
BioMed Research International

Food Bioactive Compounds against 
Diseases of the 21st Century 2016

Guest Editors: Blanca Hernandez-Ledesma, Chia-Chien Hsieh, 
and Cristina Martínez-Villaluenga



Food Bioactive Compounds against Diseases
of the 21st Century 2016



BioMed Research International

Food Bioactive Compounds against Diseases
of the 21st Century 2016

Guest Editors: BlancaHernandez-Ledesma,Chia-ChienHsieh,
and Cristina Martínez-Villaluenga



Copyright © 2017 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “BioMed Research International.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Contents

Food Bioactive Compounds against Diseases of the 21st Century 2016
Blanca Hernández-Ledesma, Chia-Chien Hsieh, and Cristina Martínez-Villaluenga
Volume 2017, Article ID 1750823, 2 pages

Delphinidin-Rich Maqui Berry Extract (Delphinol®) Lowers Fasting and Postprandial Glycemia and
Insulinemia in Prediabetic Individuals during Oral Glucose Tolerance Tests
Jorge L. Alvarado, Andrés Leschot, Álvaro Olivera-Nappa, Ana-María Salgado, Hernán Rioseco, Carolina
Lyon, and Pilar Vigil
Volume 2016, Article ID 9070537, 10 pages

Food-Derived Natural Compounds for Pain Relief in Neuropathic Pain
Eun Yeong Lim and Yun Tai Kim
Volume 2016, Article ID 7917528, 12 pages

Shrimp Protein HydrolysateModulates the Timing of ProinflammatoryMacrophages in
Bupivacaine-Injured Skeletal Muscles in Rats
Junio Dort, Nadine Leblanc, Piotr Bryl, Marie-Gil Fortin, Marie-Elise Carbonneau, Charles Lavigne, and
Hélène Jacques
Volume 2016, Article ID 5214561, 13 pages

Djulis (Chenopodium formosanum Koidz.) Water Extract and Its Bioactive Components Ameliorate
Dermal Damage in UVB-Irradiated SkinModels
Yong-Han Hong, Ya-Ling Huang, Yao-Cheng Liu, and Pi-Jen Tsai
Volume 2016, Article ID 7368797, 8 pages

Antibacterial and Antioxidant Properties of the Leaves and Stem Essential Oils
of Jatropha gossypifolia L.
Sunday O. Okoh, Benson C. Iweriebor, Omobola O. Okoh, Uchechukwu U. Nwodo, and Anthony I. Okoh
Volume 2016, Article ID 9392716, 9 pages

DHA and EPA Content and Fatty Acid Profile of 39 Food Fishes from India
Bimal Prasanna Mohanty, Satabdi Ganguly, Arabinda Mahanty, T. V. Sankar, R. Anandan, Kajal
Chakraborty, B. N. Paul, Debajit Sarma, J. Syama Dayal, G. Venkateshwarlu, Suseela Mathew, K. K. Asha, D.
Karunakaran, Tandrima Mitra, Soumen Chanda, Neetu Shahi, Puspita Das, Partha Das, Md Shahbaz Akhtar,
P. Vijayagopal, and N. Sridhar
Volume 2016, Article ID 4027437, 14 pages

An Evaluation of 1-Deoxynojirimycin Oral Administration in Eri Silkworm through Fat Body
Metabolomics Based on 1H Nuclear Magnetic Resonance
Chao-wei Wen, Xiao-dong Lin, Min-jian Dong, and Ming-jie Deng
Volume 2016, Article ID 4676505, 7 pages

Roe Protein Hydrolysates of Giant Grouper (Epinephelus lanceolatus) Inhibit Cell Proliferation of Oral
Cancer Cells Involving Apoptosis and Oxidative Stress
Jing-Iong Yang, Jen-Yang Tang, Ya-Sin Liu, Hui-RuWang, Sheng-Yang Lee, Ching-Yu Yen, and Hsueh-Wei
Chang
Volume 2016, Article ID 8305073, 12 pages



