
has coincided with an enlarged number of growth retarded
piglets and increased preweaning mortality and heterogeneity at ten weeks of age [2, 3], and these losses can be partly
attributed to the increased proportion of piglets of low birth
weight. Importantly, the increased preweaning mortality is
likely the result of the high within-litter birth weight variation
[1, 4]. During the peri-implantation period, conceptuses
can show different stages in elongation process in uterus
[5], indicating that the diversity of developmental ability
of conceptuses may lead to the variation in fetal growth
[6] and decrease the birth weight uniformity of littermates.
Considering the fact that the oocyte quality is the main factor
affecting early embryonic survival and fetal development [7],
nutritional interventions during the follicular growth period

may decrease within-litter birth weight variation. In addition, maternal physiology condition, especially antioxidative
capability and immune function, acts as a potential influence factor for the pregnancy results. It has been reported
that a balance between reactive oxygen species (ROS) and
antioxidant not only plays a great role in hormone secretion
of ovary, but also benefits oocyte maturation and quality
[8–10]. Also, some other researches indicated that maternal
immune system influences reproductive event, particularly
around the time of conception and embryo implantation [11],
and immune dysregulation is implicated in adverse perinatal
health outcomes [12].
Leucine, like other essential nutrients required for maintaining life in rodent [13], needs to be supplemented in
diet because animals cannot synthesize it by themselves
[14]. Leucine metabolism has been largely reported to be
closely associated with early-state embryo development by
activating the mTOR signal pathway [15, 16]. Besides, as
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a prerequisite for fetus growth, leucine has an important
function in blastocyst development, which may further contribute to embryo implantation [17]. It has been proven that
leucine could trigger trophectoderm motility and upregulate blastocyst outgrowth in the peri-implantation period
in vitro [18, 19], eventually improving the success rate of
mouse embryonic implantation. However, to our knowledge,
the effects of leucine supplementation during the follicular
growth period on the outcome of pregnancy are rarely
investigated. We hypothesized that leucine supplementation
during preconception period facilitates oocyte maturation
and promotes embryonic implantation uniformity during the
peri-implantation period, ultimately increasing the littermate
birth weight uniformity. To this aim the present study was
conducted to investigate the effects of leucine administration
in premating diet on within-litter birth weight variation,
maternal antioxidative capability, and immune function in
primiparous SD rats.

2. Materials and Methods
2.1. Animals. Sprague-Dawley female rats aged five weeks
were purchased from Sibeifu Inc (Beijing, China). Upon
arrival, there was one week for adaptation. They were housed
in individual cages in a climatized environment at 23∘ C in a
room with a 12 h light/12 h dark cycle (lights on from 8:00 am
to 8:00 pm) and were given free access to water and feed. All
animal procedures were approved by the China Agricultural
University Institution Animal Care and Use Committee.
2.2. Diet and Experimental Design. The experimental groups
contain a control group (basal diet for adult rodent) and a
leucine group (basal diet supplemented with 0.6% l-Leucine),
and the treatment lasted for two weeks from six to eight
weeks of age. After two weeks of leucine administration, each
female rat was cocaged with one male SD rat proven fertile
overnight, and the presence of spermatozoa in the vaginal
smear in the next morning was defined as day 1 of pregnancy.
Females that did not mate were reintroduced to males and
daily leucine manipulation was repeated until mating was
achieved. Mating had been attempted for a maximum of 2
nights, with those that did not mate being excluded from the
study.
2.3. Plasma and Tissue Sampling. At the end of the leucine
administration, the day before mating was defined as day −1,
10 dams from each group were anesthetized with sodium pentobarbital and then sacrificed 5 min later. Ovary and uterus
were immediately snap-frozen in liquid nitrogen and stored
in −80∘ C for quantification of gene expression and determination of the immune function. Liver tissue was collected
for antioxidant capacity analysis. On day 7 of pregnancy, at
which point the embryo establishes contact with the uterine
endothelium, 10 dams from each group were anesthetized
and killed. After exposing the uterine horns, the implantation
sites were counted and collected. In addition, considering the
effect of birth order, specifically the uncertainty of delivery
time and the intake of colostrum on fetal body weight, the
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remaining pregnant rats (𝑛 = 12/group) were sacrificed to
evaluate the within-litter birth weight variation on day 20 of
gestation (duration of pregnancy is 21–23 days). On day −1
and days 7 and 20 of pregnancy, blood was collected from the
vena cava into heparinized vacuum blood tube for analysis of
amino acids, hormone, and metabolites concentration. Blood
samples were centrifuged at 3,000 rpm for 15 min and stored
at −20∘ C.
2.4. Biochemical Analysis. Plasma concentrations of insulin,
insulin-like growth factor 1 (IGF-1), estradiol, progesterone,
luteinizing hormone (LH), and follicle stimulating hormone
(FSH) were analyzed by radio immunoassay kits. The levels
of plasma immunoglobulins (IgA, IgG, and IgM), interleukins (IL-1𝛽 and IL-6), and tumor necrosis factor 𝛼 (TNF
𝛼) were measured using commercial ELISA kits for rats.
Redox-status-related parameters including malondialdehyde
(MDA), superoxide dismutase (SOD), glutathione peroxidase
(GSH-Px), and catalase (CAT) in liver were determined using
enzyme immunoassay kits. All the assay kits were purchased
from Sino-UK Inc (Beijing, China) and processed following
the instructions provided by the manufacturer. Concentrations of amino acids in plasma were determined by a
high-performance liquid chromatography (HPLC) involving
precolumn derivatization with o-phthaldialdehyde [20, 21].
2.5. RNA Extraction and Quantitative Real-Time PCR Analysis. The RNA extraction from implantation sites was performed using the TRIzol reagent (CWBIO, China) according
to the manufacturer’s protocol, and the total RNA concentration and purity were evaluated using NanoDrop spectrophotometer (Thermo Scientific, USA). A total of 1.0 𝜇g RNA was
reverse transcribed to complementary DNA (cDNA) using
RevertAid 1st Strand cDNA Synthesis Kit (Thermo, USA).
Then cDNA was used for amplifying by specific primers (Supplementary Table 1) using SYBR Green (Takara, Japan) with
an Applied Biosystems 7500 Real-Time PCR System (ABI,
USA). The PCR system consisted of 5.0 𝜇L of SYBR Green
qPCR mix, 1.0 𝜇L of cDNA, 1.0 𝜇L of primer pairs (0.5 𝜇L
forward and 0.5 𝜇L reverse), and 3.0 𝜇L of double distilled
water with a total volume of 10.0 𝜇L. The protocols for gene
quantification included a denaturation program (10 min at
95∘ C) and amplification and quantification program repeated
for 40 cycles (15 s at 95∘ C, 60 s at 60∘ C), followed by a melting
curve program at 60–95∘ C with a heating rate of 0.1∘ C per
second and continuous fluorescence measurement. Data were
analyzed using the 2−ΔΔct method as described [22].
2.6. Statistical Analysis. Values were expressed as means ±
SEM. Effects of leucine on the outcome of pregnancy were
analyzed using a Student’s unpaired 𝑡-test (GraphPad Prism
version 7.0). 𝑃 < 0.05 was considered significantly different,
and 0.05 < 𝑃 < 0.1 was considered a tendency.

3. Results
3.1. Reproductive Performance. In the present study, there is
no statistical difference in average daily feed intake between
the control and leucine supplementation group (Table 1).
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Table 1: Effect of dietary leucine supplementation on average daily
feed intake during premating and pregnancy in primiparous SD rats.
Items
Control
0.6% leucine 𝑃 value
Average daily feed intake (g)
Premating
16.87 ± 0.30 17.96 ± 0.38 0.314
Pregnancy
20.64 ± 0.32 21.74 ± 0.32 0.909
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upregulated the level of SOD (63.02 ± 1.10 and 51.29 ± 2.60,
leucine and control group, resp., 𝑃 < 0.01), and it also
upregulated CAT and GSH-Px concentrations in plasma (𝑃 <
0.05). Besides, the level of CAT in liver from the leucine
group (58.66±1.29) was higher than that in the control group
(53.52 ± 3.20) (𝑃 < 0.05). There was no difference on MDA
concentration in both plasma and liver.

Value is the mean ± standard error of means of twelve replicates.

Fetal birth weight was indicated as body weight at late
gestation (day 20 of pregnancy). Variation of within-litter
birth weight was determined as a coefficient of littermate
birth weight. The reproductive outcomes were presented
in Table 2. In the leucine group, within-litter birth weight
variation was significantly downregulated, compared to the
control group (𝑃 < 0.05). At the same time, litter weight in
the leucine supplemented group was higher (𝑃 < 0.01) than
that in the control group. In addition, placental weight was
significantly higher (𝑃 < 0.05) in the leucine group. There was
no difference in litter size between the two groups. In the early
gestational stage, embryonic implantation was investigated
on day 7 of pregnancy, during which blastocysts establish
contact with endometrium. There was no difference in total
number of implantation sites (Table 3). Extreme embryo
distribution in two uterine horns indicated by the number
of implantation sites was only observed in the control group
(Figure 1). No statistical difference was found in body weight
on day −1 of pregnancy (Table 4), whereas the relative weight
of uterus was higher (𝑃 < 0.01) in the leucine group when
compared to the control group. Although the absolute weight
of the ovary was higher (𝑃 < 0.05) in the leucine group,
the relative weight did not differ between these two groups
(Table 4).
3.2. Hormone Concentration. Maternal plasma reproductive
hormone concentrations were presented in Table 5. Compared with the control group, both the IGF-1 and estradiol
level were higher at all the tested time points during pregnancy (all 𝑃 < 0.05) in the leucine group. In addition, insulin
level was reduced (𝑃 < 0.05), while LH concentration was
higher (𝑃 < 0.05) on day −1 of pregnancy, progesterone concentration was upregulated (𝑃 < 0.05) on day 7 of pregnancy,
and FSH level was higher (𝑃 < 0.05) on day 20 of pregnancy
by supplementing leucine in the diet.
3.3. Gene Expression. On day −1 of pregnancy, ovarian
receptivity-related gene expressions were determined by
quantitative real-time PCR. Leucine supplementation upregulated the expression of LSHR (Figure 2(a)), CYP19A1
(Figure 2(d)), and VEGFA (Figure 2(e)), while it downregulated Mucin-1 (Figure 2(f)). No statistical difference was
found in expression of FSHR (Figure 2(b)) and CYP17A1
(Figure 2(c)) between the two groups.
3.4. Antioxidative Capability. Effect of leucine on the antioxidant enzyme activity and oxidant products on day −1 of
pregnancy were presented in Table 6. Leucine administration

3.5. Immune Function. There was a marked effect of leucine
on the level of immunoglobulin (Figure 3(a)) and inflammatory cytokines in the plasma (Figure 3(b)). Supplementation
of leucine upregulated the plasma concentrations of IgM, IL1𝛽, IgG, and IL-6 concentrations (𝑃 < 0.05) on day −1 of
pregnancy. Dietary leucine administration did not affect the
plasma level of IgA and TNF 𝛼 on day −1 of pregnancy.
3.6. Amino Acids Profile. On day −1 of pregnancy, leucine
supplementation significantly upregulated the plasma concentration of alanine, glutamine, arginine, leucine (𝑃 < 0.05),
and aspartic acid (𝑃 < 0.01). Plasma phenylalanine and
isoleucine showed a trend to increase (𝑃 < 0.10). But leucine
had no effect on those of other measured amino acids, including cysteine, glycine, glutamic acids, methionine, lysine,
tyrosine, proline, tryptophan, serine, threonine, asparagine,
valine, and histidine, as compared with the control group
(Table 7). On day 7 of pregnancy, only plasma aspartic acids
showed a lower level (𝑃 < 0.05) than control group, while
methionine concentrations had a trend to increase (𝑃 < 0.10)
and the level of tryptophan trended to decrease (𝑃 < 0.10) in
the leucine group (Table 7).

4. Discussion
Currently, special attention has been given to high variation
of within-litter birth weight in modern prolific sows, which
is characterized with a higher proportion of low birth weight
newborns [23, 24] and their poor postnatal survival and
subsequent growth performance [1]. Leucine has been largely
reported to play key roles in oocyte maturation and early
embryo development [19]. In the present study, our results
demonstrate that leucine supplementation in the premating
diet decreases the within-litter birth weight variation, and the
increased embryonic implantation uniformity in two uterine
horns and more appropriate strategies of amino acids utilization could partially explain the effect of leucine supplementation on neonatal outcomes. Besides, better body physiology
condition, as shown by the increased antioxidative capability
and immune function, may also contribute to improving
the maternal phenotype.
One potential way to reduce within-litter variation of
birth weight is nutritional interventions in premating period,
because it has been demonstrated that diet composition fed
before insemination can affect the distribution of fetal size
within a litter [25]. In the current study, fetuses of leucine
supplementation group show better within-litter birth weight
uniformity than that in the control group, concomitant with
increased litter weight. Consistent with the previous findings,
it has been shown in pig that nutritional manipulation before
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Table 2: Effect of dietary leucine supplementation on the reproductive performance in primiparous SD rats.
Items
Within-litter birth weight variation (%)
Number of live-born rats (𝑛)
Average birth weight of live-born rats (g)
Average weight of placentas (g)

Control
6.04 ± 0.01∗
14.33 ± 0.28
1.97 ± 0.01
0.45 ± 0.01

0.6% leucine
5.30 ± 0.01
16.00 ± 0.42
2.12 ± 0.04∗∗
0.56 ± 0.03∗

𝑃 value
0.036
0.195
<0.01
0.021

Value is the mean ± standard error of means of twelve replicates; ∗ is means labeled with significant difference (𝑃 < 0.05); ∗∗ is means labeled with extreme
difference (𝑃 < 0.01).
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Figure 1: Effect of dietary leucine supplementation on implantation on day 7 of pregnancy in SD rats. Implantation site distributions in
control (a) and leucine (b) group.
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Figure 2: Effect of dietary leucine supplementation on the expression of gene involved in ovarian receptivity on day −1 of pregnancy in
SD rats. The gene expression levels of LHR (a), FSHR (b), CYP17A1 (c), CYP19A1 (d), VEGFA (e), and Mucin-1 (f) in ovary on day −1 of
pregnancy were measured by quantitative real-time PCR. Data is expressed as mean ± standard error of means of nine replicates. ∗ Labeled
with significant difference (𝑃 < 0.05); ∗∗ labeled with extreme difference (𝑃 < 0.01).

Table 3: Effect of dietary leucine supplementation on total number
of implantation sites on day 7 of pregnancy in primiparous SD rats.
Items
Number of
implantation sites (𝑛)

Control

0.6% leucine

𝑃 value

15.90 ± 0.69

17.20 ± 0.49

0.321

Value is the mean ± standard error of means of ten replicates.

and during the follicular phase seems to have the potential
to decrease the within-litter variation in birth weight [26].

It can be speculated that dietary leucine supplementation
had a positive function in premating period, likely during
follicular growth phase. Specifically, the effects of leucine
administration on within-litter birth weight variation could
be attributed to its effect on follicle quality and/or oocyte
quality [27]. However, as there was no difference in litter
size, we suppose that the limited uterine space is another
restricted factor of fetal development [28]. Although the
absolute weight of the ovary was higher in the leucine
group, the relative weight did not differ between these two
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Table 4: Effect of dietary leucine supplementation on tissue weights on day −1 of pregnancy in SD rats.
Groups
Control
0.6% leucine

Body weight
g
271.57 ± 3.27
276.38 ± 4.48

Absolute tissue weight
Ovary
Uterus
mg
g
125.21 ± 0.01
0.39 ± 0.01
141.33 ± 0.01∗
0.42 ± 0.04∗∗

Percentage of BW
Uterus
‰
0.49 ± 0.01
1.42 ± 0.06
0.52 ± 0.01
1.55 ± 0.16∗∗
Ovary

Value is the mean ± standard error of means of ten replicates; ∗ is means labeled with significant difference (𝑃 < 0.05); ∗∗ is means labeled with extreme
difference (𝑃 < 0.01).

Table 5: Effect of dietary leucine supplementation on plasma hormones in primiparous SD rats.
Items
Day −1 of pregnancy
Insulin (uIU/mL)
IGF-1 (ng/mL)
Estradiol (pg/mL)
Progesterone (pg/mL)
LH (uIU/mL)
FSH (uIU/mL)
Day 7 of pregnancy
Insulin (uIU/mL)
IGF-1 (ng/mL)
Estradiol (pg/mL)
Progesterone (pg/mL)
LH (uIU/mL)
FSH (uIU/mL)
Day 20 of pregnancy
Insulin (uIU/mL)
IGF-1 (ng/mL)
Estradiol (pg/mL)
Progesterone (pg/mL)
LH (uIU/mL)
FSH (uIU/mL)

Control

0.6% leucine

𝑃 value

18.44 ± 2.95∗
157.90 ± 10.73
9.95 ± 0.97
406.24 ± 0.02
5.32 ± 0.10
4.78 ± 0.99

14.82 ± 1.25
206.43 ± 33.99∗∗
10.76 ± 2.12∗
431.58 ± 0.01
5.87 ± 0.21∗
6.37 ± 1.22

0.017
≪0.01
0.040
0.493
0.038
0.542

26.04 ± 1.79
139.40 ± 8.39
5.91 ± 0.44
396.20 ± 0.01
5.14 ± 0.19
6.84 ± 0.96

16.40 ± 1.84
229.70 ± 26.39∗∗
7.22 ± 1.35∗∗
412.97 ± 0.02∗
6.08 ± 0.13
7.34 ± 1.44

0.937
≪0.01
≪0.01
0.015
0.369
0.305

22.47 ± 1.70
195.43 ± 13.64
39.83 ± 3.17
429.65 ± 0.01
5.30 ± 0.28
11.01 ± 1.16

15.63 ± 1.42
252.33 ± 30.15∗
43.12 ± 7.21∗
412.68 ± 0.02
5.60 ± 0.32
4.67 ± 0.55∗

0.617
0.038
0.032
0.424
0.671
0.049

Value is the mean ± standard error of means of ten replicates; ∗ is means labeled with significant difference (𝑃 < 0.05); ∗∗ is means labeled with extreme
difference (𝑃 < 0.01).

Table 6: Effect of dietary leucine supplementation on plasma and liver antioxidant enzyme activity and oxidant products on day −1 of
pregnancy in SD rats.
Items
Plasma
SOD (U/mL)
CAT (U/mL)
GSH-Px (U/mL)
MDA (nmol/ml)
Liver
SOD (U/mL)
CAT (U/mL)
GSH-Px (U/mL)
MDA (nmol/ml)

Control

0.6% leucine

𝑃 value

51.29 ± 2.60
40.76 ± 3.36
848.58 ± 31.71
5.05 ± 0.53

63.02 ± 2.10∗∗
48.66 ± 7.47∗
897.71 ± 43.12∗
6.34 ± 0.65

≪0.01
0.037
0.032
0.56

61.23 ± 5.97
53.52 ± 3.20
611.10 ± 34.63
2.90 ± 0.18

76.66 ± 7.71
58.66 ± 1.29∗
684.70 ± 20.78
2.78 ± 0.11

0.483
0.019
0.170
0.143

Value is the mean ± standard error of means of nine replicates; ∗ is means labeled with significant difference (𝑃 < 0.05); ∗∗ is means labeled with extreme
difference (𝑃 < 0.01).
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Figure 3: Effect of dietary leucine supplementation on the level of immunoglobulin (a) and inflammatory cytokines (b) in the plasma on
day −1 of pregnancy in SD rats. Data is expressed as mean ± standard error of means of nine replicates. ∗ Labeled with significant difference
(𝑃 < 0.05); ∗∗ labeled with extreme difference (𝑃 < 0.01).

groups. The higher absolute weight of ovary could indicate
a better oocyte quality or larger follicular size in the leucine
group. In addition, on maternal metabolism level, different
plasma metabolites were found between the leucine and
control groups. Dams in leucine group showed increased
concentration of plasma estradiol accompanied by augment
in FSH level, which may be indicator of an upregulation of
ovarian response to gonadotropins.
Establishing contact with the endometrium is a challenge
for blastocysts during the window of implantation, which
requires both competent blastocyst and receptive uterus.
However, manifest differences in blastocyst developmental
competence lower the successful rate of implantation [5].
Abundant estradiol secreted from advanced embryos stimulates uterine secretions to their own benefit, however, which is
detrimental to the less-developed littermate embryos [29, 30];
therefore, considerable embryonic loss occurs in the periimplantation phase. Based on decreased within-litter birth
weight variation in the leucine group, the effects of leucine
on embryonic implantation were investigated on day 7 of
pregnancy. And results have shown that as an aspect of severe
asymmetrical distribution of embryos observed in the control
group, it could result from absorption of less-competent
blastocysts. Like late gestation phase in this study, in the early
pregnancy, leucine increased the circulating progesterone
concentration as well as IGF-1 and IGF-1-induced steroidogenesis by activating MAPK ERK1/2 phosphorylation [31],
which could positively regulate progesterone and estradiol
production in cultured rat granulosa cells [32].
Early results suggested that leucine was particularly
important for initiation of embryo outgrowth [33]. González
et al. [19] removed leucine from the culture medium resulting
in quiescent embryos that fail to form trophoblastic outgrowths. In this study, we found higher concentration of
estradiol and IGF-1 in rats treated with leucine at all the

three-time points during pregnancy. The reason might be that
estradiol is the major signal for maternal recognition of pregnancy, especially, which coincides with the time of concepts
elongation [34, 35]. Meanwhile, the higher concentration of
IGF-1 in the leucine group is in accordance with previous
study that demonstrated that the development of follicles
and oocytes is improved owing to higher concentration of
IGF-1 [36]. Other researches demonstrated that higher IGF1 level during the ovarian follicular phase reduced withinlitter variation in birth weight in the subsequent litter [27, 37].
In addition, the level of LH was increased on day −1 of
pregnancy in the leucine group. This could be explained by
the fact that leucine administration has a positive feedback
on the hypothalamus-pituitary axis leading to an increase
in gonadotropins release which may act to modulate follicle
development. On the other hand, during follicular growth,
with the increasing level of LH, recruited follicles can increase
the release of estradiol production [38] and therefore further
follicular development.
We further evaluated the gene expression which is related
to the follicular growth and oocyte maturation. Correspondingly, leucine upregulated expressions of LHR, CYP19A1, and
VEGFA genes and downregulated levels of Mucin-1. CYP19A1
is a key gene for steroid synthesizing and plays a critical role in
follicle recruitment. In another study, CYP19A1 mRNA had a
better expression in the larger follicles (6–9 mm in diameter),
compared with some follicles of 4–6 mm [39]. Increasing
results suggest that VEGFA is regarded as a useful marker of
follicle quality [40]. Direct injection of VEGF gene fragments
into the ovaries of rats not only increased VEGF mRNA and
protein in the ovary, but also resulted in a larger amount of
preovulatory follicles with a greater capillary density within
the theca layer of treated follicles [41].
During pregnancy, it is known that a certain degree of
inflammation is required to ensure successful implantation
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Table 7: Effect of dietary leucine supplementation on the concentration of amino acids on day −1 and day 7 of pregnancy in SD rats.