Editorial
Food Bioactive Compounds against Diseases of
the 21st Century 2016

Blanca Hernández-Ledesma,1 Chia-Chien Hsieh,2 and Cristina Martínez-Villaluenga3

1 Instituto de Investigación en Ciencias de la Alimentación CIAL, CSIC-UAM, CEI UAM-CSIC, Nicolás Cabrera 9,
28049 Madrid, Spain
2Department of Human Development and Family Studies (Nutritional Science & Education), National Taiwan Normal University,
No. 162, Heping East Road, Section 1, Taipei, Taiwan
3Institute of Food Science, Technology and Nutrition (ICTAN-CSIC), Juan de la Cierva 3, 28006 Madrid, Spain

Correspondence should be addressed to Blanca Hernández-Ledesma; b.hernandez@csic.es

Received 22 January 2017; Accepted 22 January 2017; Published 5 February 2017

Copyright © 2017 Blanca Hernández-Ledesma et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Nowadays, obesity, metabolic syndrome, and other chronic
diseases including cardiovascular disease, stroke, diabetes,
cancers, immune disorders, and chronic respiratory disease
are becoming the leading causes of global morbidity and
mortality. Diet pattern and physical exercise have been found
to be the most important factors impacting on these chronic
diseases. Because they are preventable, modifications in diet
and lifestyle habits are currently recognized as promising
strategies to prevent and/or treat these diseases. In addition
to their content in essential nutrients, foods contain a wide
range of bioactive compounds. In the last years, the number
of studies evaluating the physiological activities of food-
derived bioactives has markedly increased. Cell culture,
animal models, and human trials are being performed to
demonstrate the benefits of foods on health and to identify
and characterize the responsible compounds. Therefore, the
present special issue summarizes the most recent advances
on bioactive compounds derived from food making them to
be recognized as promising strategies in prevention, auxiliary
therapy, or even cure of different chronic diseases of the 21st
century.The selected papers represent a novel andmany-facet
knowledge, which we have the pleasure of sharing with the
readers.

In a paper entitled “Delphinidin-Rich Maqui Berry
Extract (Delphinol�) Lowers Fasting and Postprandial
Glycemia and Insulinemia in Prediabetic Individuals during
Oral Glucose Tolerance Tests,” J. L. Alvarado et al. investigate
the effect of a delphinidin-rich extract obtained from maqui

berry and known as Delphinol on glucose metabolism
in prediabetic humans challenged with pure glucose.
These authors demonstrate, for the first time, the ability of
Delphinol to simultaneously reduce fasting blood glucose
and insulin levels in patients when administered in a single
dose. These effects are suggested to be mediated through
multiple mechanisms including inhibition of intestinal
glucose transporters, an incretin-modulating effect on
insulin secretion, and improvement of the insulin sensitivity
in target tissues.

In the last years, the number of patients suffering of
neuropathic pain, defined as pain caused by a lesion or
disease of the somatosensory nervous system, has increased
rapidly. However, to date, drugs used to alleviate this pain are
not completely effective and provokes undesired side effects,
such as tolerance and physical dependence. In the paper
entitled “Food-Derived Natural Compounds for Pain Relief
in Neuropathic Pain,” E. Y. Lim and Y. T. Kim summarize
the processes implicated in the etiology and progress of
neuropathic pain and the potential benefits of C-C motif
chemokine receptor 2 (CCR2) antagonists for treatment
of this chronic disorder. In addition, plant food-derived
compounds that have demonstrated in animal models to be
useful for neuropathic pain alleviation are described in detail.