Amino acid (ug/ml)
Day −1 of pregnancy
Cysteine
Phenylalanine
Alanine
Glycine
Glutamic acid
Glutamine
Methionine
Arginine
Lysine
Tyrosine
Leucine
Proline
Tryptophan
Serine
Threonine
Aspartic acid
Asparagine
Valine
Isoleucine
Histidine
Day 7 of pregnancy
Cysteine
Phenylalanine
Alanine
Glycine
Glutamic acid
Glutamine
Methionine
Arginine
Lysine
Tyrosine
Leucine
Proline
Tryptophan
Serine
Threonine
Aspartic acid
Asparagine
Valine
Isoleucine
Histidine

Control

Leucine

𝑃 value

0.58 ± 0.14
11.21 ± 0.49
32.99 ± 1.76
16.80 ± 1.52
17.10 ± 0.73
84.80 ± 4.82
5.60 ± 0.30
22.36 ± 1.94
106.49 ± 8.11
11.08 ± 1.03
15.89 ± 0.60
15.24 ± 0.80
17.06 ± 0.77
19.66 ± 1.26
30.58 ± 2.88
0.54 ± 0.04
6.91 ± 0.47
18.79 ± 0.97
11.36 ± 0.47
6.87 ± 0.43

0.41 ± 0.14
13.17 ± 0.89
45.95 ± 3.88∗
21.06 ± 1.97
21.54 ± 1.17
89.30 ± 2.16∗
6.97 ± 0.46
24.51 ± 0.79∗
97.99 ± 5.88
12.10 ± 0.75
20.25 ± 1.42∗
19.04 ± 0.86
19.62 ± 1.02
23.99 ± 1.23
34.45 ± 2.90
0.83 ± 0.15∗∗
8.73 ± 0.41
22.89 ± 1.27
14.09 ± 0.94
8.47 ± 0.74

0.882
0.095
0.027
0.453
0.169
0.025
0.217
0.013
0.353
0.358
0.017
0.810
0.415
0.951
0.981
≪0.001
0.728
0.427
0.052
0.118

0.24 ± 0.06
11.57 ± 0.52
40.13 ± 2.45
20.24 ± 1.14
16.68 ± 1.06
77.50 ± 3.62
7.04 ± 0.23
20.77 ± 0.60
79.78 ± 12.21
10.34 ± 0.62
18.44 ± 0.88
17.47 ± 0.63
18.98 ± 1.11
21.26 ± 0.96
33.12 ± 2.70
0.71 ± 0.09
7.31 ± 0.36
21.84 ± 0.94
13.01 ± 0.67
7.89 ± 0.52

0.35 ± 0.05
11.85 ± 0.53
40.26 ± 1.21
20.10 ± 1.13
16.88 ± 0.77
75.84 ± 2.04
7.13 ± 0.12
23.81 ± 0.81
108.21 ± 7.97
11.56 ± 0.74
19.97 ± 0.58
17.40 ± 0.58
16.65 ± 0.54
20.75 ± 0.65
30.72 ± 1.40
0.67 ± 0.03∗
7.52 ± 0.35
24.45 ± 0.90
13.93 ± 0.60
7.90 ± 0.30

0.827
0.861
0.091
0.891
0.485
0.174
0.090
0.358
0.325
0.549
0.347
0.919
0.086
0.374
0.116
0.019
0.917
0.968
0.858
0.185

Value is the mean ± standard error of means of eight replicates; ∗ is means labeled with significant difference (𝑃 < 0.05); ∗∗ is means labeled with extreme
difference (𝑃 < 0.01).

of blastocyst into the maternal endometrium [42]. Plasma
inflammatory cytokines were increased by leucine supplementation, which are indicators of the activated immune
system. It is possible that the increased LHR concentration,
together with IL-1𝛽 and IL-6 levels, could stimulate the

expression of VEGF in luteal cells, which may influence concepts development at time of elongation and maternal recognition of pregnancy [6]. Besides, Plasma IgM and IgG were
higher in leucine group. It might reflect a suitable physiology
of maternal condition of its subsequent reproductive process.

BioMed Research International
These results indicated that leucine supplementation might
contribute to follicular development and improve oocyte
quality. Mucin-1 is decreased during the implantation phase,
which provides access for embryo attaching to the uterine
epithelium [43]. Nonetheless, available evidences showed that
the reduction of Mucin-1 was required to permit embryo
attachment in vivo rather than promoting this process [44,
45]. Intriguingly, in the present study, leucine decreased
Mucin-1 mRNA expression in ovary on day −1 of pregnancy.
Yet, the identity of the mechanism remained elusive.
Oxidative stress has adverse effect on the developmental
competence of oocyte [46], and antioxidant enzymes are
proposed as potential indicators for monitoring of oocyte
oxidative stress. The increase in SOD, CAT, and GSH-Px
levels, as a result of leucine supplementation in this study,
partly reflected amelioration in ovarian oxidative stress on
day −1 of pregnancy.
In our previous study, arginine has been shown to
enhance implantation sites, embryonic survival, and pregnancy outcome [47]. It has been argued that glutamine
becomes the principal energy source when the glucose carbons are mainly used for synthesis of cell building blocks in
proliferating cell [48]; notably, preimplantation conceptuses
follow the aerobic glycolysis-glutaminolysis pattern [49].
Importantly, leucine, as one of the branched chain amino
acids (BCAAs), is the substrate for the synthesis of glutamate
and arginine in the metabolic pathway of amino acids
[50, 51]. Correspondingly, in the current study, glutamine
and arginine concentrations in plasma on day −1 of pregnancy were higher in leucine group. Maternal nutrition via
mTOR signaling likely impacts on embryogenesis [52], which
indicated that, through mTOR signaling pathway, leucine
and glutamine might regulate intracellular protein turnover,
therefore affecting the survival and growth of embryos and
fetuses [47, 52].

5. Conclusions
In conclusion, our study not only points toward how leucine
supplementation in premating diet increases litter homogeneity but also improves oocyte maturation and quality as
well as embryo implantation. This is also the first study, to our
knowledge, to demonstrate that leucine administration could
reduce within-litter birth weight variation. Furthermore,
leucine also increased the maternal antioxidant capacity and
immune function, which could partly explain the better
reproductive performance in leucine supplemented group.
Our results provided much innovative information regarding
approaches to mitigate variation of littermate birth weights,
which could, in turn, improve neonatal survival.
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Alpha-ketoglutarate (AKG) is a crucial intermediate of the Krebs cycle and plays a critical role in multiple metabolic processes
in animals and humans. Of note, AKG contributes to the oxidation of nutrients (i.e., amino acids, glucose, fatty acids) and then
provides energy for cell processes. As a precursor of glutamate and glutamine, AKG acts as an antioxidant agent as it directly reacts
with hydrogen peroxide with formation of succinate, water, and carbon dioxide; meanwhile, it discharges plenty of ATP by oxidative
decarboxylation. Recent studies also show that AKG has alleviative effect on oxidative stress as a source of energy and an antioxidant
in mammalian cells. In this review, we highlight recent advances in the antioxidative function of AKG and its applications in animals
and humans.

1. Introduction
Reactive oxygen species (ROS) are oxygen-containing chemical species including superoxide anion, hydrogen peroxide
(H2 O2 ), and hydroxyl radicals, and most of which are
produced by mitochondria and nicotinamide adenine dinucleotide phosphate (NADPH) oxidases [1]. Of note, excess of
ROS could lead to oxidative stress in cells. Oxidative stress
is associated with the disorder of proteins, lipid oxidation,
and nucleic acid breaks, which may further impair cellular
physiological functions. Numerous studies suggested that
oxidative stress may result in some pathogenic diseases, such
as cancer [2], neurological disorders [3], age-related diseases
[4], atherosclerosis [5], inflammation [6], and cardiovascular
diseases [7]. Mammals have evolved a series of antioxidant
defenses to protect vital biomolecules from oxidative damage.
On the one hand, antioxidant agents, such as antioxidant
enzymes like superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GSH-Px), or nonenzymatic
agents, such as glutathione (GSH), vitamin C, and vitamin
E, can clean off most of ROS [8]. On the other hand, the
excess ROS can also activate many signaling pathways such as

mitogen-activated protein kinase (MAPKs), NF-erythroid 2related factor/antioxidant response element (Nrf2/ARE), and
peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾), which
play a vital role in cellular redox homeostasis and contribute
to antioxidative defense [9].
Glutamate, as a precursor of GSH, exerts alleviative effects
on oxidative stress in medicine and surgery [10]. AKG, as
a precursor of glutamine, is cheaper and more stable than
glutamine and acts as an antioxidant instead of glutamine
in many cellular processes. Many reports demonstrated
that AKG can be converted into glutamine by glutamate
dehydrogenase (GDH) and glutamine synthetase (GS), which
is a sign of antioxidative function. It is evident that AKG could
improve antioxidative capacity by promoting glutamine content and antioxidative systems [11, 12]. Additionally, Chen
et al. showed that AKG could significantly improve SOD
activity but reduce malondialdehyde (MDA) level, suggesting
an improvement of intestinal antioxidative capacity [13].
Recently, more and more studies indicated that AKG could
improve antioxidative function against oxidative imbalance
in cells, which further contributed to the prevention and
treatment of various diseases induced by oxidative stress.
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Therefore, in this review, we aim to summarize the recent
advances of the antioxidative function of AKG and its
applications.

2. Biochemical Characteristics of AKG
AKG is a weak acid containing two carboxyl groups and
a ketone group which is also called 2-ketoglutaric acid
or 2-oxoglutaric acid. AKG possesses many physiological
functions. On the one hand, AKG could react with ammonia
and then be converted into glutamate; subsequently, the glutamate further reacts with ammonia and generates glutamine
(Figure 1). On the other hand, AKG reacts with H2 O2 as a
result of the conversion of succinate, carbon dioxide (CO2 ),
and water (H2 O), eventually achieving elimination of H2 O2
(Figure 2) [14]. Additionally, AKG could produce plenty of
ATP in the TCA cycle and provide energy for intestinal
cell processes. Furthermore, AKG performs positive effects
on oxidative stress damage in intestinal mucosal cells and
contributes to cell redox homeostasis [15]. It has been
reported that enteral AKG was oxidized and used by intestinal
mucosa, thereby, as an energy donor and antioxidant agent
via the TCA cycle. Apart from the above, AKG also exerts
antioxidative defense by enzymatic systems and nonenzymatic oxidative decarboxylation.

3. Antioxidative Function of AKG
3.1. Antioxidants Activities. The balance between oxidants
and antioxidants plays an important role in physiological
functions in cells and biomolecules. Antioxidant system comprises enzymatic and nonenzymatic agents. Antioxidative
enzymes include SOD, CAT, GSH-Px, and nonenzymatic
agents include GSH, vitamin C, vitamin E [10]. AKG is
an antioxidant substance which exhibits a vital role in
scavenging ROS in organism [16]. Growing studies suggest
that AKG serves as a natural antidote of scavenging ammonia
by exerting its antioxidative capacity. It has been reported
that AKG inhalation showed a protective role in ammoniainduced lung damage in rats [17]. The mechanism may
be caused by reducing the levels of lactate dehydrogenase

(LDH) and MDA and improving the activities of SOD and
CAT and GSH level. Lipid peroxidation is susceptible to
ammonia or trauma like burns and eventually produces MDA
resulting in membrane injury and even cell apoptosis, while
antioxidants such as SOD and GSH-Px are beneficial to
prevent the lipid peroxidation and injury [18]. AKG could
prevent the lipid peroxidation by increasing SOD, GSHPx, and CAT activities to facilitate fat metabolism, and
then alleviate ethanol-induced hepatotoxicity and hyperammonemia induced by ammonium acetate in rats [19,
20]. Similarly, AKG also performs chemopreventive role
in hepatocarcinogenesis induced by N-nitrosodiethylamine
(NDEA) in rats by modulating the levels of antioxidants
and lipid peroxide to access normal levels [21]. Furthermore,
AKG shows high resistance to ammonia-N stress in hybrid
sturgeons as it enhances antioxidant enzymes activity and
HSP 70 and HSP 90 gene expression [22]. Besides, cyanideinduced oxidative stress could lead to neurotoxicity, the lipid
peroxidation, and dysfunction of membrane especially in
brain and kidney of animals like rats [23]. And cyanide is
evident to inhibit antioxidative defense such as reducing SOD
activity and GSH level [24]. Interestingly, AKG is considered
as a natural antagonist of cyanide poisoning because of
its chemical structure that is able to bind with cyanide to
produce cyanohydrin and further prevent cyanide poisoning
or cyanide lethality [25, 26]. In rat in vitro and vivo models,
AKG reduces GSH depletion and DNA damage induced by
cyanide [27]. Furthermore, studies demonstrate that AKG
alone could prevent brain and liver from cyanide-induced
oxidative damage by increasing GSH, SOD, and GSH-Px
levels and reducing MDA level in rats, especially when
combined with sodium thiosulfate [28, 29]. Additionally, a
recent study indicates that AKG could enhance freeze-thaw
tolerance and prevent cell death induced by carbohydrate
stress in yeast, and the protective pathway may be involved
in the enhanced antioxidant defense [30].
3.2. Nonenzymatic Oxidative Decarboxylation in H2 O2 Decomposition. In regard of antioxidative defense, some studies
show that AKG exerts its function by other redox regulatory
mechanisms rather than antioxidant activities. A number of
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AKG has been widely used in animals and humans as a
feed additive and medicine. In animal industry, AKG could
effectively improve growth performance, nitrogen utilization,
immunity, bone development, intestinal mucosal injury, and
oxidative system [35–39]. In humans, AKG is extensively
used in trauma, aged diseases, postoperative recovery, and
other nutritional diseases [40]. In terms of antioxidative
function, AKG exhibits a crucial role in multiple diseases
involved in aging, cancer, cardiovascular diseases, and neurological diseases. It has been reported that AKG developed
its antioxidant capacity to fight against ethanol toxicity
and enhance cold tolerance in the model of Drosophila,
which provided an effective therapy against ethanol and
alcohol poisoning in animals and humans [41, 42]. Similar
protective effect is noticed in lipopolysaccharide-induced
liver injury in which AKG provides a new intervention to
alleviate liver damage in young pigs [43]. AKG also maintains
redox state stabilization for antioxidant defense. Indeed, AKG
oxidation plays a beneficial role in maintaining the levels
of reductive carboxylation to handle mitochondrial defects
in cancer cells [44]. Besides, oral administration of AKG
improves blood vessel elasticity by exerting its antioxidant
in aging organisms [45]. Additionally, AKG could facilitate
the rate of GSH synthesis in human erythrocytes [46]. AKG
has been identified to effectively decrease the incidence of
cataracts induced by sodium selenite in rat and acted as
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studies demonstrate that AKG acts as a source of energy and
antioxidant agent on improving physiological metabolism
and scavenging ROS to alleviate oxidative stress via nonenzymatic oxidative decarboxylation in H2 O2 decomposition.
Hydrogen peroxide, one of ROS, is a weak oxidant and
cytotoxic and easily causes oxidative stress injury in cells such
as cell membrane damage and DNA alterations [31]. Indeed,
pyruvate and 𝛼-ketoacids exhibit protective effects on H2 O2 induced toxicity in vivo and vitro and can cross the bloodbrain barrier and scavenge H2 O2 , which provide a novel
therapeutic mode against H2 O2 -induced brain pathologies.
The mechanism may be due to the nonenzymatic oxidative
decarboxylation in which ketone group in 𝛼-carbon atom
is combined with H2 O2 to form corresponding carboxylic
acid, CO2 , and H2 O. AKG serves as a key intermediate in
the TCA cycle and participates in nonenzymatic oxidative
decarboxylation in the H2 O2 decomposition. It has been
demonstrated that AKG significantly elevated antioxidative
capacity by decreasing the level of H2 O2 in the liver and
intestinal mucosa of ducks [32]. Also, AKG performs a
protective role in intestinal cells damage induced by H2 O2
through mitochondria pathway [33]. Similarly, the protective
action of AKG is noticed in alleviating toxic effects of H2 O2 in
Drosophila melanogaster, other animals, and humans, which
provides a strong evidence for the H2 O2 -scavenging ability
of AKG [34]. Thus, AKG can be used as a potent scavenger in
nonenzymatic oxidative decarboxylation in H2 O2 decomposition.

3

Lipids

Age-related diseases, cancer, cardiovascular
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ROS

Figure 3: The antioxidative function of AKG and its applications.
A: antioxidative enzymes activites; B: nonenzymatic oxidative
decarboxylation in hydrogen peroxide decomposition.

a scavenger of ROS [47]. Moreover, AKG functions as a
neuroprotective agent in ischemic pathology of hippocampus [48]. Furthermore, a novel study demonstrates that
AKG could regulate organismal lifespan and prevent agerelated diseases by regulating cellular energy metabolism
[49]. Interestingly, apart from antioxidative function, AKG is
characterized by prooxidative property which can generate
active complexes with iron in rat brain homogenates [50,
51]. Under mild oxidative stress, it results in activating
antioxidant system of AKG, thus displaying its protective
effects such as strengthening resistance of the yeast cells to
oxidative stress [52].

5. Summary and Perspective
AKG serves as a pivotal intermediate and is widely applied
in animals and humans. Particularly, AKG primarily exerts
its antioxidative function by the following: (1) enhancing
antioxidative enzymes activities and nonenzymatic agent
levels against oxidative stress and lipid peroxidation, especially in intervention of ammonia and cyanide poisoning;
(2) participating in nonenzymatic oxidative decarboxylation in H2 O2 decomposition to scavenge ROS and protect
organism from various ROS-induced diseases. And AKG
provides a promising therapeutic intervention for clinical
diseases in animals and humans (Figure 3). Besides the
above antioxidative pathways, Nrf2/ARE is an important
regulator of antioxidative process that aids to keep redox
homeostasis, and it has been proved to perform a vital role in
various diseases (i.e., liver injury, traumatic brain injury, and
inflammation) induced by oxidative stress [53]. Of particular
interest, glutamine has been verified to improve the gene
expression of Nrf2 by activating Nrf2/ARE signaling pathway
to suppress ROS generation, elevate GSH levels, and prevent
apoptosis in intestine [54, 55]. However, as a precursor of
glutamine, whether AKG could directly activate Nrf2/ARE
signaling pathway to alleviate oxidative stress or not, relevant
research about that is not reported and further study is
needed.
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Proanthocyanidins (PCs) are naturally occurring polyphenolic compounds abundant in many vegetables, plant skins (rind/bark),
seeds, flowers, fruits, and nuts. Numerous in vitro and in vivo studies have demonstrated myriad effects potentially beneficial to
human health, such as antioxidation, anti-inflammation, immunomodulation, DNA repair, and antitumor activity. Accumulation
of prooxidants such as reactive oxygen species (ROS) exceeding cellular antioxidant capacity results in oxidative stress (OS),
which can damage macromolecules (DNA, lipids, and proteins), organelles (membranes and mitochondria), and whole tissues.
OS is implicated in the pathogenesis and exacerbation of many cardiovascular, neurodegenerative, dermatological, and metabolic
diseases, both through direct molecular damage and secondary activation of stress-associated signaling pathways. PCs are
promising natural agents to safely prevent acute damage and control chronic diseases at relatively low cost. In this review, we
summarize the molecules and signaling pathways involved in OS and the corresponding therapeutic mechanisms of PCs.

1. Introduction
For centuries, natural plant extracts have been used to prevent
and treat a variety of clinical diseases. Proanthocyanidins
(PCs) are ubiquitous in fruits, seeds, cereals, bark, flowers,
nuts, and vegetables. PCs function as powerful scavengers of
oxygen free radicals, with potency comparable to vitamins C
and E [1, 2]. In addition, emerging evidence indicates that PCs
target deleterious signaling pathways activated downstream
of free radical production.
Under normal physiological conditions, the endogenous
antioxidative system maintains a dynamic redox equilibrium, which is vital to many of the molecular cascades
contributing to differentiation, metabolism, proliferation,
and apoptosis [3]. However, excessive generation of reactive
nitrogen species (RNS) and reactive oxygen species (ROS)
with ensuing hyperactivation of redox-regulated protein
signaling networks induce oxidative stress (OS), which is a
central self-sustaining pathogenic process in various diseases
of otherwise distinct etiology [4]. During disease progression,

various inflammatory mediators and cytokines [e.g., nitric
oxide (NO), prostaglandins, tumor necrosis factor-𝛼 (TNF𝛼), interleukin (IL)-1, and IL-6] produced by macrophages,
neutrophils, and lymphocytes can exacerbate OS [5]. OS
damages proteins, DNA, and lipids, ultimately resulting
in tissue dysfunction [6]. Indeed, many neurodegenerative
disorders, inflammatory diseases, cardiovascular diseases,
and metabolic disorders involve OS [7–11].
Several lines of evidence have shown that natural dietary
antioxidants are effective for disease prevention and treatment. Some of these antioxidants are direct free radical
scavengers, whereas others such as PCs can attenuate OS
both by scavenging free radicals and by modifying signaling
pathways, including those involving nuclear factor erythroid
2-related factor 2 (Nrf2), mitogen-activated protein kinase
(MAPK), nuclear factor-kappaB (NF-𝜅B), and phosphoinositide 3-kinase (PI3K)/Akt [12]. The antioxidant efficacy of
PCs has been verified in human, animal, and culture studies,
which collectively demonstrate the potential of PCs for
prevention or treatment of OS-associated diseases [13–15].
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Figure 1: The stereochemical structure and forms of PCs. X represents the universal structure of flavan-3-ol units in PCs; Y indicates that
the subunit is part of a constituent monomer; Z represents the basic structure of OPCs and PPCs. Z1 combines repeatedly with Z2 to form
polymeric PCs.

Further, PCs are easily extracted, are affordable, and demonstrate low toxicity [16]. Identification of molecular events and
signaling pathways involved in the antioxidant mechanism of
specific PCs is crucial for further clinical applications.

2. Structure, Distribution, and Chemical
Characteristics of PCs
2.1. Stereochemical Structure and Forms. PCs consist of
chains of epicatechin, catechin, gallocatechin, or epigallocatechin subunits doubly linked through C4–C6 and C4–C8
interflavanoid bonds [17–19]. PCs that are consisting mainly
of epicatechin monomers, called procyanidins, are the most
abundant form. Less common PCs containing epigallocatechin subunits are designated prodelphinidins [20]. Usually,
PCs with a lower degree of polymerization (two to four
monomers) are named oligomeric PCs (OPCs), whereas
those with more than five monomers are called polymeric
PCs (PPCs) [21]. In addition, eight distinct structures of PCs
dimers and trimers have been identified (B1−B8), which are
designated C𝑛 (where 𝑛 = 1, 2, . . .) according to the different
component monomers and positions of the connected carbon
atoms [22, 23]. Figure 1 illustrates the stereochemical structure and different forms of PCs.
2.2. Distribution in Plants. In 1967, Joslyn et al. isolated four
polyphenolic compounds from grape peel and seed extracts
and found that these compounds could produce anthocyanidins through the cleavage of interflavan bonds using acidic
butanol solution (n-BuOH/HCl, 95 : 5) in the presence of iron
(III) salts and heat (95∘ C), which are called PCs [24, 25]. Many
subsequent studies were conducted to investigate the distribution and functions of these and additional PCs. Afterwards,

PCs with distinct structures and subunit compositions have
been isolated in different relative proportions from numerous
fruits, seeds, peels, leaves, flowers, roots, and stems (Table 1)
[26], including common dietary species such as grapes, apples,
lychee, blackberry, and blueberry.
2.3. Metabolism, Features, and Functions. PCs monomers
are extensively conjugated in the liver and then released to
either circulate in the body before excretion in urine or
accumulate in tissues, partly returning to the intestine via the
bile [28, 29]. Dimers and some trimers may be absorbed in
the small intestine [30], but most ingested PCs are extensively
depolymerized and absorbed as monomers or metabolized
by the gut microbiota before passing through the colon [31].
The absorptivity of a given PC depends on its specific molecular structure; thus, molecular structure markedly influences bioavailability and function. Monomeric PCs are more
absorbable than dimeric PCs. Small-molecule PCs, such as
catechin monomers, tend to be easily absorbed, whereas
PCs with large (−)-epigallocatechin-3-gallate molecules are
poorly absorbed through the gut barrier [32, 33]. Moreover, other plant constituents consumed with PCs, such as
carbohydrates, proteins, and fiber, may have synergic or
antagonistic effects on PCs absorption and bioavailability
[34, 35]. In some instances, poor absorption can actually contribute to efficacy against infectious diseases; for example, the
benefits of PCs against urinary tract infections may occur via
the interactions at the gastrointestinal tract mucosal surface
[36]. In most cases, however, the benefits of small-molecule
PCs (antioxidation, immunomodulation, anti-inflammation,
antiangiogenesis, and antiproliferation) are dependent on
absorption and systemic bioavailability. Thus, small-molecule
PCs with high absorption are particularly promising agents
for clinical applications [37].
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Table 1: Primary distribution of PCs in various plants [27].

Fruit/seeds/peel

Leaves
Flower
Root/stem

Grape, Brassica campestris, Camellia oleifera, Glycine max var., Oryza, Sorghum vulgare, Theobroma cacao, Vicia
faba, Lablab purpureus, Litchi chinensis, Hippophae rhamnoides, Malus pumila, Rubus allegheniensis, Fragaria
vesca, Fructus crataegi, Dimocarpus longan, Vaccinium myrtillus, Elaeagnus angustifolia, Oxycoccus, Diospyros
kaki, Garcinia mangostana, Punica granatum
Fructus crataegi, Leucaena leucocephala cv., Reyan No.1, Ginkgo biloba, Betula platyphylla, Vitis spp., Thea
viridis, Scrophularia ningpoensis, Hypericum perforatum, Laurus nobilis, Eucalyptus spp.
Fructus crataegi, Rosa rugosa, Dimocarpus longan, Pharhiris nil qianniuhua, Ipomoea aquatica, Trifolium
pratense, Nymphaea tetragona
Sanguisorba officinalis, Pueraria lobata, Rheum palmatum, Anisophyllea dichostyla, Ipomoea batatas

The antioxidative properties of PCs have been demonstrated in multiple OS-associated diseases [38]. Studies conducted in vitro and in vivo have demonstrated that PCs can
effectively resist OS-induced damage and augment cellular
antioxidant capacity by direct molecular scavenging and
by modulation of various downstream signaling pathways
associated with stress responses. Several researchers found
that PCs contributed to the prevention of UV-induced skin
disorders, diabetic retina injury, or zearalenone-induced liver
damage by activating Nrf2 pathway or inhibiting MAPK/NF𝜅B pathway, by scavenging hydroxyl radicals and superoxide anions, and by upregulating endogenous antioxidants and detoxication enzymes, such as hemeoxygenase1 (HO-1), catalase (CAT), superoxide dismutase (SOD),
and glutathione peroxidase (GSH-Px) [39–42]. In addition,
Yamakoshi et al. demonstrated that PCs have low toxicity
and are safe for dietary administration in rats [43, 44]. Fujii
et al. further reported that the PCs constituent Oligonol,
found in lychee extract, is safe, nontoxic, and nonmutagenic
to healthy humans even at 200 mg/day for three months [45].
Meanwhile, some clinical trials of PCs have been performed
for the assessment of safety and the treatment of clinic
diseases in healthy subjects and pregnant women, which have
demonstrated that daily oral intake of PCs up to 2500 mg is
safe in healthy adults and PCs serve as a safe and effective
therapy for pregnant women with condyloma acuminata [46,
47]. These results indicate that PCs are safe antioxidants with
no apparent side effects and so may be widely utilized in clinical medicine and cosmetology. However, more systematic
toxicity tests on PCs are needed to investigate the safety of
other constituents and to evaluate their effectiveness in the
food ecosystem.

3. Mechanisms against OS
OS is essentially a state of redox imbalance originating
from relative overproduction of ROS/RNS or decreased
antioxidant capacity as indicated by the reduced oxidized
glutathione (GSH/GSSG) or NADPH/NADP+ ratio. OS can
result from the overproduction and accumulation of prooxidants such as ROS, lipid peroxides, NO, and superoxide
radical (O2 − ) or from the relative insufficiency of antioxidant
molecules (GSH) and enzymes such as CAT, SOD, and GSHPx [39]. As the second messenger or signaling molecule,
ROS play a key role in the initiation and development of OS
[48, 49]. ROS at low levels are beneficial to cells and tissues

(e.g., cell proliferation, tissue repair, and angiogenesis) [50–
52]; conversely, at high levels ROS contribute to cell damage,
apoptosis, and/or death [53, 54]. Normally, ROS are rapidly
detoxified by endogenous antioxidants; however, accumulated ROS can initiate a surge of toxic biochemical reactions
that result in direct damage to DNA, lipids, and proteins [55,
56]. Increasing evidence has indicated that ROS have the ability to mediate various signaling pathways (e.g., Nrf2, MAPK,
NF-𝜅B, and PI3K/Akt), ion channels, and transporters and
modify protein kinase and ubiquitination/proteasome system
[57, 58]. Although the knowledge of ROS-mediating mechanism is known well, further studies on ROS interacting
with signaling pathways are still required. There is now
compelling evidence implicating OS and associated signaling
pathways in cardiovascular, metabolic, neurodegenerative,
and inflammatory diseases, as well as immune diseases [59].
Furthermore, there is also rapidly accumulating evidence that
PCs can prevent OS damage by downregulating these same
molecular species and signaling pathways [12].
3.1. Repair of DNA Damage. Excessive ROS production
during OS can directly induce DNA damage or mutations.
For instance, ROS produced by photo-OS reacts with nucleobases or the 2-deoxyribose moiety and results in nuclear
DNA oxidative damage through single pyrimidine or purine
modification, interchain cross-links, DNA-protein adduct
formation, and apurinic/apyrimidinic (AP) site formation.
Exposure to UV can induce the formation of highly mutagenic cyclobutane pyrimidine dimers (CPDs) and other free
radicals potentially damaging to genomic DNA [60, 61].
Mitochondrial DNA (mtDNA) is even more susceptible
to ROS-mediate mutagenesis and destruction than nuclear
DNA due to its proximity to the electron transport chain, a
major site of ROS generation, and lack of protective histones
[62, 63]. Primary damage to nuclear DNA and mtDNA
facilitates additional mutations, which may ultimately result
in chronic diseases and cancers.
PCs have been shown to prevent OS-induced DNA damage and promote DNA repair through the following pathways
[64–67]: (1) scavenging oxidative species (e.g., ROS and RNS)
and free radicals, thereby disrupting direct OS damage and
redox chain reactions; (2) enhancing the functions of DNA
repair enzymes; (3) dose-dependently inhibiting CPD formation; (4) rapidly repairing CPDs through the induction of IL12; (5) promoting the nucleotide excision repair mechanism;
and (6) inhibiting DNA hypomethylation.
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3.2. Prevention of Lipid Peroxidation. OS-related products
attack multiple biomolecules; particularly polyunsaturated
fatty acids (PUFAs) are vulnerable, which can result in membrane injury through inactivation of membrane receptors and
enzymes, reduced membrane fluidity, increased membrane
permeability to ions, and in extreme cases cell membrane
rupture and release of organelles [68, 69]. Excessive ROS
not only directly damage PUFAs but also initiate a selfperpetuating chain reaction in which lipid peroxides as well
as unstable FA radicals are generated and rapidly broken
down to form additional FA radicals [70–72]. PCs can
stabilize and inactivate free radicals by donating an electron
to free radical -OH groups attached to the phenolic ring,
which helps to terminate oxidative chain reactions. Indeed,
Mittal et al. found that PC treatment substantially inhibited
UVB-induced lipid peroxidation [69, 73]. Moreover, PCs
combined with DHA-OR could improve PUFAs, ameliorate lipid hydroperoxides, and increase the detoxification of
postprandial xenobiotics in rats liver [74]. In addition, PCs
protected against cadmium-induced ROS production, free
radical production, and lipid peroxidation in rat erythrocytes
and lymphocytes [75].
3.3. Modulation of Signaling Pathways Involved in OS. In
addition to oxidation of macromolecules, ROS generated
during OS may act as second messengers to activate or inhibit
signal pathways that control the expression of downstream
stress-responsive genes. Disruption or aberrant activation of
these pathways can lead to premature aging, inflammation,
and oncogenesis [59]. In the following section, the effects of
PCs on OS-related signaling pathways are discussed.
3.3.1. Inhibition of MAPK Pathways. The MAPK family
kinases p38 MAPKs, c-Jun amino-terminal kinases (JNKs),
and extracellular signal-regulated kinases (ERKs) are important regulators of transcriptional cascades mediating stress
responses in cells [76, 77], including responses to UV, heat,
and toxic chemicals [78]. OS triggers the activation of JNKs,
p38 MAPKs, and ERKs through ROS-induced enhancement
of phosphorylation, resulting in nuclear translocation and
promoting expression of stress-response factors related to
OS, cell proliferation/apoptosis, inflammation, and tissue
remodeling (such as vascular growth) [79–81]. However, PCs
can directly downregulate stress-activated MAPK pathway
activities (e.g., IL-17-stimulated ERK, p38, and JNK activities)
resulting in suppression of ROS production, OS damage,
and apoptosis-related pathways [82]. For instance, PCs not
only diminished ethanol-induced ROS generation but also
enhanced the expression and activity of antioxidant enzymes
via ERK, JNK, and p38 MAPK pathways in both cultured cells
and rat liver [83]. In addition, PCs enhanced Nrf2 expression
and activated Nfr2 antioxidant response element- (ARE-)
mediated transcription via p38 MAPK and PI3K/Akt pathways in HepG2 cells, thereby increasing phase II/antioxidant
enzyme expression [84].
3.3.2. Suppression of the NF-𝜅B Pathway. Transcription factor
NF-𝜅B is activated by multiple cellular stressors (including
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oxidants and antigens) and in turn regulates the expression
of many genes involved in OS, apoptosis, and inflammation [85]. Its target genes mainly encode regulators of the
immune/inflammatory response, such as immune receptors
(IFN-𝛾 receptor, MHC, IL-2 receptor), cytokines (TNF-𝛼, IL6, IL-1), adhesion molecules (VCAM-1, ICAM-1), prooxidant
enzymes (COX-2, iNOS), and chemokines (MCP-1, MIP-1𝛼,
IL-8). NF-𝜅B also enhances the transcription of antioxidant
enzymes and antiapoptotic proteins [86]. Normally, NF𝜅B proteins are retained in the cytoplasm through interactions with NF-𝜅B inhibitory proteins (I𝜅Bs); under OS,
however, I𝜅Bs are phosphorylated, dissociated from NF-𝜅B,
and degraded, allowing NF-𝜅B translocation into the nucleus
[87]. MAPKs signals are important upstream regulators of
the NF-𝜅B pathway [88]. PCs can reduce OS damage and
inflammation by suppressing NF-𝜅B, ERK, p38, and JNK
phosphorylation. Via blocking NF-𝜅B and MAPK pathways,
PCs in turn inhibit the mRNA expression of proinflammatory
cytokines like TNF-𝛼 and IL-1𝛽 as well as the inflammatory
prostaglandin products of COX-2 [89, 90]. In addition, PCs
can suppress the replication of respiratory syncytial virus
(RSV) by blocking RSV-induced NF-𝜅B, p38 MAPK/JNK,
AP-1, and ERK activities [91].
3.3.3. Activation of Nrf2 Pathways. Nrf2 is a crucial transcriptional regulator in OS and facilitates the expression
of cytoprotective genes in response to OS. Under normal
conditions, Nrf2 remains in an inactive cytoplasmic form
through binding to Kelch-like ECH associating protein 1
(Keap1), which facilitates Nrf2 degradation [92]. OS triggers
Nrf2−Keap1 dissociation and Nrf2 nuclear translocation,
where it binds to the AREs and promotes activation of
various antioxidant enzymes/proteins [93–95] such as HO-1,
phase II detoxification enzymes peroxiredoxin 1, glutamatecysteine ligase catalytic subunit, and NAD(P)H quinone
dehydrogenase 1 (NQO1) [96, 97]. PCs can induce Nrf2
expression and ARE-mediated transcription [84], thereby
reducing OS. For instance, PCs inhibited lead-induced liver
OS damage and elevated antioxidant capacity via activation
of Nrf2/ARE signaling [98]. Oligomeric PCs also markedly
enhanced the nuclear translocation of Nrf2, promoted the
expression of HO-1, NQO1 and thioredoxin reductase 1, and
suppressed H2 O2 -induced OS damage in A549 cells [99].
3.3.4. Regulation of Other Signaling Pathways. The Janus
kinase-signal transducer and activator of transcription
(JAK/STAT) pathway is another important regulator
of inflammatory factors and cytokines associated with
OS. The JAK/STAT pathway is activated by ROS and
hypoxia/reperfusion or osmotic stress through binding of
induced cytokines to their specific receptors [100, 101]. The
PI3K/Akt pathway also regulates OS and cell proliferation,
and abnormalities in this pathway have been implicated
in the initiation and progression of cancer [102]. PCs may
prevent apoptosis and alleviate neurological impairment
in type 2 diabetes (T2D) model Sprague−Dawley rats with
focal cerebral ischemia by decreasing STAT1 expression and
inhibiting JAK/STAT signaling [103]. PCs also inhibited
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Figure 2: PCs control OS-related diseases via mediating several molecular targets and signaling pathways. PCs effectively suppress OS through
repairing DNA damage, preventing lipid peroxidation, and modulating signaling pathways (e.g., Nrf2, MAPKs, NF-kB pathways) and, further,
treat OS-related diseases like cardiovascular diseases, neurodegenerative disorders, metabolic diseases, skin disorders, and cancer. ⊕ means
“to promote or enhance”; ⊖ means “to inhibit or suppress.”

high glucose-induced vascular smooth muscle cell growth
by blocking the PI3k/Akt-dependent signaling pathway and
ROS overproduction [104].
The many pathways and factors involved in OS seldom
work in isolation. For example, STAT1 can be directly
phosphorylated by p38 MAPK in vitro, which implies that
MAPKs and STAT are convergent pathways regulating OS
[105]. Similarly, PI3K and MAPK pathways influence Nrf2
transcription and phase II detoxifying/antioxidant enzymes
expression [106, 107]. Therefore, PCs may alleviate and
control OS by mediating broad OS-associated pathways via
targeting specific signaling nodes (Figure 2). Further, individual structurally distinct PCs may exert diverse therapeutic
effects depending on structure. This property may enable the
same PCs extract to suppress multiple etiologically distinct
OS-related clinical disorders.