Skeletal muscle injury is a common clinical issue that
can be caused by several conditions including direct trauma,
prolonged training, ischemia, or myotoxins. Food-derived
peptides and amino acids may function as anti-inflammatory
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agents as illustrated in the original research work enti-
tled “Shrimp Protein Hydrolysate Modulates the Timing
of Proinflammatory Macrophages in Bupivacaine-Injured
Skeletal Muscles in Rats” by J. Dort et al. This study pro-
vides information on the in vivo effects of shrimp protein
hydrolysate consumption on chemically injured rat skeletal
muscle. Protein hydrolysate feeding improved resolution of
inflammation in skeletal muscles through modulation of
proinflammatorymacrophages accumulation that can induce
a generalized beneficial effect on muscle regeneration.

Skin suffers inappropriate ultraviolet (UV) exposure
causing dermal photo-damage and photo-aging, resulting in
partial inflammation, redness, swelling, and tissue damage. In
a paper entitled “Djulis (Chenopodium formosanum Koidz.)
Water Extract and Its Bioactive Components AmeliorateDer-
mal Damage in UVB-Irradiated Skin Models,” Y.-H. Hong
and coworkers pointed that Djulis treatment protected skin
HaCaT cells against UV-induced inflammation, oxidative
stress, and increased the cell viability. By an in vivo study,
it was also demonstrated that administration of the extract
exerted protection against UV challenge in skin of mice. In
addition, the authors found that the contributive compounds
of Djulis are mainly rutin and chlorogenic acid.

The rising challenge of bacterial resistance to antibiotics
has promoted the need for the development of natural prod-
ucts with antibacterial and antioxidant activity to effectively
manage many infectious diseases. The study “Antibacterial
and Antioxidant Properties of the Leaves and Stem Essential
Oils of Jatropha gossypifolia L.,” by S. O. Okoh et al. proposes
the use of leaves and stem essential oils of the medicinal
plant Jatropha gossypifolia as a potential therapeutic agent for
the treatment of microbial infections. This study provided
a detailed characterization of the fatty acid composition of
essential oils and described their antiradical and antibacterial
properties indicating their potential therapeutic uses in the
prevention or treatment of infectious diseases.

In a paper entitled “DHA and EPA Content and Fatty
Acid Profile of 39 Food Fishes from India,” B. P. Mohanty
and coworkers demonstrated that fish is an important source
of polyunsaturated fatty acids (PUFA) and has a unique
advantage. Docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA) are present in high concentration in
sea creatures with high fat composition and play important
roles in fetal brain development, lipid metabolism, cognitive
support, preventing atherosclerosis, dementia, and immune
disorders.This article reported that 39 fish species from India,
especially Tenualosa ilisha, Sardinella longiceps, Nemopterus
japonicus, and Anabas testudineus, are rich sources of DHA
and EPA. Promotion of these species as DHA fish sources
would enhance their utility in public health nutrition.

Hypoglycemic effect of the main antidiabetic compound
in mulberry latex, the glucose analogue 1-deoxynojirimycin,
is well-known to be due to inhibition of intestinal 𝛼-
glucosidase. Further understanding of 1-deoxynojirimycin
glucose lowering effects were examined in the study “An
Evaluation of 1-Deoxynojirimycin Oral Administration in
Eri Silkworm through Fat Body Metabolomics Based on 1H
Nuclear Magnetic Resonance” by C. Wen et al. NMR-based

metabonomics analysis of the Eri silkworms fat body indi-
cated that 1-deoxynojirimycin has a positive impact on the
reverse energy metabolism. These results reinforce the evi-
dence for the therapeutic application of 1-deoxynojirimycin
as food supplement, ingredient, or nutraceutical in diabetes.