4. Clinical Applications of PCs for
OS-Related Diseases
Clinical and experimental evidence implicate that OS is in
numerous acute/chronic diseases including cardiovascular,
neurodegenerative, metabolic, and inflammatory disorders
[59]. Owing to antioxidant efficacy, PCs may be powerful
clinical tools for the management of these diseases.
4.1. Cardiovascular Diseases. There is substantial evidence for
PC efficacy against cardiovascular diseases. OS is believed
to be an essential mechanism in the pathogenesis of cardiovascular diseases and vasculopathies such as atherosclerosis,
hypertension, heart failure, and restenosis after angioplasty
[9, 108]. ROS disrupt myocardial calcium homeostasis, which

can lead to arrhythmia and cardiac remodeling by aberrant
induction of various signaling pathways and gene expression
cascades [109]. ROS-mediated lipid peroxidation contributes
to the initiation and progression of atherosclerosis [110].
Deoxycorticosterone acetate- (DOCA-) salt promotes the
development of hypertension, cardiovascular remodeling,
and cardiovascular dysfunction by increasing p38 MAPK and
JNK1/2 phosphorylation. On the contrary, PCs can reduce
high blood pressure induced by DOCA-salt and ameliorate
cardiovascular remodeling by suppressing ROS generation
and p38MAPK pathway activation [111]. Simultaneously, PCs
are able to reduce risk factors for cardiovascular diseases by
diminishing lipid peroxidation, decreasing blood pressure,
and improving hypertriglyceridemia [112].
4.2. Neurodegenerative Disorders. It has been confirmed that
PCs provide neuronal protection against degenerative diseases by scavenging ROS [113]. OS is a primary pathogenic
mechanism in multiple neurodegenerative diseases, such
as Parkinson’s disease (PD), amyotrophic lateral sclerosis,
Alzheimer’s disease (AD), and epilepsy [114]. Lipid peroxidation contributes to a chain reaction implicated in neurotoxicity and neuroinflammation. PUFAs are abundant in the
nervous system and prefer to present in neuronal membranes
than other cellular membranes [115]. Furthermore, certain
species such as the 𝜔-3 LC-PUFA docosahexaenoic acid
(DHA) is unique to the nervous system and exquisitely
sensitive to OS [116]. The PI3K/Akt signaling pathway plays
a protective role in neurodegenerative diseases [117], and
PCs can disrupt lipid peroxidation chain reactions to protect
neurons through PI3K/Akt signaling pathway modulation
[69, 73]. For instance, PCs protected against cadmiuminduced oxidative neurotoxicity in mouse brain by activating
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Akt phosphorylation and preventing lipid peroxidationdependent membrane damage [118]. Also, PCs offered powerful protection against OS-related DNA damage and lipid
peroxidation in AD and PD models [119]. PCs, meanwhile,
attenuated neurotoxicity and alleviated neurodegeneration in
PD cell models via control of OS progression and preservation of mitochondrial function [120].
4.3. Metabolic Diseases. Metabolic disorders such as obesity,
insulin resistance, T2D, hepatic steatosis, and hyperlipidemia
are accompanied by ROS overproduction, lipid peroxidation, and alterations in MAPK and JNK signaling [121,
122]. Patients with metabolic disorders like T2D often have
abnormal serum markers of OS [123]. In cell-based T2D
models, elevated glucose-induced ROS accumulation and
OS result in injury to cardiomyocytes, endothelial cells, and
neurons [124, 125]. Therefore, treatments against OS are
indispensable for metabolic diseases. It has been verified that
PCs are effective for ameliorating T2D-produced damage of
various tissues by increasing pancreatic GSH and reducing
lipid peroxidation as well as total nitrate/nitrite levels [126].
Dietary supplementation of PCs dose-dependently prevented
the development of hyperglycemia in diabetic obese mice,
which suggests that PCs may help control the onset of
T2D [127]. Moreover, the levels of total cholesterol, triacylglycerol (TG), low density lipoprotein-cholesterol (LDLC), glutamate pyruvate transaminase, glutamic-oxal(o)acetic
transaminase (GOT), and MDA were significantly reduced
while SOD and GSH-Px activities were enhanced in a PCtreated liver injury model. This suggests that PCs may protect
against high-fat diet-induced fatty liver disease [128].
4.4. Dermatoses. A redox imbalance in the cutaneous
microenvironment offers favorable conditions for the initiation and development of skin diseases. Numerous studies
have shown that OS contributes to the occurrence and progression of skin photoaging, skin cancer, chloasma, vitiligo,
skin trauma, polymorphous light eruption, psoriasis, alopecia
areata, atopic dermatitis, and allergic purpura [129–136]. OS
can initiate and aggravate dermatoses attacks by damaging
DNA, lipids, and proteins, overactivating cytokines/immune
mediators, and modifying the activities of Nrf2, MAPK,
NF-𝜅B/p65, and PI3K/Akt signaling pathways. As antioxidants, PCs are effective for treating dermatoses by repairing damaged DNA, lipids, and proteins. In addition, PCs
control cytokine/immune mediator release and regulate OSrelated signaling pathways. For instance, PCs attenuated UVinduced OS-mediated dermatoses in human skin through
suppression of UV-induced OS and activation of NF-𝜅B and
MAPK pathways [40].
4.5. Cancer. OS may cause epigenetic perturbations and
mutations by modifying chromatin proteins and damaging
DNA [137]. ROS are critical mediators of growth factor
receptor signaling and actively participate in cancer cell
proliferation [138, 139]. Cancer cells always exhibit accelerated metabolism, and high-level ROS generation is required
to maintain their strong proliferation potential. Therefore,
targeted regulation of ROS is a promising strategy for cancer
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therapy [140]. It has been demonstrated that PCs can inhibit
proliferation of oral squamous cell carcinoma in a dosedependent manner and reduce the proliferation of cervical
cancer cell lines [141]. Moreover, dietary PCs suppressed
UVB-induced cutaneous cancer development by promoting
the repair of damaged DNA via nuclear excision repair mechanisms and by stimulating DNA repair-dependent immune
activity via effector T cells and dendritic cells [26]. These
results underscore the promise of PCs as candidate drugs for
the treatment and prevention of cancer.
In addition, OS and related signaling pathways are
implicated in numerous additional immune system disorders
(e.g., systemic lupus erythematosus [142] and Behcet’s disease
[143]), urinary system disorders (e.g., uremia) [144], and
digestive system diseases (e.g., irritable bowel disease [145]).
Further, these disorders may also involve molecules and
pathways targeted by PCs, including caspases, PERK/NRF2,
NADPH oxidase 4, and JNK/MAPK signaling cascades [146].

5. Conclusions
In summary, PCs are natural phytocompounds with potential
health benefits, including antioxidant, antimutagenic, antineoplastic, anticytotoxic, and anti-inflammatory activities.
Therefore, these agents may be useful for the prevention and
treatment of OS-related cardiovascular, neurodegenerative,
metabolic, and inflammatory diseases as well as various
cancers. Furthermore, compared with synthetic compounds,
PCs are readily affordable without side effects. In this review,
we summarized the molecular mechanisms and signaling
pathways involved in OS, which can be considered as
potential targets of PCs treatment. However, more studies
about the safety and the effectiveness of different constituents
of PCs are needed. Besides, large-sample clinical trials are
required. We hope that this review enhances appreciation of
the therapeutic potential of PCs against OS-related diseases
and that these perspectives facilitate the development of novel
PCs-based therapeutic agents.
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[142] J. Frostegård, E. Svenungsson, R. Wu et al., “Lipid peroxidation
is enhanced in patients with systemic lupus erythematosus and
is associated with arterial and renal disease manifestations,”
Arthritis & Rheumatology, vol. 52, no. 1, pp. 192–200, 2005.
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“Increased advanced oxidation protein products in Behçet’s
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Intestine is always exposed to external environment and intestinal microorganism; thus it is more sensitive to dysfunction and
dysbiosis, leading to intestinal inflammation, such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), and
diarrhea. An increasing number of studies indicate that dietary amino acids play significant roles in preventing and treating
intestinal inflammation. The review aims to summarize the functions and signaling mechanisms of amino acids in intestinal
inflammation. Amino acids, including essential amino acids (EAAs), conditionally essential amino acids (CEAAs), and nonessential
amino acids (NEAAs), improve the functions of intestinal barrier and expressions of anti-inflammatory cytokines and tight junction
proteins but decrease oxidative stress and the apoptosis of enterocytes as well as the expressions of proinflammatory cytokines in
the intestinal inflammation. The functions of amino acids are associated with various signaling pathways, including mechanistic
target of rapamycin (mTOR), inducible nitric oxide synthase (iNOS), calcium-sensing receptor (CaSR), nuclear factor-kappa-B
(NF-𝜅B), mitogen-activated protein kinase (MAPK), nuclear erythroid-related factor 2 (Nrf2), general controlled nonrepressed
kinase 2 (GCN2), and angiotensin-converting enzyme 2 (ACE2).

1. Introduction
The intestine is supreme digestive organ of humans and
numerous animals including the small intestine and large
intestine. Small intestine covers the ileum, jejunum, and
duodenum, while large intestine includes the colon, cecum,
and rectum [1]. Intestinal tract has numerous functions,
including digestion and absorption of nutrients, recognition
of external factors, and transduction of signaling concerned
with innate and adaptive immunity [2]. Continuing to experience external stressors (e.g., dietary ingredients, intestinal
microorganism, and environmental factors), easily, leads to
intestinal damage and dysfunction [3]. Thus the intestine
is usually in a situation of inflammation, which is related
to certain illness, including diarrhea, inflammatory bowel
disease (IBD), and irritable bowel syndrome (IBS) [4]. IBD
comprise Crohn’s disease (CD) and ulcerative colitis (UC)
[5]. CD is normally located in whole intestine, influencing

primarily intestinal wall [6]. UC is limited in the colon
as well as rectum, affecting mainly the mucosal layer [7].
The production of proinflammatory cytokines, including
interleukin-1 (IL-1), IL-6, IL-17, IL-22, IL-23, tumor necrosis
factor-𝛼 (TNF-𝛼), and interferon-𝛾 (IFN-𝛾), highly shapes
the development of IBD [8].
The metabolic profiling of amino acid in UC differs from
control group, which indicates certain amino acids would
be novel biomarkers for early diagnosis and treatment of
patients with UC [9]. For example, the levels of glutamine
(Gln), glutamate (Glu), methionine (Met), tryptophan (Trp),
and histidine (His) are significantly lower in UC patients
than in the normal control group, but asparagine (Asp)
and isoleucine (Ile) are quite the reverse. Recent studies
also show that amino acids have significant roles in the
intestinal inflammation. For example, Trp of essential amino
acids (EAAs) exerts beneficial regulatory function in mucosal
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growth or maintenance and alleviation of intestinal inflammation by 5-hydroxytryptophan (5-HT) signaling pathway
[10], in the recovery of colitis by caspase recruitment domain
family member 9 (Card9) [11, 12], and in the function of
intestinal homeostasis and anti-inflammation by aryl hydrocarbon receptor (AHR) ligands in the intestine [13, 14]. Gln,
one of nonessential amino acids (NEAAs), regulates antiinflammatory effects dependent on its function by intestinal tight junctions (TJ), mechanistic target of rapamycin
(mTOR), mitogen-activated protein kinase (MAPKs), and
nuclear factor-kappa-B (NF-𝜅B) signaling pathways [15–18].
Arg is a conditionally essential amino acid (CEAAs) and
has a critical function in treating intestinal inflammation
by manipulation of immune responses, oxidative system,
and intestinal metabolism [6, 19, 20]. Leu is a member of
branched chain amino acids (BCAAs), and its deprivation
may ameliorate colitis and intestinal inflammation via the
amino acid sensor general controlled nonrepressed kinase
(GCN2) [21, 22]. Aromatic amino acids (AAAs), including
Trp, Phe, and Tyr, attenuate intestinal inflammation through
activating calcium-sensing receptor (CaSR) in piglets [23].
The review aims to summarize the roles and molecular
mechanisms of amino acids in the intestinal inflammation.

2. Amino Acids and Intestinal Inflammation
According to nutrition demand, amino acids are traditionally
divided into 8 kinds of EAAs, 10 kinds of NEAAs, and 2
kinds of CEAAs. EAAs are only acquired from the nutrient by
amino acid transporters, such as Trp, Leu, and Phe. NEAAs
can be synthesized via certain elements in vivo (e.g., Glu, Gly,
and Ser) [24]. There are two types of special amino acids, as
they are neither the EAAs, nor the NEAAs, including Arg and
His, which are EAAs for infants but not for adults; thus they
are named as CEAAs. The protective functions of amino acids
in the intestine may be closely connected with the apoptosis
and proliferation of intestinal epithelial cells (IECs), expression of tight junction proteins (TJPs), alleviation of intestinal
inflammation and oxidative stress by inhibiting NF-𝜅B signaling pathway, and activating nuclear erythroid-related factor 2 (Nrf2) signaling pathway [25, 26]. NF-𝜅B and Nrf2 are
two critical signaling pathways that are related to inflammation and oxidation. NF-𝜅B upregulates expressions of various
proinflammatory cytokines (e.g., IL-1𝛽, IL-6, IL-8, and TNF𝛼) [27]. Nrf2 suppresses the production of proinflammatory
cytokines and increases the expressions of antioxidative genes
[28, 29]. The oxidative stress and inflammatory mediators
are the main etiological factors in IBD; hence, amino acids
are expected to alleviate it as the antioxidants and antiinflammatory agents [30, 31]. For example, gamma aminobutyric acids (GABA) signaling negatively regulates the production of proinflammatory factors via inhibiting the activation
of NF-𝜅B pathway; thus it shows various advantageous functions in the progression of IBD [32]. Another characteristic of
IBD is to destroy the integrity of intestinal epithelial barrier
(IEB) [33], which regulates the absorption of nutrition and
restricts the entry of pathogens, composed of topmost TJs,
bottom adherent junctions (AJs), and desmosomes [34]. The
function of the IEB is determined by TJs, a protein complex,
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including occludin, claudin family, and junctional adhesion
molecules (JAMs) [35, 36], and amino acids have critical roles
in the expression of TJPs [37, 38]. For example, Trp enhances
the expression of occluden-1, occluden-2, occludin, claudin3, and claudin-4 in the intestine of pig [39, 40]. Arg and
Glu supplementation improve permeability and TJs protein
expression [41, 42]. Besides, the protective effect of amino
acids is also associated with endoplasmic reticulum (ER)
stress and autophagy [43]. Abundant ER stress leads to apoptosis [44] and is a critical factor for intestinal barrier integrity
and intestinal homeostasis [45]. Autophagy regulated by
mTOR signaling is crucial for inhibiting intestinal inflammation and maintaining intestinal homeostasis [46]. The mTOR
signaling has momentous functions in cell proliferation,
differentiation, growth, and metabolism [47, 48]; thus it
may be a target for the therapy of intestinal inflammation.
Furthermore, MAPK signaling is another important signaling pathway for amino acids and intestinal inflammation.
The MAPK signaling of mammals is mainly composed of
MAPKS extracellular signal-regulated kinase (ERK), the cJun N-terminal kinase (JNK), and p38 MAPK pathways,
which play important roles in cell growth, proliferation,
differentiation, migration, inflammation, and survival, and
is associated with pathogenesis of several human diseases,
including IBD [49–52]. Some amino acids have critical roles
in the activation of MAPK pathway [53, 54]. For example, Asn
improves intestinal integrity by downregulating intestinal
proinflammatory cytokine through MAPKp38 and decreases
enterocyte apoptosis via MAPKp38 and ERK1/2 [55]. Arg
alleviates LPS induced immune damage in fish intestine
and the enterocytes by downregulating MAPKp38 [56]. Gln
combined with Arg decreases the production of TNF-𝛼
and other proinflammatory cytokines probably through its
regulation in MAPKp38 [57].
2.1. EAAs and Intestinal Inflammation. EAAs have significant
effects in intestinal inflammation. It is reported that Phe
possesses beneficial effects in the treatment of IBD by inhibiting TNF-𝛼 productions and enhancing immune responses
[63]. Phe with chromium has a protective effect against IBD
induced by indomethacin in rats, which might be attributed
to antioxidant and anti-inflammatory characteristics of Phe
[30]. Phe regulates intestinal hormone release as well as
glucose tolerance and inhibits food intake of rodents by
CaSR, which may be a potential therapy for obesity and
diabetes [64]. Met is able to modulate metabolism, innate
immunity, and digestion of mammals and generate glutathione to neutralize oxidative stress [112]. Met inhibits the
increase of paracellular permeability mediated by TNF-𝛼,
which may be related to antioxidant metabolites (e.g., taurine
and glutathione) to improve intestinal homeostasis [65].
Abundant Met is crucial for intestinal integrity and intestinal
antioxidant capacity [66]. Lys influences the digestion of
food and the expressions of amino acid transporters in the
intestine [68]. Poly-L-lysine (PL) is a homopolymer of Llysine and reduces the production of IL-8 in the IECs induced
by TNF-𝛼; thus, PL supplementation inhibits the expressions
of proinflammatory cytokines by activating CaSR in the intestine [69]. Glucose-lysine Maillard reaction products (Glc-Lys
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MRPs) ameliorate DSS-induced colitis, increase glutathione
content as well as antioxidant activities, and suppress the
inflammatory cytokines and NF-𝜅B [70, 71]; thus they can
be used for preventing or treating IBD. Thr is a primary
ingredient of intestinal IgA and mucins; thus, malnutrition of
Thr induces inflammation and affects the immune responses
through the NF-𝜅B pathway [72]. Dietary supplementation
with Thr has a favorable regulatory function on the intestinal
barrier and immunity of broiler chicks infected with Eimeria
maxima [73]. Thr insufficiency impairs intestinal immune
response and increases inflammation associating with NF𝜅B and mTOR pathways in young grass carp infected by
Aeromonas hydrophila [74]. BCAAs (e.g., Leu, Val, and Ile)
enhance intestinal immune defense system through improving morphological integrity and immunoglobulin production
in the intestine [113]. Leu enhances cell proliferation and
the expressions of amino acid transporters by the activation
of mTOR [77, 78]. However, high concentration of BCAAs
increases oxidative stress and inflammation by mTOR and
NF-𝜅B [114]; thus, diets with low Leu ameliorate symptoms of
colitis and intestinal inflammation via the amino acid sensor
GCN2 in colitis model [22]. Ile induces the expression of
𝛽-defensins via G-protein-coupling receptors (GPCRs) and
ERK/MAPK signaling pathways [79]. And a recent study
found that dietary Ile improves intestinal immune function,
antioxidant capacity, and microbial population and regulates
gene expression of antioxidant enzyme, tight junctions, Nrf2,
p38, and ERK1 in the intestine of Jian carp [115]. The research
of Val in intestinal inflammation is relatively rare, but 𝛾glutamyl Val diminishes inflammation in colitis via CaSR signaling and inhibits TNF-𝛼 pathways in IECs [76]. Moreover,
Trp, Phe, and Tyr possess aromatic nucleus so they are named
as aromatic amino acids (AAAs), which reduce intestinal
inflammation by activating CaSR in piglets [23]. The CaSR is
one of the GPCRs, which participates in nutrient sensing and
ion homeostasis maintaining, hormone and fluid secretion,
cell differentiation, and apoptosis in the intestine [116, 117].
The deficiency of epithelial CaSR leads to weak intestinal
integrity, alteration of microbiota composition, and acceleration of proinflammatory immune responses [118]. The gene
expression of CaSR may be regulated by vitamin D, extracellular Ca2+ , and cytokines [119–123]. However, L-amino acids
such as L-Ala, L-Phe, and L-Trp are the agonists of the CaSR;
thus they are effective in preventing and treating IBD and
other diarrheal diseases via CaSR [123–127]. CaSR activated
by Trp exerts anti-inflammation roles via activating the
complex of Β-arrestin 2 (𝛽-arr2) and TAK1-binding protein
1 (TAB1) to inhibit NF-𝜅B and MAPK pathway in IECs [58].
The best example for EAAs in intestinal inflammation
comes from Trp. Trp has a vital role in intestinal inflammation via 5-HT signaling pathway [59]. 5-HT signaling is made
up of tryptophan hydroxylase-1 (TPH-1), 5-HT receptors,
and serotonin reuptake transporter (SERT) [128]. Intestinal
mucosa is the prime position of 5-HT synthesis catalyzed
by TPH-1 [129]. Released from enterochromaffin cells, 5-HT
starts to play its regulative role in the intestine (e.g., intestinal
motility, fluid secretion) [130]. Functions of 5-HT are excised
through a variety of 5-HT receptors; thus, 5-HT3 receptor
and 5-HT4 receptor are principally associated with IBS [131].
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The 5-HT3 receptor is only a ligand-gated ion channel,
and recent evidences demonstrated that 5-HT3 receptor
antagonists exert anti-inflammatory functions via inhibiting
the production of inflammatory cytokines in colitis [132]. 5HT2B is one of the 5-HT2 receptors, which plays vital parts in
IBS and has a remarkable effect in the human colon [133, 134].
5-HT7 receptor, a member of the GPCRs, whose expression
in IBS is upregulated [135], regulates the severity of intestinal
inflammation in colitis or CD [14]. Evidence indicates that the
expression of IL-10 receptor is regulated by AHR in the colon
[136]. Mice lacking IL-10 or IL-10R are sensitive to colitis [137]
because IL-10 is a significant anti-inflammatory cytokine
that represses the production of proinflammatory mediators.
Kynurenine (Kyn) from Trp metabolism binds to AHR to
regulate systemic inflammation, and research found that
levels of Kyn are increased during intestinal inflammation
to induce the expression of IL-10R [138, 139]. Moreover,
dietary Trp alleviates SDS-induced colitis by AHR in mice
[60]. AHR contributes to the expressions of IL-22 and the
development of T-helper type 17 (Th17) cells [140]. IL-22 has
significant functions in maintaining intestinal homeostasis
[141]. The metabolism of Trp modulates the production of IL22 by AHR [13]. Furthermore, a recent research indicates that
Card9, a susceptibility gene of IBD, promotes the recovery
of colitis by metabolizing Trp into AHR ligands to activate
IL-22 signaling pathway in innate immune response [11]. The
supplementation of Trp inhibits Th1 differentiation in vivo
[61]. And L-Trp supplementation decreases the destruction
of intestinal barrier triggered by stress via modulating 5-HT
metabolism in broilers [62]. Collectively, EAAs mainly exert
anti-inflammatory roles by NF-𝜅B, CaSR, MAPK, and mTOR
signaling pathway to restrain the expressions of proinflammatory cytokines. The functions and signaling pathways of
EAAs in the intestinal inflammation are showed in Table 1.
Possible signaling mechanisms of EAAs on the intestinal
inflammation in the ECs are showed in Figure 1. Specific
signaling pathways of EAAs in intestinal inflammation are
showed Figure 2.
2.2. CEAAs and Intestinal Inflammation. Arg plays crucial
roles in regulating intestinal inflammation via immune
response, oxidative system, tight junction, and intestinal
metabolism [142]. Arg as a nutritional supplement reduces
the expressions of IL-1𝛽 and IL-6, as well as delaying the onset
of colitis when the colitis is not very serious, and inhibits
the increase of intestinal epithelial permeability by preventing
inflammatory neutrophil recruitment and oxidative stress
in the DSS-induced colitis [31]. Besides, Arg reduces the
activation of IL-1𝛽-induced NF-𝜅B signaling pathway [80].
Nitric oxide (NO) also inhibits the activation of NF-𝜅B signaling [143], and Arg decreases production of IL-8 during the
intestinal inflammation which may occur through increasing
the production of NO via inducible nitric oxide synthase
(iNOS) [144]. L-Arg improves survival rate as well as antineoplastic properties and regulates the metabolism of T cells [81].
Our previous reports indicated that dietary supplementation
of Arg partly alters the progression of porcine circovirus
type 2 (PCV2) infection [82]. Dietary supplementation of
Arg has significant influence in colitis treated with dextran
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Table 1: The functions and signaling pathways of EAAs and CEAAs in intestinal inflammation.
Amino acids
Tryptophan
Phenylalanine

Leucine
Isoleucine
Arginine

References
[11, 13, 58–62]
[30, 63, 64]

NF-𝜅B

[65–67]

CaSR, NF-𝜅B

[68–71]

↑MUC2, IgA, intestinal barrier
↑immunoglobulin production
↓TNF-𝛼, IL-6, INF-𝛾, IL-1𝛽, and IL-17
↑intestinal integrity
↓intestinal inflammation

NF-𝜅B, mTOR, MAPK

[72–75]

GCN2, CaSR

[22, 76]

mTOR, GCN2
NF-𝜅B, MAPK

[22, 77, 78]

↑expressions of 𝛽-defensins
↑regulation of intestinal microbiota
↓oxidative stress, IL-1𝛽 and IL-6
↓inflammatory neutrophil recruitment

GCN2, GPCRs, MAPK
NF-𝜅B
iNOS
MAPK

↓IL-6, IL-8, TNF-𝛼

NF-𝜅B

Lysine

Valine

Signaling pathways
5-HT, mTOR, AHR
Card9, ACE2, CaSR, MAPK
CaSR

Methionine

Threonine

Functions
↑IL-22, intestinal barrier
↓Il-1𝛽, Il-6, IL-8, TNF-𝛼, Th1 cells
↑anti-inflammatory ability, GSH
↓TNF-𝛼, IL-6, IL-8, oxidative stress
↑intestinal integrity, Cys and GSH
↓IL-1𝛽, TNF-𝛼, oxidative stress
↑GSH, SOD, CAT
↓IL-1𝛽, IL-6, IL-17, TNF-𝛼, INF-𝛾

Histidine

[22, 79]
[31, 80–84]
[3, 85, 86]

Functions of EAAs and CEAAs in intestinal inflammation mainly depend on NF-𝜅B, iNOS, MAPK, ACE2, GCN2, CaSR, and mTOR signaling pathways.
AHR: aryl hydrocarbon receptor; 5-HT: 5-hydroxytryptophan; Card 9: caspase recruitment domain family member 9; mTOR: mechanistic target of rapamycin;
MUC2: mucin 2; MPO: myeloperoxidase; CaSR: calcium-sensing receptor; MAPK: mitogen-activated protein kinase; NF-𝜅B: nuclear factor-kappa-B; ROS:
reactive oxygen species; Cys: cysteine; GSH: glutathione; iNOS: inducible nitric oxide synthase; ACE2: angiotensin-converting enzyme 2; GPCRs: G proteincoupled receptors; SOD: superoxide dismutase; CAT: catalase; GCN2: general controlled nonrepressed kinase 2.
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Intestinal lumen
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Oxidative
stress
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NO

MAPKK
MAPK

Intestinal
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Figure 1: Possible signaling mechanisms of amino acids in intestinal inflammation in the ECs are illustrated. Amino acids ameliorate intestinal
inflammation by impressing NF-𝜅B and MAPK pathway. Amino acids activate Nrf2 pathway to regulate intestinal inflammation via inhibiting
oxidative stress and the expressions of proinflammatory cytokines. Amino acids activate iNOS to inhibit NF-𝜅B pathway by the production
of NO. ACE2 combines B0AT1 to regulate uptake of Trp in IECs, which activates expressions of antimicrobial peptides to regulate intestinal
microbiota. ACE2 illuminate intestinal inflammation by regulating innate immune responses and intestinal microbiota is not shown in the
figure. GCN2 regulates intestinal inflammation by inhibiting inflammasome activation, triggering autophagy, and preventing oxidative stress.
CaSR activated by Trp exerts anti-inflammation roles via activating the complex of Β-arrestin 2 (𝛽-arr2) to inhibit NF-𝜅B and MAPK pathway
in IECs. After being activated by amino acids, mTOR signaling could inhibit autophagy.
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Figure 2: Specific signaling pathways of different amino acids in intestinal inflammation are showed. Thr, His, Arg, Leu, Asn, Cys, Gln, Met,
and Gly inhibit NF-𝜅B signaling pathway to ameliorate intestinal inflammation. Thr, Arg, Leu, Asn, Trp, Gln, and Ile inhibit MAPK signaling
pathway to relieve intestinal inflammation; Leu, Ile, and Val activate GCN2 pathway to improve intestinal inflammation. Tyr, Lys, Trp, Val, and
Phe activate CaSR pathway to attenuate intestinal inflammation. NEAAs, Thr, Gln, Leu, Cys, and Trp may promote intestinal inflammation
through activating mTOR. Trp reduces intestinal inflammation via activating ACE2 pathway; Cys decreases intestinal inflammation through
activating Nrf2 signaling pathway. Arg decreases intestinal inflammation by iNOS signaling pathway.

sulfate sodium (DSS) via NF-𝜅B signaling pathways [83].
Arg supplementation increases immune responses, growth
characteristics, and morphology of small intestine in weaned
piglets [84]. Arg supplementation changes the intestinal
microbiota, which is conducive to activate intestinal innate
immune responses by NF-𝜅B signaling pathway [145]. His is
another CEAAs and an important anti-inflammatory factor,
which inhibits the production of IL-8 induced by oxidative
stress or TNF-𝛼 through controlling the activation of NF-𝜅B
in the IECs [3]. His supplement alleviates colitis of murine
by suppressing the generation of proinflammatory mediators;
thus it may have therapeutic utility for CD by inhibiting
the activation of NF-𝜅B [85]. Moreover, the decrease of His
increases relapsing risk in the emission of UC patients; thus
His may be a noninvasive predictive marker in the intestinal
inflammation [86]. Thus taking advantage of Arg or His
supplementation to prevent or treat intestinal inflammation
is a kind of new adjuvant treatment strategy for intestinal
diseases associating with inflammation. The functions and
signaling pathways of CEAAs in the intestinal inflammation
are showed in Table 1. In conclusion, CEAAs play a critical
anti-inflammatory role in the intestine through its regulatory
functions in immune responses, NF-𝜅B pathway. Possible signaling mechanisms of CEAAs on the intestinal inflammation
in the ECs are showed in Figure 1. Specific signaling pathways
of CEAAs in intestinal inflammation are showed Figure 2.
2.3. NEAAs and Intestinal Inflammation. NEAAs play beneficial roles in the intestinal inflammation. The deficiency of

NEAAs damages intestinal barrier and expressions of TJPs
(e.g., claudin-1, ZO-1) in IECs, which triggers protective
autophagy via mTOR pathway [146]. Cys supplementation
suppresses intestinal inflammation through increasing the
expressions of TJPs and decreasing the expressions of proinflammatory factors in colitis [45]. Cys exerts protective functions in the intestinal barrier that involves anti-inflammation
and antioxidation by suppressing the NF-𝜅B pathway and
activating the Nrf2 signaling pathway [25]. N-Acetylcysteine
(NAC) protects intestinal barrier in piglets induced by LPS
via mTOR, NF-𝜅B, and MAPK signaling pathway [95, 96].
Accumulating evidence indicates that Gly enhances intestinal
mucosal barrier and inhibits oxidative stress via suppressing
the activation of NF-𝜅B and the production of TNF-𝛼, IL-1,
and IL-6 [97–101]. Several lines of evidence have indicated
that dietary supplementation of Glu has significant roles in
the proliferation of IECs, the function of mucosal barrier,
and the increase of antioxidative capacity to control intestinal
permeability and decrease proinflammatory cytokines production [102, 103]. Glu effectively regulates oxidative stress
and intestinal injury in piglets treated with the mycotoxin
deoxynivalenol (DNO) [104]. Pro supplementation has crucial roles in regulating the proliferation and differentiation
of IECs, increasing superoxide dismutase (SOD) activities,
and expressions of TJPs [105, 106]. Dietary supplementation
of Pro exerts advantageous immune-stimulatory functions in
the mice immunized with inactivated Pasteurella multocida
(Pm) [107]. Asp or Asn has important functions in stimulating the proliferation of IECs and triggering immune response

6

BioMed Research International
Table 2: The functions and signaling pathways of NEAAs in intestinal inflammation.

Amino acids
Glutamine
Cysteine
Glycine
Glutamate
Proline
Aspartate/
asparagine
Tyrosine
Alanine
Serine

Functions
↑intestinal barrier, anti-inflammation, IgA
↓proinflammatory cytokines
↑tight junctions, intestinal barrier, and homeostasis
↓TNF-𝛼, IL-1𝛽, IL-6, and IL-8, oxidative stress
↑intestinal mucosal barrier
↓TNF-a, IL-1, and IL6, oxidative stress
↑intestinal mucosal barrier
↓TNF-𝛼, IL-1 and oxidative stress
↑SOD, tight junction proteins
↑intestinal barrier function
↓proinflammatory cytokines
↑intestinal health and immune function
↑intestinal defense and protection function
↑colonic protection, mucosal healing
↑mucin synthesis, gut microbiota

Signaling pathways
NF-𝜅B, mTOR
MAPK/ERK
NF-𝜅B, Nrf2
mTOR

References
[87–94]
[25, 45, 95, 96]

NF-𝜅B

[97–101]

Unclear

[102–104]

Unclear
NF-𝜅B
MAPK
CaSR
Unclear

[75, 105–107]

Unclear

[75, 111]

[55, 108–110]
[63]
[63]

Functions of NEAAs in intestinal inflammation mainly rely on NF-𝜅B, Nrf2, MAPK, mTOR, and CaSR signaling pathways. NF-𝜅B: nuclear factor-kappa-B;
CaSR: calcium-sensing receptor; mTOR: mechanistic target of rapamycin; MAPK: mitogen-activated protein kinase; Nrf2: transcription factor NF-E2-related
factor 2; SOD: superoxide dismutase.

to attenuate intestinal injury and restore intestinal morphology as well as barrier function impaired with lipopolysaccharide (LPS) via inhibiting NF-𝜅B signaling pathway [55,
108, 109]. Dietary supplementation of Asp alleviates growth
suppression and oxidative stress of piglets treated by H2 O2
[110]. Ser promotes the synthesis of mucins and improves
the composition of gut microbiota in the rats induced by
DSS [75]. Ser immediately regulates adaptive immunity via
modulating T cell proliferation [111]. Tyr and alanine (Ala)
are necessary ingredients of protein synthesis and immunity,
which also have advantageous functions in the intestinal
inflammation [63]. However, their molecular mechanism and
signaling pathways are still unclear; thus further numerous
investigations are needed to be done to address these issues.
Gln, the richest amino acid in plasma, plays an important
role in maintaining the integrity of intestinal barrier. Studies
showed that deficiency of Gln can lead to villus atrophy,
reduction in expression of TJPs, and increase in permeability
of intestine, but Gln supplement can improve gut barrier
function in IBS [87]. A lot of evidence shows that Gln
plays an anti-inflammatory role by affecting the NF-𝜅B as
well as STAT signaling pathways [88]. I𝜅B proteins are
phosphorylated by I𝜅B kinase to release NF-𝜅B to activate
the immune responses. Activated NF-𝜅B complex triggers
the expressions of IL-6 and TNF-𝛼, which activates T cells
and antigen-presenting cells (APCs) [147]. Gln inhibits NF𝜅B pathway by increasing the expression of heat shock
proteins (HSPs) mediated by HSF-1 to suppress the expressions of inflammatory cytokines [17, 89]. STAT proteins are
transcription factors regulating intestinal inflammation by
mediating the expression of IL-6 [148]. Gln influences the
activation of STAT signaling that was proved by reducing
the phosphorylation of STAT1 as well as STAT5 [90]. When
Gln is deficient, the expression of STAT4 is increased;
nevertheless, the expression of STAT4 and IL-8 is reduced

after supplementing Gln [149]. From the above studies, Gln
may play anti-inflammatory role via preventing the activity
of STAT and NF-𝜅B to regulate the production of IL-6 as
well as IL-8 in the intestinal inflammation. Moreover, Gln
has protective effects in colitis by mTOR signaling pathway
[91]. Deficiency of Gln triggers autophagy and hinders
amino acid metabolism in IECs by inactivating mTOR and
MAPK/ERK signaling pathways, but Gln supplementation
recovers the phenomenon [18]. And another study found
that the growth of enterocyte is induced by Gln via mTOR
without AMPK signaling pathway [92]. Furthermore, Gln
affects the production of intestinal SIgA to protect IECs
from harmful factors [93]. The supplementation of dietary
Gln may suppress intestinal enterotoxigenic Escherichia coli
infection by innate immunity [94]. Collectively, NEAAs exert
anti-inflammatory roles associating with NF-𝜅B, MAPK,
mTOR, and Nrf2 pathways. The functions and signaling
pathway of NEAAs in the intestinal inflammation are showed
in Table 2. Possible signaling mechanisms of amino acids
on the intestinal inflammation in the ECs are showed in
Figure 1. Specific signaling pathways of CEAAs in intestinal
inflammation are showed in Figure 2.

3. Amino Acid Sensor GCN2 Regulates
Intestinal Inflammation
GCN2 is a key sensor of integrated stress response (ISR) and
can sense amino acid depletion [54, 150]. Previous, study
reported that GCN2 deficient mice cannot effectively deal
with the starvation of EAAs, leading to change in nutrition
intake and increase in death [151]. A recent study found
that GCN2 deficiency increases intestinal inflammation in
IECs as well as APCs and Th17 cells responses in colitis
[22]. Thus intestinal inflammation may be associated with
amino acid sensing pathway GCN2, which may suppress
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intestinal inflammation by inhibiting inflammasome activation, triggering autophagy, and preventing oxidative stress
and Th17 cells differentiation in colitis [22]. When amino
acids are insufficient, the homeostasis of amino acids is
recovered by arresting translational after the translation
initiator eukaryotic initiation factor 2 (eIF2) phosphorylated
by GCN2 [54, 152]. When amino acids are redundant, amino
acids could lead to intestinal inflammation on account of
lacking GCN2 stimulation [21]. Another research indicates
that GCN2 is essential for regulating the expressions of
inflammatory cytokines and immune responses in myeloid
cells [153]. Therefore, GCN2 may be a fine target to manage
inflammatory illness.

4. ACE2 Connects Amino Acid Malnutrition
and Intestinal Inflammation
A series of evidence suggests that malnutrition is related
to intestinal inflammation [154]. A study indicates that
amino acid malnutrition is always related to intestinal
inflammation via angiotensin-converting enzyme 2 (ACE2),
which plays significant roles in amino acids homeostasis,
innate immune responses, and intestinal microbiota [155].
ACE2 is an important enzyme of renin-angiotensin system
(angiotensin 1–7), which is expressed on various organs
including small intestine, and has a crucial function in
controlling intestinal inflammation as a stabilizer of neutral
amino acid transporters [156]. Angiotensin 1–7 treatment
has an anti-inflammatory effect on IBD by reducing the
activity of MAPK and NF-𝜅B [157]. ACE2 regulates innate
immune response and intestinal microbiota, which illuminates intestinal inflammation under conditions of severe
malnutrition [158]. Mice with ACE2 knockout and ACE2
mutation show the decline in the uptake of Trp, leading to
the decrease of expressions of antimicrobial peptides and
the change of intestinal microbiota, resulting in the high
sensitivity to intestinal inflammation, which is restored by
Trp supplementation [155]. The acquisition and uptake of Trp
primarily rely on B0AT1, whose expression is provoked by
ACE2 in the IECs [159]. ACE2 provides a new way for the
therapy of intestinal inflammation.

5. Conclusion
In conclusion, the functions of amino acids in intestinal
inflammation are mainly associated with improving intestinal
barrier, attenuating intestinal injury, suppressing oxidative
stress, and inhibiting the expressions of proinflammatory
cytokines. These functions are finished by a series of signaling
mechanisms, including NF-𝜅B, MAPK, Nrf2, mTOR, iNOS,
CaSR, ACE2, and GCN2. However, the exact molecular
mechanism of some amino acids is not unclear, such as Ala
and Ser. Therefore, there is still much work to be done to
explore the relevant signaling pathways. Future studies also
should concentrate on the functions and signaling pathways
of amino acids to explore safe and effective therapeutic schedule for human and animals in the intestinal inflammation.
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Ala:
Asp:
Asn:
AHR:
AAAs:
APCs:
AJPAS:
BCAAs:
CEAAs:
CD:
Card9:
CaSR:
Cys:
ER:
eIF2:
EAAs:
Glu:
Gln:
Gly:
GCN2:
GPCRs:
His:
HSPs:
IBD:
IBS:
iNOS:
IL-10R:
IECs:
Ile:
Kyn:
Leu:
mTOR:
Met:
MAPK:
NEAAs:
NF-𝜅B:
Nrf2:
Phe:
Pro:
Pm:
PL:
ROS:
Ser:
SERT:
Ser:
SCFAs:
Trp:
Thr:
Tyr:
Lys:
Th17:
Tyr:
TPH-1:
TLR4:
TJPs:
UC:

Arginine
Alanine
Aspartate
Asparagine
Aryl hydrocarbon receptor
Aromatic amino acids
Antigen-presenting cells
Adherent junction proteins
Branched chain amino acids
Conditionally essential amino acids
Crohn’s disease
Caspase recruitment domain family member 9
Calcium-sensing receptor
Cysteine
Endoplasmic reticulum
Eukaryotic initiation factor 2
Essential amino acids
Glutamate
Glutamine
Glycine
General controlled nonrepressed 2 kinase
G-protein-coupling receptors
Histidine
Heat shock proteins
Inflammatory bowel disease
Irritable bowel syndrome
Inducible nitric oxide synthase
IL-10 receptor
Intestinal epithelial cells
Isoleucine
Kynurenine
Leucine
Mechanistic target of rapamycin
Methionine
Mitogen-activated protein kinase
Nonessential amino acids
Nuclear factor-kappa-B
Transcription factor NF-E2-related factor 2
Phenylalanine
Proline
Pasteurella multocida
Poly-L-lysine
Reactive oxygen species
Serine
Serotonin reuptake transporter
Serine
Short chain fatty acids
Tryptophan
Threonine
Tyrosine
Lysine
T-helper type 17
Tyrosine
Tryptophan hydroxylase-1
Toll-like receptor 4
Tight junction proteins
Ulcerative colitis
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Val: Valine
5-HT: 5-Hydroxytryptophan.
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[78] M. Coëffier, S. Claeyssens, M. Bensifi et al., “Influence of
leucine on protein metabolism, phosphokinase expression, and
cell proliferation in human duodenum,” American Journal of
Clinical Nutrition, vol. 93, no. 6, pp. 1255–1262, 2011.
[79] Y. Konno, T. Ashida, and Y. Inaba, “Isoleucine, an Essential
Amino Acid, Induces the Expression of Human Defensin 2
through the Activation of the G-Protein Coupled ReceptorERK Pathway in the Intestinal Epithelia,” Food & Nutrition
Sciences, pp. 548–555, 2012.
[80] Q. Meng, M. Cooney, N. Yepuri, and R. N. Cooney, “L-arginine
attenuates Interleukin-1𝛽 (IL-1𝛽) induced nuclear factor kappabeta (NF-𝜅B) activation in Caco-2 cells,” PLoS ONE, vol. 12, no.
3, Article ID e0174441, 2017.
[81] R. Geiger, J. C. Rieckmann, T. Wolf et al., “L-Arginine Modulates
T Cell Metabolism and Enhances Survival and Anti-tumor
Activity,” Cell, vol. 167, no. 3, pp. 829–842.e13, 2016.
[82] W. Ren, Y. Yin, G. Liu et al., “Effect of dietary arginine
supplementation on reproductive performance of mice with
porcine circovirus type 2 infection,” Amino Acids, vol. 42, no.
6, pp. 2089–2094, 2012.
[83] W. Ren, J. Yin, M. Wu et al., “Serum amino acids profile and the
beneficial effects of L-arginine or L-glutamine supplementation
in dextran sulfate sodium colitis,” PLoS ONE, vol. 9, no. 2, article
e88335, 2014.
[84] B. Tan, X. G. Li, X. Kong et al., “Dietary l-arginine supplementation enhances the immune status in early-weaned piglets,”
Amino Acids, vol. 37, no. 2, pp. 323–331, 2009.
[85] A. Andou, T. Hisamatsu, S. Okamoto et al., “Dietary histidine
ameliorates murine colitis by inhibition of proinflammatory
cytokine production from macrophages,” Gastroenterology, vol.
136, no. 2, pp. 564–574.e2, 2009.
[86] T. Hisamatsu, N. Ono, A. Imaizumi et al., “Decreased plasma
histidine level predicts risk of relapse in patients with ulcerative
colitis in remission,” PLoS ONE, vol. 10, no. 10, Article ID
e0140716, 2015.