In a paper entitled “Roe Protein Hydrolysates of Giant
Grouper (Epinephelus lanceolatus) Inhibit Cell Proliferation
of Oral Cancer Cells Involving Apoptosis and Oxidative
Stress,” J.-I. Yang et al. evaluated the impact of ultrafiltrated
roe hydrolyzates obtained from giant grouper (Epinephelus
lanceolatus) on proliferation of oral cancer Ca9-22 and CAL
27 cells. In addition, they induced apoptotic characters such
asmorphology change, accumulation of cells in sub-G1 phase,
and Annexin V positive expression. These effects together
with the ability of roe protein hydrolyzates to induce reactive
oxygen species and superoxide generation andmitochondrial
depolarization make it a promising therapy against oral
cancer.
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Delphinidin anthocyanins have previously been associated with the inhibition of glucose absorption. Blood glucose lowering effects
have been ascribed tomaqui berry (Aristotelia chilensis) extracts in humans after boiled rice consumption. In this study, we aimed to
explore whether a standardized delphinidin-rich extract from maqui berry (Delphinol) affects glucose metabolism in prediabetic
humans based on glycemia and insulinemia curves obtained from an oral glucose tolerance test (OGTT) after a challenge with
pure glucose. Volunteers underwent four consecutive OGTTs with at least one week washout period, in which different doses of
Delphinol were administered one hour before glucose intake. Delphinol significantly and dose-dependently lowered basal glycemia
and insulinemia. Lower doses delayed postprandial glycemic and insulinemic peaks, while higher doses reversed this tendency.
Glycemia peaks were dose-dependently lowered, while insulinemia peaks were higher for the lowest dose and lower for other doses.
The total glucose available in blood was unaffected by treatments, while the total insulin availability was increased by low doses
and decreased by the highest dose. Taken together, these open exploratory results suggest that Delphinol could be acting through
three possible mechanisms: by inhibition of intestinal glucose transporters, by an incretin-mediated effect, or by improving insulin
sensitivity.

1. Introduction

Frequent excessive postprandial glucose and insulin excur-
sions represent a risk factor for developing diabetes, asso-
ciated with impaired glucose tolerance (IGT) and impaired
insulin tolerance (IIT), inflammation, dyslipidemia, 𝛽-cell
dysfunction, and endothelial dysfunction [1]. The mainte-
nance of healthy blood sugar levels and controlled carbohy-
drate metabolism is a rapidly growing concern inmost devel-
oped countries and increasingly also in developing countries,
due to the increased awareness of the hyperglycemia risks
resulting from unhealthy diets and sedentary lifestyle [2].
Further to dietary self-limitation and physical activity efforts,

consumption of plant secondary metabolites may substan-
tially contribute to improving carbohydrate and lipid meta-
bolism [3–6].

Long term epidemiologic studies have pointed to dietary
factors affecting the risk for developing diabetes. Investi-
gation of data from the Nurses Health Studies (NHS) has
resulted in interesting findings related to elevated regular
consumption of different flavonoid classes and disease risk
reduction [7]. Higher consumption of anthocyanins was
associated with lower risk for type II diabetes in US adults,
based on the follow-up of 70359 women in the NHS (1984–
2008) and 89201 women in NHSII (1991–2007) and also
41334 men in the Health Professionals Follow-Up Study
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(1986–2006) [7]. Interestingly, this study found no significant
correlation between other flavonoid subclasses and even total
flavonoid consumption related to risk reduction for type
II diabetes. A follow-up of the NHS II (93600 women)
suggested that anthocyanin intake in the form of blueberries
and strawberries would correlate with decreased myocardial
infarction risk [8]. A recent epidemiologic study suggests
that regular higher intake of flavonoid species anthocyanins,
flavones, and flavanones is associated with greater likelihood
for good health and wellbeing in individuals surviving to
older ages [9].

Polyphenols are well described to exhibit inhibitory
effects on 𝛼-glucosidase and 𝛼-amylase enzyme activities,
thus delaying absorption of complex food carbohydrates [10].
Particularly, the oligomeric proanthocyanidins potently delay
hydrolysis of starchy foods to glucose, some of which appear
to bemore effective than acarbosemedication [11]. Consump-
tion of anthocyanin-rich crowberry-fortified blackcurrant
juice was described to attenuate significantly the postprandial
blood glucose and insulin peak 90 minutes after glucose
challenge, as compared to consumption of the same sugared
beverage void of crowberry fortification [12].