BioMed Research International
[87] N. Achamrah, P. Dechelotte, and M. Coeffier, “Glutamine
and the regulation of intestinal permeability: From bench to
bedside,” Current Opinion in Clinical Nutrition & Metabolic
Care, vol. 20, no. 1, pp. 86–91, 2017.
[88] J. Marc Rhoads and G. Wu, “Glutamine, arginine, and leucine
signaling in the intestine,” Amino Acids, vol. 37, no. 1, pp. 111–122,
2009.
[89] H. Xue, A. J. D. Sufit, and P. E. Wischmeyer, “Glutamine therapy
improves outcome of in vitro and in vivo experimental colitis
models,” Journal of Parenteral and Enteral Nutrition, vol. 35, no.
2, pp. 188–197, 2011.
[90] N. A. Kretzmann, H. Fillmann, J. L. Mauriz, C. A. Marroni,
J. González-Gallego, and M. J. Tuñón, “Effects of glutamine
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Abnormal metabolism of cholesterol may be a contributing factor in nonalcoholic steatohepatitis (NASH) pathogenesis.
Accumulating evidence has shown that liver X receptor (LXR) is closely related to intrahepatic inflammation and fibrosis. In
this study, we evaluated the effects of a novel liver-specific LXR inverse agonist, SR9243, on antifibrosis in NASH mice. A highcholesterol diet was employed to induce NASH in BALB/c mice by either carbon tetrachloride (CCL4) administration or bile-duct
ligation (BDL). Once NASH was induced, mice were treated with SR9243 for one month by intraperitoneal (i.p.) injection. Liver
tissues were collected to determine the degree of fibrosis and intrahepatic inflammation via pathological examination and QPCR;
serum was collected to analyze the plasma lipid levels and liver function by clinical biochemistry. The mice developed hepatic
steatosis, severe hepatic inflammation, and fibrosis by BDL or CCL4. Treatment with SR9243 significantly reduced the severity of
hepatic inflammation and ameliorated hepatic fibrosis; simultaneously, body weight, serum glucose, and plasma lipid levels were
controlled effectively. Our data demonstrate that SR9243 exerts an antifibrotic and anti-inflammatory effect in NASH mice; hence
these findings highly suggest that LXR inverse agonist could be therapeutically important in NASH treatment.

1. Introduction
Nonalcoholic steatohepatitis (NASH) is considered as leading
cause of hepatitis nonviral liver cirrhosis and hepatocellular
carcinoma [1, 2]. In the development of NASH, nonalcoholic fatty liver disease (NAFLD) is the first step and is
characterized by hepatic steatosis which is caused by an
imbalance between fat/influx of energy and utilization [3, 4].
Since accumulating evidences have proved that efficiency
in both lipid transport and delivery seems to be a crucial
factor in transitioning from hepatic steatosis to NASH,
high-calorie diets with excessive fats and carbohydrates can
cause this imbalance leading to NAFLD and in some cases
progression to NASH; in addition, intrahepatic cholestasis
caused by biliary obstruction can also lead to NASH [5, 6].

Currently, there are no established treatment interventions
for NASH; however, some new agents have emerged as
potential therapeutic targets that can either activate or inhibit
nuclear receptor signaling [6]. Liver X receptors (LXRs)
control cholesterol and lipid metabolism via regulating gene
networks as members of a super family of nuclear hormone receptors and they include two other homologous but
different isoforms (LXR𝛼 and LXR𝛽) [7]. Previous studies have proved that LXR𝛼 is highly expressed in kidney,
liver, intestines, and adipose tissue while LXR𝛽 is expressed
widespreadly throughout the body [8]. The potential of LXR
as a therapeutic target in the pathogenesis of metabolic
diseases by regulating metabolic and inflammatory pathways
has recently been realized [9]. Known synthetic LXR agonists
like GW3965 and T0901317 have previously been reported
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to reduce neuroinflammation, limit inflammation, attenuate
myocardial hypertrophy, prevent atherosclerosis, and reduce
ischemia/reperfusion injury [10].
LXR agonists exhibit their antitumor activity by significantly lowering intracellular cholesterol levels in cancer cells [11–13]. Moreover, the LXR inverse agonist, like
SR9238, showed well antifibrosis effect [14]. Recently, some
studies have brought to light the emerging role of LXR in
tumor metabolism, immune evasion, and also progression.
LXRs also participate in receptor-mediated downregulation
of lipogenic and glycolytic enzyme expression, for which
LXR inverse agonists can be more better selective therapeutic agents than targeted enzyme inhibition to disrupt the
Warburg effect and lipogenesis [15]. SR9243, one of novel
LXR inverse agonists, displayed safety in noncancer cells and
tissues and may be an important part in the mechanism of
action in lipogenic and glycolytic gene suppression mediated
by LXR [16].
In this study, we sought to determine if such a therapeutic
agent would have efficacy in reduction of both fibrosis and
inflammation in a mouse model of NASH; we therefore
used experimental models involving administration of highcholesterol (HC) diets to mice in which liver fibrosis was
induced by either bile-duct ligation (BDL) or carbon tetrachloride (CCl4) intoxication.

2. Materials and Methods
2.1. Animal and Animal Care. Seventy-two 8-week-old wildtype BALB/c healthy male mice were used for the animal
model and kept in a special pathogen-free environment
where temperatures were maintained at 20–25∘ C and humidity at 50–70% [17]. The mice were acclimatized to this
new environment for two weeks prior to commencing the
experiments. Laboratory ethical requirements for animal care
were observed during the experiments.
2.2. Animal Models. The mice were randomly separated into
twelve experimental groups (𝑛 = 6 per group), and were fed
either a high-cholesterol (HC) (1% wt/wt) diet (TD 92181) or
a control diet (Teklad no. 7001; Harlan Teklad, Madison, WI)
for 4 weeks, and then either underwent BDL for 3 weeks or
were given CCl4 at a dose of 5 𝜇L (10% CCl4 in corn oil)/g
body weight, by intraperitoneal injection twice a week for 4
weeks.
After six weeks, the mice continued on the NASH diet
and were treated with 30 mg/kg SR9243 q.d. i.p. in 10%
DMSO/10% Tween-80/80% water or vehicle for 30 days
during which food intake and body weight were monitored
daily. At the termination of dosing, blood was collected
through the eyeball method and analyzed using clinical
biochemistry and ELISA. Liver tissues were collected and
weighed, and a portion was immediately freshly frozen in
liquid nitrogen for RNA analysis. The rest were placed in 10%
neutral buffered formalin for histology.
2.3. Biochemical and Histologic Analysis. Serum concentrations of ALT, TGs, glucose, and cholesterol were determined
using a Fuji Dry-Chem 5500 (Fuji Film, Tokyo, Japan).
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Concentrations of liver hydroxylproline and hepatic TG
content were measured as described in a previous report [18].
After being fixed with 4% paraformaldehyde, liver tissues
were embedded in paraffin and then stained with H&E and
a Masson trichrome solution. Liver tissues were also frozen
in liquid nitrogen and stored at −80∘ C until when needed for
either protein or RNA analysis [19]. RNA was isolated from
liver tissues and QPCR was used for analysis as described
previously [20].
2.4. Statistical Analysis. All the data are expressed as the
means ± standard errors of the means. Statistical analyses
were performed using the unpaired Student’s 𝑡-test or oneway analysis of variance (𝑃 < 0.05 was considered significant).

3. Results
3.1. SR9243 Significantly Decreased Liver Fibrosis Induced by
BDL and CCL4. There are reports that high-cholesterol diet
is sufficient to induce a NASH phenotype that correlates to
human disease pathology [21]. Based on this diet, we induced
chemical damage-induced NASH and biliary NASH, and
on the NASH model we examined the potential efficacy of
SR9243. As shown by Masson trichrome staining of liver
tissue (Figure 1), we clearly observed from the pathological
point of view, BDL significantly exacerbated liver fibrosis
in both the control diet and HC diet group. However, the
degree of liver fibrosis in the HC diet group was more
significant as compared to the control diet group. The mRNA
expressions of hydroxyproline, collagen 1𝛼1, and collagen
1𝛼2 were significantly promoted as a result of liver fibrosis
induced by BDL and this was seen more clearly in the HC
diet group than in the control group.
After treatment with SR9243, we evaluated the effect of
SR9243 on hepatic fibrosis by the same test. The results
showed that SR9243 significantly inhibited liver fibrosis in
mice. The results were the same in both the normal diet and
the HC-fed NASH groups.
In a similar manner to the BDL model, the murine CCl4
model of liver fibrosis showed a significant progression of
liver fibrosis in the HC diet group versus control, and SR9243
was also effective in inhibiting CCl4-induced liver fibrosis.
3.2. Effects of SR9243 on Mouse Body Weight, Insulin Levels,
and Blood Glucose. Although we noted no alterations in
food intake during the treatment period, we did observe
a significant decrease in body weight after the treatment
(Figure 2). We found that CCL4 did not cause significant
changes in body weight in both normal and HC diet groups.
However, BDL decreased body weight in HC-treated mice,
while SR9243 significantly reduced body weight in all interventions, the reason may be that the degree of ascites in the
treatment group was lower than that in the control group.
We further measured the level of insulin and found that
BDL increased insulin levels in the normal diet group, but
not so obvious in the HC diet group; effects of CCL4 on
insulin levels were not obvious; however, SR9243 has a certain
inhibitory effect on insulin. The results of blood glucose test
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Figure 1: Effects of SR9243 on liver fibrosis induced by BDL or CCL4 treatment. After being fed a control or HC diet for 4 weeks, BALB/c
mice were subjected to (a, b) 3-week BDL or (c, d) CCl4 treatment twice a week for 4 weeks to induce NASH model (𝑛 = 6/group). ((a) and
(c)) H&E-stained sections and Masson trichrome-stained sections in representative liver samples. ((b) and (d)) Quantification of Masson
trichrome staining, liver hydroxyproline concentrations, and hepatic expression of collagen 1𝛼1 and collagen 1𝛼2. ∗∗ 𝑃 < 0.01.
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Figure 2: Effects of SR9243 on hepatocyte injury induced by BDL or CCL4 treatment. (a) Fasting insulin levels are shown in the middle
panel; glucose levels are illustrated in the right panel. (b) Total cholesterol, LDL, and plasma triglycerides were determined from mouse
plasma samples at the termination of the experiment. (c) Liver enzyme levels changed during the treatment. ∗ 𝑃 < 0.05 and ∗∗ 𝑃 < 0.01.
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Figure 3: Effects of SR9243 on hepatic proinflammatory cytokines expression induced by BDL or CCL4 treatment. mRNA levels of CD68,
TNF-𝛼, IL-1𝛽, and IL-6 were tested in liver tissues by QPCR, ∗∗ 𝑃 < 0.01.

showed that SR9243 controlled the blood sugar level in the
intervention group, which was more obvious in CCL4 model
under HC diet (Figure 2).
3.3. Effect of SR9243 on Blood Lipid Levels. We observed that
both BDL and CCL4 caused an increase in total cholesterol,
which was more pronounced in the HC diet (Figure 2).
SR9243 significantly inhibited mouse total cholesterol levels.
We also found that BDL decreased TG levels, while CCL4
showed the opposite results; meanwhile, the effect of SR9243
on TG was not obvious. BDL and CCL4 cause LDL levels
to rise, but this phenomenon is significantly inhibited by
SR9243.

3.4. Effects of SR9243 on Liver Functions. To understand the
changes in liver functions, we measured the weight of the
liver and the indicators of liver functions (Figure 2). Except
for the increase in liver weight caused by BDL, the weights in
other groups did not change significantly compared with the
control group. From our test results, BDL and CCL4 can cause
a significant increase in ALT and AST, and these increased
liver enzymes can be inhibited by SR9243.
3.5. Effect of SR9243 to Reduce Hepatic Inflammation. To
investigate whether SR9243 can reduce liver inflammation
caused by NASH, we detected the mRNA expression of CD68,
TNF-𝛼, IL-1𝛽, and IL-6 by QPCR (Figure 3). The trend

6
of BDL and CCL4 increasing hepatic inflammatory injury
was consistent. After treatment with SR9243, the levels of
CD68, TNF-𝛼, IL-1𝛽, and IL-6 were significantly decreased
compared with those in the control group.

4. Discussion
As a healing reaction to chronic liver injury, liver fibrosis
poses a heavy burden on human health, and if the causative
agent persists, it is likely to develop further into cirrhosis,
liver failure, and even liver cancer, making it a common
cause of death. A recent study reported a 20–50% mortality
rate of end-stage liver disease resulting from fibrosis which
consequently leads up to severe liver cirrhosis [22]. The
development of liver fibrosis is promoted by chronic liver
disease which is characterized by two distinct features: cell
death and inflammation. NASH differs from simple steatosis
due to the presence of inflammation, hepatocyte death, and
also a varying degree of fibrosis. Various mechanisms have
been proposed to support the transition from simple steatosis to NASH and NASH-related fibrosis, and this includes
reactive oxygen species (ROS) whose production results from
poorly regulated cholesterol and hepatic lipid metabolism
[23]. This, in turn, recruits monocytes that are more potent
proinflammatory agents than resident KCs and produce such
cytokines like TNF-a and IL-1𝛽 which contribute to NASH
and fibrosis development. There are no standard treatments
for NASH which target on inflammation and fibrosis except
for improved diets and weight loss.
Liver X receptors (LXRs) are nuclear, lipid-activated
receptors whose important functions include lipogenesis,
cholesterol transport, and anti-inflammatory signaling. During chronic liver injury, hepatic stellate cells are activated and
facilitate the fibrotic response. Beaven et al. [24] reported
that LXRs are among the most highly expressed nuclear
receptors in stellate cells and that LXR signaling plays a role
in regulating the expression of those genes which are linked
to inflammation, metabolism, and fibrogenesis in primary
cells. Accordingly, treatment with synthetic LXR activators
might have a beneficial effect in models of fibrotic liver
disease.
In this study, we demonstrated that continuous low dose
(30 mg/kg) of LXR inverse agonist (SR9243) suppressed the
liver fibrosis in chemical damage-induced NASH or biliary
NASH mice models effectively; simultaneous, intrahepatic
inflammatory factors have been relieved by varying degrees;
this mechanism may be consistent with previous reports that
showed LXR-mediated glycolytic and lipogenic gene suppression [16]. Griffett et al. [14] reported the same treatment
effect of another LXR inverse agonist (SR9238). However,
some studies recently published suggest that hepatotoxicity
is one of the main side effects of currently available panLXR agonists [25]. Archer et al. [26] found that when
ob/ob mice were treated for 5 weeks with the synthetic LXR
agonist GW3965 (10 mg/kg), increased hepatic TG content
and lipotoxicity were detected in mice due to activation effect
on both LXR𝛼 and LXR𝛽. Interestingly, we also observed that
mice body weight and lipid levels were under control, while
hepatotoxicity was not observed in this study, which revealed
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even more potential effects of inverse agonists to control liver
fibrosis as compared to agonists.
Although the present results have provided obvious
evidence of SR9243 in decreasing liver fibrosis in mice, lots
of work should be done in the future. For it is challenging to
obtain a LXR knockout mouse in a short time, we have not
explained the pathway and multiple mechanisms involved in
the process. And we plan to further examine the biosafety of
SR9243 in an expanded animal model.

5. Conclusions
Our results show a significant therapeutic potential in treating NASH with LXR inverse agonist SR9243.
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This study investigated the antioxidant capacity and intestinal bacteria community in a mouse model of DSS-induced colitis. Twenty
mice were randomly assigned to two treatments: mice with colitis induced by 5% DSS (DSS group) and mice with colitis induced
by 5% DSS that also received melatonin treatment (MEL group). The DSS group showed significantly less antioxidant capability
than the MEL group, but the two groups did not differ significantly in terms of diversity index (Shannon and Simpson), bacterial
culture abundance (Chao1 and ACE), and coverage (Good’s coverage estimator). Bacteroidetes were the most abundant phylum in
the DSS group (58.93%), followed by Firmicutes with 31.46% and Proteobacteria with 7.97%. In contrast, Firmicutes were the most
abundant in the MEL group (49.48%), followed by Bacteroidetes with 41.63% and Proteobacteria with 7.50%. The results support
the use of melatonin for prevention of intestinal bowel disease due to its modulatory effect on antioxidant capability and microbiota
in mice with colitis. Melatonin was demonstrated to improve the oxidative stress resistance of mice with colitis and regulate the
intestinal microbial flora, thus improving intestinal health.

1. Introduction
Inflammatory bowel disease (IBD) includes a group of
high-prevalence conditions that occur worldwide, including
Crohn’s disease (CD) and ulcerative colitis (UC), both of
which have had increasing incidence rates at the global level
[1]. The development of IBD is underpinned by genetic and
environmental factors. More than 200 loci related to risk of
UC or CD have been distinguished via IBD genetic analyses
[2–4]. A variety of environmental and behavioral factors
such as diet, smoking, sleep patterns, hygiene, and usage of
antibiotics contribute to IBD development [5], and the risk of
IBD is also affected by the intestinal microbiota [6].
The microbial community assemblage (microbiota) of the
gastrointestinal tract plays numerous critical roles in human
physiology and metabolism, leading to the suggestion that the
microbiota comprises a virtual superorgan [5]. The functions
of the microbiota include extraction of indigestible nutrients
from food that are otherwise inaccessible to humans; synthesis of vitamins; promotion of intestinal homeostasis via

regulation of secretions and motility; and education of the
immune system to develop mucosal tolerance. Mucosal tolerance is particularly important, because the main characteristic of IBD is poor control of the mucosal immune response
due to a loss of mucosal tolerance, coupled with dysfunctional
protective innate immunity to dysbiotic microbiota. In fact,
all chronic diseases are related to intestinal flora, although
the evidence of IBD’s intestinal pathogenesis is currently
strongest [7]. Metagenomic analysis of IBD microbiomes has
demonstrated that 12% of genetic networks that comprise
unique metabolic pathways are significantly increased or
decreased, whereas only 2% of bacterial genera show significant changes in abundance relative to healthy controls.
Amino acid biosynthesis and carbohydrate metabolism are
among the identified metabolic pathways. Furthermore, the
transformation process of this disease is unique and has
specific pathways.
The direct result of inflammation and oxidative stress is
harmful to proteins, lipids, DNA, and organelles. Inflammatory cells produce numerous cytokines and chemokines that
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generate reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in both phagocytic and nonphagocytic cells
by activating protein kinase signaling [8]. There is ample
evidence that the overproduction of ROS/RNS accompanies
chronic intestinal inflammation. Animal and human experiments have shown that IBD pathophysiology is significantly
underpinned by excessive ROS/RNS production leading to
oxidative stress and redox modulation [9].
During the 1960s, melatonin (N-acetyl-5-methoxytryptamine) was isolated and chemically identified as an endogenous hormone synthesized and secreted by the pineal gland
[10]. Several studies have demonstrated that UC is eased
after oral administration of melatonin. The main mechanisms
of melatonin are to decrease the abundance of matrix metalloproteinases [11, 12], regulate the attenuation of immunological damage by the activity of macrophages [13], decrease
oxidative stress (which is signaled by elevated levels of lipid
peroxides) [6], inhibit the production of nitric oxide [14], suppress the activity of nuclear factor-kappa beta (NF-kb), and
decrease the level of cytokines that promote inflammation
[15].
In short, ample evidence shows that melatonin possesses
strong antioxidant activity [16, 17]. It may have use as
an antioxidant in a range of diseases. Melatonin is more
beneficial than other antioxidant molecules in some respects
because of certain physical and chemical attributes [18]. In
this study, a model of DSS-induced IBD was used to assess
the effects of melatonin on oxidative stress and the intestinal
microbiota. In the treated mice, the intestinal microbial community was changed and the antioxidant capacity increased.
The improved antioxidant capacity can be linked to the
altered population of gut microbes after treatment with
melatonin. This study is the first to report the important role
of melatonin in the inflammation of the colon.