Delphinidin anthocyanins extracted from maqui berries
(Aristotelia chilensis), indigenous to Chile, are especially
rich in glucoside and sambubioside derivatives. They have
recently been ascribed to inhibit the sodium-glucose cotrans-
porter type 1 (SGLT1) in rat duodenum. Delphinol, a pro-
prietary maqui berry extract with a standardized content of
25% w/w delphinidin glycosides and 35% total anthocyanins,
was found to significantly inhibit postprandial blood glucose
60 and 90 minutes after boiled rice intake [13], with a single
200mg dose before food consumption.

We here describe the results of open exploratory investi-
gations on the effect of different doses of Delphinol on blood
glucose and insulin in fasting conditions and postprandial
effects after glucose ingestion, by applying a standard oral
glucose tolerance test (OGTT) in study participants with
impaired glucose tolerance.

2. Methods

2.1. Study Population. Potential subjects presenting with
either a family history of type 2 diabetes, hypertension, body
mass index greater than 23 kg/m2, or dyslipidemia, aged
between 18 and 50 years of both genders, were invited to
participate in a screening procedure to identify suitability to
meet inclusion criteria.

Inclusion criteria comprised the following: (1) age
between 18 and 50 years; (2) abnormal response to OGTT,
as the result of altered blood glucose values (basal glucose
≥ 100mg/dL, any intermediate glucose value at 30, 60, or 90
minutes ≥ 160mg/dL, or glucose at 120 minutes ≥ 140mg/dL)
or blood insulin values (basal insulin ≥ 15 𝜇IU/mL, any inter-
mediate insulin value at 30, 60, or 90 minutes ≥ 100 𝜇IU/mL,
or insulin at 120 minutes ≥ 60 𝜇IU/mL).

Exclusion criteria comprised fasting blood glucose lev-
els ≥ 180mg/dL, pregnancy, hormonal therapy with sexual

steroids, cardiovascular disease requiring medication, hypo-
glycemic medication use, allergies, and the inability to follow
instructions.

Prior to enrolment, all participants were introduced in
detail to the purpose and rationale of the study and the
product they would be taking as well as the investigational
procedures they would be exposed to. All participants pro-
vided their written informed consent for participation in the
research project. The present study was conducted according
to the Declaration of Helsinki guidelines. The study protocol
was approved by the ethical committee of Mutual de Seguri-
dad, Santiago, Chile. Subjects were permitted to discontinue
participation at any time without providing reasons. Preg-
nancy testing in women with childbearing potential was only
performed at the first visit. During the first health checkup,
specimens were collected from all enrolled participants for
blood rheology, standard blood chemistry, lipid profiling, and
complete urine analysis.

2.2. Study Design and Protocol. This investigation was an
open exploratory study initiated for identifying acute dose
effects of a standardized maqui berry extract (Delphinol) on
postprandial blood glucose. Delphinol is mainly composed
of polyphenols and is standardized to contain more than
25% delphinidin glycosides by HPLC area under the curve
(AUC), using purified reference standards delphinidin-3-
sambubioside-5-glucoside, delphinidin-3,5-diglucoside, del-
phinidin-3-sambubioside, and delphinidin-3-glucoside. Fur-
thermore, Delphinol is standardized to contain no less than
35% total anthocyanins, comprising also cyanidin glycosides
with the same glycosylation patterns as those in delphinidins.
Many further nonanthocyanin flavonoid species with the
same glycosylation patterns are present in Delphinol [14,
unpublished results]. Delphinol has been shown to be safe in
acute and chronic toxicity assessments at doses of 1 g/kg body
weight. Delphinol is commercialized as a dietary supplement
in most parts of the developed world, predominantly as an
antioxidant [15], and for blood glucose management [16].
Capsules bearing 60, 120, and 180mg Delphinol (batch 13156,
MNL, Santiago, Chile), manufactured by Barnafi Krause
Farmacéutica SA (Santiago, Chile), were used in this study.