2. Materials and Methods
2.1. Experimental Design. The experiment was initiated after
approval was obtained from the Animal Care and Use Committee of Hunan Agricultural University and was performed
in conformance to Chinese animal welfare standards. The
experiment used 20 ICR mice (age, 8 weeks; weight, 20 ±
0.63 g) that were randomly divided into a DSS group and
a MEL group. Ten mice per group was deemed sufficient
to discern treatment effects. Colitis was induced in the
mice in both groups by means of 5% DSS in water. The
MEL group also received melatonin (5% DSS and 0.2 mg/L
melatonin in water; the bottle of melatonin was wrapped in
tin foil paper). A basal diet was given to all mice for 3 days
before the experiment. Food and water were not restricted
during the 1-week experiment, and conditions of 22∘ C to
24∘ C, 55% to 60% humidity, and 12-hour light/dark cycles
were maintained, with the lights being turned on at 08:00.
On the morning of the eighth day, after completion of the
experiment, the mice were anesthetized by intraperitoneal
injection of tribromoethanol (250 mg/kg body weight) and
killed by cervical dislocation, and blood was then collected.
The colon contents were also collected, frozen in liquid
nitrogen, and stored at −80∘ C until needed.
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2.2. Plasma Antioxidant Power. ABTS (2,2 -azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid)) radical cation decolorization was used to measure the overall antioxidant capability
in the plasma of mice subjected to the treatment described
above. Before use, a 10 mM ABTS solution was mixed with
2 mM hydrogen peroxide, and the mixture was kept in storage
overnight in the dark at 4∘ C. An absorbance of around 0.31
at 660 nm was achieved by diluting the ABTS∙+ solution
(1 : 10). The absorbance was measured 5 minutes after the
addition of 1000 𝜇L buffer (pH 3.6), 10 𝜇L plasma, and 25 𝜇L
ABTS∙ in a cuvette. In every assay, a blank was run, and
the measurements were performed three times. The results
were expressed as the micromolar equivalent of the plasma
antioxidant ascorbic acid [19].
2.3. Extraction of DNA and PCR Amplification. After extraction of microbial DNA from the colon contents, PCR amplification was applied to the V3-V4 region of the bacterial
16S ribosomal RNA gene (95∘ C for 2 minutes, followed by
25 cycles at 95∘ C for 30 seconds, 55∘ C for 30 seconds, and
72∘ C for 30 seconds, and a final extension at 72∘ C for 5
minutes). For the amplification, the primers 515F 5 -barcodeGTG CCA GCM GCC GCG G-3 and 907R 5 -CCG TCA
ATT CMT TTR AGT TT-3 were used, with the barcode
denoting a sequence of eight bases that was singular to every
sample. The PCR reactions were conducted three times, with
a 20 𝜇L mixture consisting of 4 𝜇L 5x FastPfu Buffer, 2 𝜇L
2.5 mM dNTPs, 0.8 𝜇L of each primer (5 𝜇M), 0.4 𝜇L FastPfu
Polymerase, and 10 ng template DNA.
2.4. Sequencing of Illumina MiSeq and Sequencing Data Processing. The AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA) was used in keeping with the manufacturer’s guidelines to extract amplicons from 2% agarose
gel and purify them. Meanwhile, QuantiFluor-ST (Promega,
USA) was used for amplicon quantification. An Illumina
MiSeq platform was used to pool the purified amplicons in
equimolar and paired-end sequence (2 × 250) in keeping
with the standard protocols. QIIME (version 1.17) permitted
demultiplexing and filtering for quality of raw fastq files based
on three criteria: (i) truncation of the 300 bp reads at all sites
with an average quality score of less than 20 across a sliding
window of 50 bp, while the truncated reads with a length of
less than 50 bp were eliminated; (ii) barcodes were precisely
matched, with mismatch of just two nucleotides in primer
matching and elimination of reads with unclear characters;
(iii) assemblage based on overlap sequence was performed
solely in the case of sequences with overlaps of more than
10 bp. Reads were eliminated if it was not possible to assemble
them. UPARSE (version 7.1, http://drive5.com/uparse/) was
used to group together operational units (OTUs) with 97%
similarity cut-off, while UCHIME permitted identification
and elimination of chimeric sequences. The RDP Classifier
(http://rdp.cme.msu.edu/) was used to taxonomically analyze
every 16S rRNA gene sequence by comparison with the Silva
(SSU115)16S rRNA database, at 70% confidence threshold
[20].
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Table 1: Alpha diversity indices of fecal bacterial communities of
mice.
Item
Raw tags
Effective tags
OTU
Shannon
Simpson
Chao1
ACE
Coverage

DSS
83229 ± 2407
71741 ± 2107
631 ± 50
5.54 ± 0.18
0.94 ± 0.01
632.29 ± 46.08
654.22 ± 49.83
0.998 ± 0.000

MEL
80721 ± 2037
70741 ± 1876
587 ± 55
5.91 ± 0.15
0.96 ± 0.01
577.02 ± 48.47
591.97 ± 53.67
0.998 ± 0.000

MEL

Figure 1: The antioxidant capacity in mice challenged with DSS
after 7 days. DSS: control group challenged with DSS; MEL: 0.2 mg/L
melatonin in the water and challenged with DSS. ∗ indicates the two
groups differ significantly (𝑃 < 0.05).

2.5. Statistical Analysis. The SPSS 22.0 software was used for
statistical analyses, and Student’s t-test was applied for ABTS
assay comparison. The data were expressed as the mean ±
standard error of the means. Significance was attributed to
values in the same row but with distinct superscripts (𝑃 <
0.05).
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3. Results
3.1. Effects of Melatonin on Serum Oxidative Stress. The ABTS
assay was performed to measure the plasma antioxidant
capability. By comparison with the DSS group, the MEL
group exhibited a significant increase in overall antioxidant
capability (𝑃 < 0.05) (Figure 1).
3.2. The Diversity of Bacterial Communities in the Colon. In
each colon sample, the 16S rRNA V3-V4 region was identified.
Of the 163,950 viable sequences that were extracted, 83,229
were raw tags from DSS samples and 80,721 were raw tags
from MEL samples. Once they were truncated, assembled,
and filtered for quality, 71,741 DSS tags and 70,741 MEL tags
remained relevant for analysis. The chosen sequences could
suitably identify most parameters of bacterial diversity, on
the basis of the normalized subsamples with 51,568 reads
for each sample. Table 1 provides the measured values of
the diversity index (Shannon and Simpson), community
abundance (Chao1 and ACE), and coverage (Good’s coverage
estimator), without any distinctions of statistical significance
in these values.
3.3. Composition of Colon Bacterial Communities. Taxondependent analysis was conducted to evaluate the intestinal
microbiota taxonomy. Feces were found to contain seven
phyla, with Bacteroidetes, Firmicutes, and Proteobacteria
being the most abundant (Figure 2). Bacteroidetes were the
most abundant in the DSS group (58.93%), followed by
Firmicutes with 31.46% and Proteobacteria with 7.97%. By
contrast, Firmicutes were the most abundant in the MEL
group (49.48%), followed by Bacteroidetes with 41.63% and

0
DSS
Others
Proteobacteria

MEL
Firmicutes
Bacteroidetes

Figure 2: The dominant phylum in the colon of mice challenged
with DSS after 7 days. DSS: control group challenged with DSS; MEL:
0.2 mg/L melatonin in the water and challenged with DSS.

Proteobacteria with 7.50%. The 15 genera with the greatest
abundance are listed in Table 2. By comparison with DSS,
MEL presented a greater abundance of Coprococcus 1 and
Ruminococcaceae UCG-014 (𝑃 < 0.05).

4. Discussion
In the human body, the largest immune organ is the intestine,
which has the highest antibody production (40 mg/kg body
weight/day) and includes 80% of all cells that produce
antibodies [21, 22]. Around 1014 microbes from 400 to
500 species are present in the intestine [23]. Numerous
host processes depend on the intestinal microbiota, such as
breakdown of carbohydrates, regulation of assimilation of
lipids from the diet, production of some vitamins and shortchain fatty acids, immunity development and support, gut
motility regulation, and antipathogen protection. It is unsurprising then that a correlation has been established between
microbiota dysbiosis and several disorders, such as IBD,
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Table 2: Composition of fecal bacterial communities at the genus level of mice.

Phyla
Bacteroidetes

Firmicutes

Proteobacteria

Genus
Alloprevotella
Bacteroides
Parabacteroides
Anaerotruncus
Coprococcus 1
Erysipelatoclostridium
Intestinimonas
Lachnoclostridium
Lachnospiraceae NK4A136 group
Lactobacillus
Ruminiclostridium 9
Ruminococcaceae UCG-014
Desulfovibrio
Helicobacter
Parasutterella

DSS
3.50 ± 0.84
18.49 ± 2.96
2.23 ± 0.50
0.62 ± 0.18
0.52 ± 0.08b
1.77 ± 0.57
0.53 ± 0.15
0.92 ± 0.23
7.82 ± 2.70
0.71 ± 0.23
1.55 ± 0.46
0.67 ± 0.05b
0.70 ± 0.18
4.80 ± 1.51
0.79 ± 0.22

MEL
2.16 ± 0.64
11.76 ± 0.83
2.25 ± 0.96
1.36 ± 0.57
1.95 ± 0.43a
2.24 ± 0.71
1.30 ± 0.39
0.63 ± 0.16
8.24 ± 2.48
0.89 ± 0.36
2.07 ± 0.57
1.82 ± 0.20a
1.26 ± 0.30
4.46 ± 1.97
0.74 ± 0.29

The subscripts “a” and “b” indicate that the two groups differ significantly (𝑃 < 0.05).

obesity, and colon cancer. Furthermore, a central component
of the intestinal mucosal barrier is the intestinal microflora.
Hence, the mutual effect of the intestinal microflora and
intestinal immunity is to be expected, as is the fact that
their combined effect is felt in parts of the body other than
the intestine. The seven major phyla of intestinal microbes
are Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia, Cyanobacteria, and Fusobacteria [24],
and Bacteroides, Bifidobacterium, Clostridium, Eubacterium,
Bacillus, Peptostreptococcus, Fusobacterium, and Ruminococcus are the genera most prevalent in the colon [25].
The results of the experiment indicated that, compared
with the DSS group, the MEL group had significantly higher
levels not only of Coprococcus, but also of Ruminococcaceae,
both of which are Firmicutes. Individuals with IBD are
known to show poorer diversity of Firmicutes, which reflects
the generally poorer diversity of the microbiota in the
gut [26]. One study provided clear evidence that Firmicutes, particularly Clostridium groups, were less abundant
in patients with UC and CD, whereas Proteobacteria were
more abundant [26]. At the same time, numerous beneficial
Bacteroides, Eubacterium, and Lactobacillus species were less
abundant [26].
An earlier study using Google Earth Engine (GEE) and
random forest analyses found that the genus Coprococcus
occurred in lower levels in patients with IBD, particularly
in nonresponders, than in control subjects. Indeed, for a
while, agglutinating antibodies that target Coprococcus were
taken as a CD screening biomarker [24]. In a different
study, individuals with IBD showed a significant reduction
in microbiota diversity, especially the abundance of Lactobacillus and Bacteroides [27]. By contrast, groups in our study
did not differ significantly in terms of microbiota diversity,
and the levels of Lactobacillus and Bacteroides were similar
in both groups. However, despite such observations, it is not
easy to establish whether IBD is caused by changes in gut

microbiota or is the reason for those changes. One study
compared CD and UC in terms of the transformations in
several bacterial types and found that the two diseases were
associated with significant reduction in the abundance of
Coprococcus, Roseburia, Faecalibacterium, and Ruminococcus
and in the overall diversity of the fecal microbiota, by
comparison with healthy controls [28]. The features of the
Coprococcus strain and Eubacterium rectale suggest that it
could potentially be involved in IBD. That is, unlike other
strains, Eubacterium rectale is capable of complement activation based on the alternative pathway and is particularly
relevant for diagnosis, according to logistic discriminant
analysis [29]. Furthermore, phagocytosis cannot be triggered
by IgG antibodies that target only Eubacterium rectale [21].
Interestingly, a random forest analysis revealed that multiple
genera of the Lachnospiraceae and Ruminococcaceae families, which were isolated from CD tissue samples, occurred in
lower levels in nonresponders than in responders (especially
Lachnospiraceae), despite not being involved in dysbiosis
[30]. This finding calls for additional investigation of the
potential involvement of members of these families in the
pathophysiology of IBD. To conclude, our study has explored
the extent to which the diversity and abundance of the
microbiota in mice with colitis were affected by melatonin.
The signs of UC are oxidative stress and oxidative cell
damage. Both are likely to play an important role in the
pathogenesis of UC [31]. Pharmacological interventions in
patients with UC have also demonstrated the importance of
oxidative stress in this disease [32]. On one hand, melatonin
can reduce oxidative damage, and, at the physiological level,
it has been shown to stimulate gene expression of antioxidase
enzymes or increase their activity [33]. Our study investigated
the effects of antioxidant capacity in mice with colitis treated
with melatonin and showed that melatonin can improve
their antioxidant capacity. Interestingly, on the other hand,
a previous study found that serum melatonin levels were
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significantly increased in mice treated with DSS [34]. This
evidence supports our finding that melatonin has a highly
beneficial therapeutic effect in mice with colitis.
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Ulva prolifera is the major causative species in the green tide, a serious marine ecological disaster, which bloomed in the Yellow Sea
and the Bohai Sea of China. However, it is also a popular edible seaweed and its extracts exerts anti-inflammatory and antioxidant
effects. The present study investigated the effects of ethanol extract of U. prolifera (EUP) on insulin sensitivity, inflammatory
response, and oxidative stress in high-fat-diet- (HFD-) treated mice. HFD-treated mice obtained drinking water containing 2%
or 5% EUP. The results showed that EUP supplementation significantly prevented HFD-induced weight gain of liver and fat. EUP
supplementation also improved glucose tolerance and insulin resistance in HFD-treated mice. Moreover, EUP supplementation
prevented the increased expression of genes involved in triglyceride synthesis and proinflammatory genes and the decreased
expression of genes involved in fatty acid oxidation in liver of HFD-treated mice. Furthermore, EUP supplementation decreased
reactive oxygen species content, while increasing glutathione content and glutathione peroxidase activity in HFD-treated mice. In
conclusion, our results showed that EUP improved insulin resistance and had antilipid accumulation and anti-inflammatory and
antioxidative effects on HFD-treated mice. We suggested that U. prolifera extracts may be regarded as potential candidate for the
prevention of nonalcoholic fatty liver disease.

1. Introduction
Ulva prolifera, a green macroalgae species which recurrently
bloomed in the Yellow Sea of China, causes the world’s largest
green tides from 2008 [1]. Since 2015, new green tides events
begin to bloom near the Beidaihe Scenic in the Bohai Sea,
and U. prolifera is also the major causative species. These
ecological disasters have caused serious influences in tourism,
aquaculture, and marine ecosystems [2, 3]. Alternative uses
of biomass to profit from the green tide events are effective
methods to offset the bill for environmental damage. U.
prolifera is mainly used as food or for medical purposes,
because it is rich in polysaccharides, proteins, and essential
mineral elements for human health, and it also has low
content of fats and cellulose [4].

Consequently, increasing attention in recent years has
been paid to marine macroalgae to develop new functional food ingredients for the treatment of overnutritioninduced metabolic syndrome. Abundant researches studied
the antioxidant ability of the extracts from different kinds
of macroalgae, such as extract from Sargassum pallidum [5],
Gracilaria edulis [6], and Ulva prolifera [7]. However, few
studies have investigated their effects on the prevention of
metabolic syndrome.
Nonalcoholic fatty liver disease (NAFLD), which is the
most popular liver disorder, is considered as the liver manifestation of metabolic syndrome. Overnutrition results in an
imbalance of free fatty acid uptake from circulation, fatty acid
de nonovo synthesis and oxidation, and triglyceride (TG)
export, which further lead to hepatic TG overaccumulation
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[8]. The lipid metabolism disorder in liver often happened in
accordance with insulin resistance, inflammatory response,
and oxidative stress. NAFLD has a high prevalence in
conjunction with type 2 diabetes and obesity. In this study,
the marine green macroalgae, U. prolifera, was selected as
the main experimental material to investigate its effects
on insulin resistance, oxidative stress, and inflammation
response in high-fat-diet-induced mice.

2. Materials and Methods
2.1. Materials and Sample Extraction. Green macroalgae,
U. prolifera, was collected in April 2017 from the coast of
Beidaihe in the Bohai Sea during the green tides development
process and supplied by the Laboratory of Marine Ecology
and Environmental Science, Qingdao National Laboratory
for Marine Science and Technology (Qingdao, RP China).
Ethanol extract from U. prolifera was obtained according to
previous method [7]. Briefly, the raw sample was rinsed with
running water, dried at 60∘ C, and then milled with a bender.
After sieving (<0.5 mm), the sample (100 g) was extracted
three times with 95% ethanol (1 L) at 60∘ C for 2 h. Finally,
the supernatant was collected by centrifuging the solution at
18,500 g for 15 min at room temperature. The crude extract
was obtained by further concentrating the supernatant using
a vacuum evaporator.
2.2. Animal Care and Experimental Design. Thirty-two male
C57BL/6J mice (9 weeks old) were housed at 22 ± 2∘ C with
a relative humidity of 50 ± 5%, and all the animals were free
to obtain food and water. All mice were randomly assigned
into four groups (𝑛 = 8): (i) mice were fed on a lowfat diet (control); (ii) mice were fed on a high-fat diet; (iii)
mice were fed on a high-fat diet (HF) supplemented with
2% (vol/vol) ethanol extract from U. prolifera (LUP); and
(iv) mice were fed on a high-fat diet supplemented with
5% ethanol extract from U. prolifera (HUP). Ethanol extract
from U. prolifera was supplemented in the drinking water.
The duration of experiment was 8 weeks. The low-fat diet
consisted of 10% (kcal%) fat while the high-fat diet consisted
of 60% fat (Research Diets, Inc., New Brunswick, NJ, USA).
At the end of the experiment, blood was taken from the
retroorbital sinus after overnight fasting. Then, following
cervical dislocation, liver, major subcutaneous white adipose
tissue (WAT) (inguinal WAT), and two representative visceral
WATs (mesenteric WAT and epididymal WAT) were collected
and weighed. Liver samples were immediately frozen in
liquid nitrogen and stored at −80∘ C. This study was approved
by the animal welfare committee of The First Institute of
Oceanography of China.
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conducted 1 week before the end of the experiment. After
fasting for 6 h, mice were intraperitoneally injected with a
dose of 1.0 g glucose or 0.65 U insulin per kg body weight.
Glucose concentration was measured at 0, 30, 60, and 120 min
using a OneTouch UltraEasy glucometer.
2.5. Inflammatory Cytokines Determination. The concentrations of interleukin-1𝛽 (IL-1𝛽), IL-6, and tumor necrosis factor-𝛼 (TNF-𝛼) in serum were determined using
microplate reader with ELISA kits (Wuhan Huamei Biotech
Co., Ltd., Wuhan, China) according to the manufacturer’s
instructions.
2.6. Glutathione and Glutathione Peroxidase Determination.
Reduced glutathione (GSH) content and glutathione peroxidase (GSH-Px) activity were determined using the colorimetric assay kits (Cayman Chemical Company, Ann Arbor,
Michigan, USA) in accordance with the manufacturer’s
instructions.
2.7. Reactive Oxygen Species Determination. Reactive oxygen
species (ROS) content in liver was determined according to
previous study [9, 10]. Briefly, liver samples were embedded in
an optimum cutting temperature compound (Sakura, Tokyo,
Japan), frozen in a methylbutane-chilled bath at −80∘ C, and
then stored in liquid nitrogen. Sections (10 𝜇m) were sliced
and stained with dihydroethidium (Sigma-Aldrich, Shanghai,
China) for 20 min at 37∘ C. Representative pictures were taken
by fluorescence microscopy and pictures were analyzed by
Image Browser software (Leica, Wetzlar, Germany).
2.8. RT-qPCR Analysis. Total RNA was isolated using the
TRIzol reagent and cDNA was obtained using reverse transcriptase. RT-qPCR was performed with a total volume of
10 𝜇L solution containing 5 𝜇L SYBR Green mix, 0.2 𝜇L Rox,
3 𝜇L DEPC-treated H2 O, 1 𝜇L cDNA template, and 0.4 𝜇L of
each of the forward and reverse primers [11]. All samples
were run in triplicate and the average values were calculated.
Primers were showed in Table 1.
2.9. Statistical Analysis. All data were presented as Least
Squares Means ± SEM. Data were analyzed by one-way
ANOVA using the general linear model procedures and a
mixed procedure (PROC MIXED) of SAS software version
9.2 (SAS Institute Inc., Cary, NC, USA). Mean values were
considered to be significantly different when 𝑝 < 0.05.

3. Results

2.3. Insulin and Triglyceride Assay. Serum insulin was determined using ELISA Kit (Cusabio Biotech Co., Ltd., Wuhan,
China) and triglyceride (TG) content was determined using
the corresponding commercial colorimetric assay kits (Beijing Strong Biotechnologies, Inc., Beijing, China) according
to the manufacturer’s instructions.

3.1. Effects of Ethanol Extract from U. prolifera on Body Weight,
Liver, and Fat Weight in HFD-Treated Mice. As shown in
Figure 1, body weight, liver, and fat (inguinal, epididymal,
and mesenteric fat) weight were significantly higher in HFDtreated mice when compared with control mice, while there
was no significant difference between mice in LUP and HUP
groups and control group.