2.3. Subjects. According to the inclusion criteria, a total
number of 36 prediabetic subjects were initially enrolled, 20
women and 16 men aged 19 to 50 years. Additional seven
participants were recruited at a later time to increase the
statistical power. This group comprised 4 women and 3 men
aged 37 to 43 years, all of them being prediabetic. In the first
visit, the health status of the subjects was checked by an inter-
view to register their clinical history and a complete physical
examination. Routine analyses (complete blood count, bio-
chemical and lipid profiles) and a diagnostic OGTTwere also
performed. At the end of each visit, participating volunteers
were interviewed for adverse effects.

2.4. Oral Glucose Tolerance Test and Insulin Measurements.
Study participants were screened for eligibility bymeans of an
oral glucose tolerance test after Trutol� (75 g of glucose as
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Figure 1: Mean glycemia variation during OGTT for all volunteers
treated with four different Delphinol doses of nil (control), 60,
120, and 180mg, at four different occasions with several washout
days in between experiments. Sixty minutes after Delphinol intake,
participants presented with dose-dependent lowering of basal blood
glucose. At this time, 75 g of glucose was consumed and resulting
postprandial glucose levels are presented. Statistically significant
(𝛼 = 0.05) altered values compared to untreated control are indi-
cated by an asterisk.

a 296mL aqueous solution,Thermoscientific, Pittsburgh, PA,
USA) intake,measuring basal (fasting), 30-, 60-, 90-, and 120-
minute blood glucose and insulin levels, with glycemia and/or
insulinemia exceeding values as in the aforementioned inclu-
sion criteria.

For the study of dose effects, each participating subject
was given a single dose of Delphinol (nil, 60, 120, or 180mg)
on different test days, with minimum of one-week inter-
mission between tests. After an overnight (10–12 hours)
fasting period, subjects were cannulated after arrival at the
medical facility and remained lying on a hospital bed over the
entire investigational period. An initial 4mL blood sample
was taken and the corresponding dose of Delphinol was
subsequently administered. One hour later, participants were
subjected to an OGTT, swiftly ingesting a standard 75 g glu-
cose solution (Trutol). For theOGTT, in total, five 4mLblood
samples were taken in intervals of 30min. The first blood
sample was collected before glucose ingestion, as illustrated
in Figure 1. The subsequent four samples were collected in
30-minute intervals during two hours after glucose intake. All
samples were collected in Becton Dickinson (BD) Vacutainer
tubes containing EDTA and sodium fluoride, centrifuged at
4.000 rpm on an ALC PK 120 centrifuge for 5 minutes, and
stored at 4∘C for laboratory measurements.

Glucose was estimated by a GOD-PAP colorimetric assay
using a Selectra autoanalyzer (Vitalab, Smithfield, USA).
Calibration was performed daily according to lab protocols.
All samples were processed following standard procedures.
Insulin was analyzed by direct chemiluminescence using an
ADVIA Centaur XP Immunoassay System (Siemens, Erlan-
gen, Germany).

2.5. Statistical Analyses. Statistical analyses were carried out
using MINITAB 17 (Minitab Inc., State College, PA, USA),
Origin Pro 8 (OriginLab Corp., Northampton, MA, USA),
and SAS 9 (SAS Institute, Cary, NC, USA). One-tailed paired
comparisons were used to identify significant differences in
basal glucose values at a 5% significance level (𝛼 = 0.05) after
ingestion of different Delphinol doses. For the comparison
of different doses on subjects, repeated measures mixed
ANOVA model was used in which subjects were treated as a
random effect and doses as a repeated effect. The variance-
covariance matrix was modeled using the options for the
repeated statement provided in Proc MIXED (SAS) with
a Toeplitz structure to allow for an autoregressive covari-
ance model. After the general repeated measures ANOVA,
least-squares-means multiple comparisons were performed
among doses. For the multiple comparisons, a Dunnett-HSU
approach was applied using Proc MIXED (SAS Institute).
One-tailed hypothesis testing was used to compare the
control dose (nil) to 60, 120, and 180mg doses. All reported
mean values are least-square means due to the nonbalanced
mixed model fitting the overall comparisons model.