2.4. Intraperitoneal Glucose and Insulin Tolerance Test.
Intraperitoneal glucose test and insulin tolerance test were

3.2. Effects of Ethanol Extract from U. prolifera on HFDInduced Insulin Resistance. As shown in Figure 2, serum
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Figure 1: Ethanol extract from U. prolifera prevented body weight gain in HFD-treated mice. CON, mice were fed on a low-fat diet; HF, mice
were fed on a high-fat diet; LUP, mice were fed on a high-fat diet supplemented with 2% ethanol extract from U. prolifera; HUP, mice were fed
on a high-fat diet supplemented with 5% ethanol extract from U. prolifera. Values are expressed as mean ± SEM, 𝑛 = 8; ∗ 𝑝 < 0.05; ∗ means
significant difference between HF group and the other three groups.
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Figure 2: Ethanol extract from U. prolifera improved glucose tolerance and insulin sensitivity in HFD-treated mice. (a) Serum insulin
concentration. (b) Serum TG concentration. (c) Glucose tolerance test. (d) Insulin tolerance test. CON, mice were fed on a low-fat diet;
HF, mice were fed on a high-fat diet; LUP, mice were fed on a high-fat diet supplemented with 2% ethanol extract from U. prolifera; HUP,
mice were fed on a high-fat diet supplemented with 5% ethanol extract from U. prolifera. TG, triglyceride. Values are expressed as mean ±
SEM, 𝑛 = 8; ∗ 𝑝 < 0.05; ∗ means significant difference between HF group and the other three groups.

insulin and TG contents were significantly higher in HFDtreated mice when compared with control mice, while there
was no significant difference between mice in LUP and
HUP groups and control group. HFD-treated mice showed
remarkably impaired glucose tolerance and insulin sensitivity, while supplementation with ethanol extract from U.
prolifera prevented these changes induced by HFD.
3.3. Effects of Ethanol Extract from U. prolifera on HFDInduced Inflammatory Response. As shown in Figure 3,
serum IL-1𝛽, IL-6 and TNF-𝛼 concentrations, as well as
gene expression of IL-1𝛽, IL-6 and TNF-𝛼 in liver, were
significantly higher in HFD-treated mice when compared
with control mice, while there was no significant difference
between mice in LUP and HUP groups, and control group.
3.4. Effects of Ethanol Extract from U. prolifera on HFDInduced Oxidative Stress. As shown in Figure 4, ROS content

in liver was significantly higher, while GSH content and GSHPx activity were significantly lower in HFD-treated mice
when compared with control mice. However, there was no
significant difference between mice in LUP and HUP groups,
and control group.
3.5. Effects of Ethanol Extract from U. prolifera on HFDInduced Lipid Accumulation. As shown in Figure 5, hepatic TG content, and gene expression of diacylglycerol Oacyltransferase 1 (DGAT1) and DGAT2 were significantly
higher in HFD-treated mice when compared with control
mice, while there was no significant difference between mice
in LUP and HUP groups and control group. Gene expressions
of carnitine palmitoyltransferase 1a (CPT-1a), medium-chain
acyl-CoA dehydrogenase (Acadm), and acyl-CoA oxidase 1
(ACOX1) were significantly lower in HFD-treated mice when
compared with control mice, while there was no significant

BioMed Research International

5

300

IL-6 concentration (pg/mL)

IL-1 concentration (pg/mL)

150

∗

100

50

0

∗

200

100

0
CON

HF

LUP

HUP

CON

HF

(a)

LUP

HUP

(b)

250

3

∗

Relative IL-1 mRNA expression

TNF- concentration (pg/mL)

∗
200

150

100

50

0

2

1

0
CON

HF

LUP

CON

HUP

HF

(c)

HUP

LUP

HUP

4

∗

∗
Relative TNF- mRNA expression

Relative IL-6 mRNA expression

2.5

LUP

(d)

2.0

1.5

1.0

0.5

3

2

1

0

0.0
CON

HF
(e)

LUP

HUP

CON

HF
(f)

Figure 3: Ethanol extract from U. prolifera prevented inflammatory response in liver of HFD-treated mice. CON, mice were fed on a low-fat
diet; HF, mice were fed on a high-fat diet; LUP, mice were fed on a high-fat diet supplemented with 2% ethanol extract from U. prolifera;
HUP, mice were fed on a high-fat diet supplemented with 5% ethanol extract from U. prolifera. Values are expressed as mean ± SEM, 𝑛 = 8;
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Figure 4: Ethanol extract from U. prolifera improved oxidative stress in liver of HFD-treated mice. (a) ROS stained with dihydroethidium
in liver (red). (b) Relative ROS content; (c) GSH content in liver; (d) GSH-Px activity in liver. CON, mice were fed on a low-fat diet; HF,
mice were fed on a high-fat diet; LUP, mice were fed on a high-fat diet supplemented with 2% ethanol extract from U. prolifera; HUP, mice
were fed on a high-fat diet supplemented with 5% ethanol extract from U. prolifera. ROS, reactive oxygen species; GSH, glutathione; GSH-Px,
glutathione peroxidase. Values are expressed as mean ± SEM, 𝑛 = 8; ∗ 𝑝 < 0.05; ∗ means significant difference between HF group and the
other three groups.

difference between mice in LUP and HUP groups and control
group.

4. Discussion
U. prolifera is rich in protein, essential amino acids, and trace
elements, which make it an edible food for the coastal people
from a long time ago. Recent studies further analyzed its
nutritional composition and found that U. prolifera is rich in

polysaccharide, polypeptide, alkaloids, and polyphenols [12].
In addition, U. prolifera has a high percent of polyunsaturated
fatty acids [13]. These results indicated that U. prolifera
might have beneficial effects on metabolic syndromes and
consequently we conducted the present study to explore
the effects of ethanol extract from U. prolifera on HFDtreated mice. The results showed that ethanol extract from
U. prolifera could prevent the occurrence of inflammatory
response, oxidative stress, and lipid accumulation in liver.
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Figure 5: Ethanol extract from U. prolifera prevented lipid accumulation in liver of HFD-treated mice. CON, mice were fed on a low-fat diet;
HF, mice were fed on a high-fat diet; LUP, mice were fed on a high-fat diet supplemented with 2% ethanol extract from U. prolifera; HUP, mice
were fed on a high-fat diet supplemented with 5% ethanol extract from U. prolifera. DGAT, diacylglycerol O-acyltransferase; CPT-1a, carnitine
palmitoyltransferase 1a; Acadm, medium-chain acyl-CoA dehydrogenase; ACOX1, acyl-CoA oxidase 1. Values are expressed as mean ± SEM,
𝑛 = 8; ∗ 𝑝 < 0.05; ∗ means significant difference between HF group and the other three groups.

According to the “two-hit theory,” the first hit of the
pathogenesis of NAFLD is represented by an accumulation of
ectopic fat [14]. This lipotoxicity is considered as the driving
force of NAFLD progression. As a result, we first detected
body weight and liver and fat weight of HFD-treated mice.
The results showed that ethanol extract from U. prolifera
prevented these weight increases induced by HFD. And mice

treated with drinking water contains either 2% or 5% ethanol
extract from U. prolifera had the same effects. Meanwhile,
we also found that TG content in both serum and liver
did not increase in HFD-treated mice supplemented with
ethanol extract from U. prolifera. These results were similar
to previous study in which the hypolipidemic activity of the
polysaccharides extracted from U. prolifera was demonstrated
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Table 1

Gene name
18s rRNA
IL-1𝛽
IL-6
TNF-𝛼
DGAT1
DGAT2
CPT-1a
Acadm
ACOX1





Primer sequences (5 -3 )
F: TAACCCGTTGAACCCCATT
R: CCATCCAATCGGTAGTAGCG
F: TGCCACCTTTTGACAGTGATG
R: AAGGTCCACGGGAAAGACAC
F: CCTCTCTGCAAGAGACTTCCAT
R: AGTCTCCTCTCCGGACTTGT
F: ATGAGAAGTTCCCAAATGGC
R: CTCCACTTGGTGGTTTGCTA
F: TTCCGCCTCTGGGCATT
R: AGAATCGGCCCACAATCCA
F: AGTGGCAATGCTATCATCATCGT
R: TCTTCTGGACCCATCGGCCCCAGGA
F: CAGTCGACTCACCTTTCCTG
R: CATCATGGCTTGTCTCAAGTG
F: CTCTCTATGGGATCAGCCAGAA
R: CCACTCAAACAAGTTTTCATACACA
F: TGCTCGCAGAAATGGCGATGA
R: CAATGTGCTCACGAGCTATGA

[15]. To further explore how ethanol extract from U. prolifera
decreased fat accumulation, we analyzed expression of genes
involved in lipid metabolism. The results showed that ethanol
extract from U. prolifera alleviated the increases of genes
involved in TG synthesis (DGAT1 and DGAT2) and decreases
of genes involved in fatty acid oxidation (CPT-1a, ACOX1,
and Acadm) in HFD-treated mice. These results suggested
that ethanol extract from U. prolifera prevented ectopic
lipid accumulation and it may exert this effect primarily by
improving hepatic fatty acid oxidation. In addition, insulin
resistance is also an early finding in metabolic syndrome
and the primary pathogenic factor in the development of
NAFLD. We found that ethanol extract from U. prolifera
improved HFD-induced glucose tolerance and insulin resistance. According to previous study, polysaccharides from
U. prolifera may play a critical role in the improvement of
glucose metabolism [16].
The second hit is represented by chronic symptoms,
including enhanced generation of reactive oxygen species
(ROS) and increased secretion of proinflammatory responses
[17]. The in vitro antioxidant activity of extracted product
from U. prolifera has been proved previously by determining
its radical scavenging capabilities [7, 18]. Moreover, polysaccharides from U. prolifera could decrease malondialdehyde
content and increase superoxide dismutase and glutathione
peroxidase activity [16]. Based on these results, we further
examined ethanol extract from U. prolifera on hepatic oxidative stress in HFD-treated mice and the results showed that
it decreased ROS content and increased glutathione content
and glutathione peroxidase activity [19]. The potential antiinflammatory effects of extract from U. prolifera have also
been demonstrated both in vitro and in vivo [20, 21], and
pheophytin is supposed to play the critical effects [21].
Our results further proved the anti-inflammatory ability of

ethanol extract from U. prolifera as it prevented HFD-induced
inflammation in liver.
In conclusion, our results showed that ethanol extract
from U. prolifera could improve glucose tolerance and
insulin sensitivity and had the antilipid accumulation, antiinflammatory, and antioxidative effects on HFD-treated
mice. We suggested that U. prolifera extracts may be regarded
as potential candidates for the prevention of NAFLD. These
beneficial effects would underpin the commercial exploitation of the biomass and decrease environmental damage by
U. prolifera blooming.
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Sulfur amino acids are a kind of amino acids which contain sulfhydryl, and they play a crucial role in protein structure,
metabolism, immunity, and oxidation. Our review demonstrates the oxidation resistance effect of methionine and cysteine, two
of the most representative sulfur amino acids, and their metabolites. Methionine and cysteine are extremely sensitive to almost
all forms of reactive oxygen species, which makes them antioxidative. Moreover, methionine and cysteine are precursors of Sadenosylmethionine, hydrogen sulfide, taurine, and glutathione. These products are reported to alleviate oxidant stress induced
by various oxidants and protect the tissue from the damage. However, the deficiency and excess of methionine and cysteine in
diet affect the normal growth of animals; thereby a new study about defining adequate levels of methionine and cysteine intake is
important.

1. Introduction
Sulfur amino acids (SAAs) are a kind of amino acids
which contain sulfhydryl. Among the SAAs, methionine and
cysteine are deemed as the primary SAAs. Methionine is
an indispensable amino acid in mammals as it cannot be
synthesized in amounts sufficient to maintain the normal
growth of mammals. Nevertheless, cysteine is a semiessential
amino acid in mammals, because cysteine can be produced
through the transsulfuration pathway from L-methionine
degradation. Thus, the content of methionine and cysteine is
considered to represent the requirement of SAAs in the diet
of mammals. Increasing evidence reveals that SAAs play a
crucial role in protein structure, metabolism, immunity, and
oxidation [1–4]. They exert momentous functions through
their metabolites, such as S-adenosylmethionine (SAM),
polyamines, taurine, and glutathione (GSH) (Figure 1).
Redox homeostasis is the premise of maintaining homeostatic equilibrium of organism, and it highly depends on the

balance of prooxidative and antioxidative system [5, 6]. Reactive oxygen species (ROS) is a major factor in the formation
of oxidative damage, because ROS can oxidize biomolecules
(including lipid, protein, and DNA) easily and thereby
impairs antioxidative system and causes oxidative stress [7, 8].
Therefore, the antioxidation of SAAs attracts people’s interest
gradually and researchers have done many researches on it
[9, 10]. A great number of researches report that SAAs have
an alleviating action on various oxidant stress model, such as
diabetes [11, 12], HIV infection [13], and aging [14]. Thus, our
review reorganizes and highlights the antioxidation effect of
two main SAAs (methionine and cysteine).

2. Methionine
In the protein structure, all amino acid residues are prone to
be oxidized by diversified forms of ROS, especially methionine residues, as they are sensitive to almost all forms of ROS
and the oxidation of methionine residues is reversible [15].
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Figure 2: The oxidation and reduction reaction of methionine residues.

It is the main reason that methionine has the ability to resist
oxidation.
2.1. Methionine Oxidation Reduction Cycle. Methionine residues are extremely sensitive to ROS, and they are prone to
combine with ROS and then convert to methionine sulfoxide
(MetO); thereby ROS loses its activity. The reaction product
of MetO is a mixture which consists of the two stereoisomers, MetO-S and MetO-R. MetO-S and MetO-R can be
reduced to methionine by the thioredoxin [Th(SH)2 ] through
the catalysis of methionine sulfoxide reductases A (MsrA)
and methionine sulfoxide reductases B (MsrB), respectively

(Figure 2). Each cycle of methionine residues oxidation
and reduction will eliminate hazardous substances (e.g.,
hydroperoxide, hypochlorous, ozone, and lipid peroxide),
which might represent a major natural scavenging system for
the hazardous substances.
MrsA and MsrB are regarded as the ultimate antioxidant defence mechanisms because they are in charge of
the reduction in MetO [16]. Many experiments in different
objects evidenced that the level of MsrA is correlated with
the elimination of the accumulated oxidative damage [17–19].
Marchetti et al. [20] proposed that the reduction of MsrA
levels caused the accumulation of ROS in human lens cell.
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Moreover, Yermolaieva and his colleagues [21] found that the
overexpression of MsrA significantly reduced the hypoxiainduced increase of ROS and maintained the normal growth
of PC12 cells. MrsB has been discovered for only a short
time [22], and its main function was now known to reduce
oxidized MetO together with MsrA. The other functions of
MsrB are remaining to the further exploration.
2.2. SAM. SAM is the direct product of methionine in the
catalysis by methionine adenosyltransferase (MAT), and it is
well known as the methyl donor for the majority of methyltransferases that modify DNA, RNA, and other proteins.
SAM exerts the antioxidant capacity by this pathway: SAM
increases the activity of cystathionine 𝛾-synthase (CBS)
which is the primary enzyme in transsulfuration and contributes to the synthesis of cysteine, thereby increasing the
GSH level. Many studies show that SAM administration
alleviates oxidant stress and restores the tissues. For example,
Li et al. [23] found that SAM administration protects cells
and inhibits oxidative stress induced by amyloid-𝛽, and it
activates endogenous antioxidant system by restoring the
normal GSH/GSSG ratio and increasing the activities of
glutathione peroxidase (GSH-Px), glutathione-S-transferase
(GST), and superoxide dismutase (SOD).
2.3. Administration of Methionine. It is reported that the supplementation of methionine mitigated the ROS-induced
damage by increasing the activity of GSH [24]. Interestingly,
methionine restriction, which restricts the methionine supplementation in animal diet, is also reported to alleviate oxidant stress. For example, methionine restriction significantly
reduces mitochondrial ROS generation [25, 26]. In addition,
methionine deficiency in a dietary model causes a series
damage to body, like hepatic pathology [27], suppression
of intestinal epithelial growth [28], impairment of growth
performance [29], and so on, while excessive methionine
supplementation may lead to methionine poisoning and even
shorten the lifespan of animals [30]. What is more, the
requirement of methionine in different stages of animals
is discrepant. Thus, the administration of methionine for
animal production is a valuable research topic.

3. Cysteine
Similar to the methionine residues, cysteine residues also
easily suffered from oxidation. Cysteine residues are with
the properties of regulating redox since its special chemical
characteristics made it easily react with H2 O2 [31, 32]. In
addition, serving as a precursor for GSH, cysteine is the limiting amino acid of glutathione synthesis in transsulfuration
pathway. Moreover, the antioxidant property of cysteine is
mainly reflected by the product of GSH, hydrogen sulfide
(H2 S), and taurine.
3.1. GSH. In mammals, GSH is mainly synthetized by two
enzymatic ATP-dependent reactions from cysteine, glutamate, and glycine: (1) Cysteine and glutamate consume ATP
to form 𝛾-glutamylcysteine (𝛾-Glucys) by the catalysis of
𝛾-glutamylcysteine synthetase (GCS). (2) GSH synthetase
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catalyzes 𝛾-Glucys and glycine to form GSH, and this reaction
also consumes ATP (Figure 1). In the synthesis of GSH
in cell, cysteine is the rate-limiting reaction substrate [33]
and supplementation with L-cysteine in humans improves
synthetic rate and concentration of GSH [34]. What is
more, Yin et al. [35] quantified the main source of GSH
precursors by supplementation with different concentrations
of L-cysteine, L-glutamate, and glycine in mice diet, and their
result revealed that dietary with L-cysteine and L-glutamate
increased the concentration of GSH in liver, while they
also found that the excessive supplementation of L-cysteine
inhibited GSH synthesis.
GSH is a cysteine-containing tripeptide and plays a vital
role in cellular antioxidation in animal [36]. GSH is easily
oxidized by the free radicals and other ROS (e.g., lipid peroxyl
radical, H2 O2 , and hydroxyl radical) to form glutathione
disulfide (GSSG) by the catalysis of GSH-Px. And then by the
catalysis of glutathione reductase, GSSG is reduced to GSH.
Therefore, cycle of GSH/GSSG contributes to the scavenging
of free radicals and other reactive species and to the prevention of oxidation of biomolecules. In addition, as the substrate
of GSH-Px, GSH also plays an assistant role in the antilipid
peroxidation of GSH-Px. It is generally believed that the low
level of GSH may lead to lipid peroxidation. For example,
Agar et al. [37] employed ethanol to consume the GSH in
cerebellum of mice and then found that lipid peroxidation
was increased significantly. Thus, the concentration of GSH
and the activities of GSH-related enzyme acted as the sign of
antioxidant status in the body.
3.2. H2 S. H2 S has long been considered as a toxic gas produced in substantial amounts by mammalian tissues, while
recent research reveals that it is an anti-inflammatory, antioxidant, and neuroprotective agent and plays very important
roles in many physiological functions [38]. L-Cysteine is a
major substrate to produce about 70% endogenous H2 S by
either enzyme (cystathionine 𝛽-synthase and cystathionine
𝛾-lyase) [39]. And, in recent years, it is observed that Dcysteine produces H2 S by a novel pathway and it may be
more effective than L-cysteine in protecting primary cultures of cerebellar neurons from oxidative stress induced by
hydrogen peroxide [40]. H2 S is a potent antioxidant, except
for directly scavenging the reactive oxygen and nitrogen
species to protect tissues [41]; it also increases the activity
of 𝛾-glutamylcysteine synthetase and upregulates cystine
transport, thereby enhancing the production of GSH to resist
oxidant stress [42]. Furthermore, it is reported that H2 S may
protect gastric mucosal epithelial cells against oxidative stress
through stimulation of MAP kinase pathways [43]. These
pathways provide the mechanisms for H2 S to protect the
tissues from oxidative stress.
3.3. Taurine. Taurine is the most abundant free amino acid in
mammals, and it plays an important role in many physiological functions, like visual development, neural development,
detoxification, antioxidation, anti-inflammatory, and so on.
Two main sources contribute to taurine synthesis in the
mammals: absorption from diets and the metabolism of
cysteine. Taurine is synthesized by three steps: first, cysteine is
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catalyzed to form cysteine sulfinate by the catalysis of cysteine
dioxygenase; second, cysteine sulfinate removes carboxyl to
form hypotaurine by cysteine sulfinate decarboxylase; third,
hypotaurine is oxidized to taurine. Many researches confirm
that increasing the dosage of cysteine in diet contributes
to the activation of cysteine dioxygenase [44], and dietary
supplementation of cysteine increased plasma taurine level in
HIV-infection people [13].
In particular, taurine shows its protection for tissue in
many models which are induced by varies oxidants [45, 46].
The antioxidant capacity of taurine is associated with ROS
scavenging. Chang et al. [46] proved that taurine supplements
in rat diet lowered the hyperhomocysteinemia-induced ROS
production, and Palmi et al. [47] reported that taurine inhibited the production of ROS by stimulating mitochondrial
Ca2+ absorption. In addition, taurine also increases the activities of many antioxidant enzymes in oxidant-induced models.
It is confirmed that taurine restores the activities of MnSOD and GSH-Px in mice mitochondrion after tamoxifen
infection [48]. Furthermore, Choi and Jung [49] in their
studies pointed out that taurine supplementation increased
hepatic SOD activity on the calcium deficiency condition,
but the activities of GSH-Px and catalase (CAT) were not
significantly different between normal mice and calcium
deficient mice.

4. Conclusion
In conclusion, as the powerful antioxidants, SAAs play a
curial role in maintaining the equilibrium and stability of free
radicals in the body. Hence, SAAs are widely used as food
additive and applied to medical care and animal breeding.
Although SAAs have the excellent antioxidant capacity, of
particular note is the administration of SAAs in the process
of animal production, because different dosage of SAAs may
have different effects on animals. Thus, further study about
the appropriate dosage of SAAs will be explored in animal
feeding.
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