Due to practical reasons and design limitations, after
recruitment of seven additional subjects, a priori (planned)
comparisons between control dose (nil) and the 120mg dose
were done using one-tailed paired 𝑡-tests for glucose and
insulin. For this comparison, the complete dataset was ana-
lyzed using the same statistical model structure but compar-
isons were limited only to the control and 120mg dose.

3. Results

3.1. Study Population. A total number of 36 prediabetic
subjects (20 women and 16 men) were initially enrolled.
The mean age was 30.1 (SD = 9.64; range = 20–50) years
for women and 32.6 (SD = 8.92; range = 19–49) years for
men, BMI was 29.57 (SD = 5.19; range = 20.1–39.2) kg/m2 for
women and 31.97 (SD = 24.3; range = 24.3–48.5) kg/m2 for
men, and fasting plasma glucose at enrolment was 88.4 (SD =
10.82; range = 74.0–117.0)mg/dL for women and 95.75 (SD =
7.05; range = 83.0–110.0)mg/dL for men. Specifically, for a
priori statistical evaluations at 120mg Delphinol, additional
seven participants were recruited (4 women and 3 men). For
those patients, the mean average age was 32.5 (SD = 11.12;
range 37–43) years for women and 32.0 (SD = 14.73; range 39–
43) years for men, BMI was 24.63 (SD = 1.46; range = 23.7–
26.8) kg/m2 for women and 24.93 (SD = 2.97; range 22.2–
28.1 kg/m2) for men, and fasting plasma glucose at enrolment
was 91.0 (SD = 15.74; range = 75–109)mg/dL for women and
99.0 (SD = 6.55; range = 93–106)mg/dL for men.

3.2. Dose Effects of Delphinol on Fasting Glucose and Insulin.
As detailed in Table 1, themean overnight fasting glucose and
insulin level of subjects, investigated on four different occa-
sions, decreased within 60 minutes after a single intake of
Delphinol in a dose-dependent manner. The decrease was
statistically significant for all doses as compared to the non-
Delphinol-treated control.

The decrease of fasting blood glucose subsequent to an
acute intake of Delphinol coincided with a dose-dependent
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Table 1: Statistical evaluation of acute dose effects related to Delphinol intake on fasting glucose and insulin in 36 subjects, prior to OGTT.
Each basal value was obtained at different days in the morning, with subjects fasting overnight and in the morning, 60min after intake of
respective single Delphinol doses. Dose zero was the diagnostic test in which no Delphinol was administered (baseline).

(a)

Delphinol dose (mg)
Basal glucose (mg/dL)

Dunnett HSU comparison60min after Delphinol intake
Mean value and adjusted SE

Dose (mg) Difference of least squares means Adjusted 𝑃
0 91.67; 1.37
60 88.94; 1.37 0 versus 60 2.72 0.037
120 88.53; 1.37 0 versus 120 3.14 0.034
180 88.06; 1.37 0 versus 180 3.61 0.04

(b)

Delphinol dose (mg)
Basal insulin (𝜇IU/mL)

Dunnett HSU comparison60min after Delphinol intake
Mean value and adjusted SE

Dose (mg) Difference of least squares means Adjusted 𝑃
0 15.46; 1.15
60 13.78; 1.15 0 versus 60 1.68 0.072
120 13.79; 1.15 0 versus 120 1.66 0.079
180 12.05; 1.15 0 versus 180 3.4 <0.001

and significant decrease of fasting insulin as compared to
the untreated control. One-tailed paired comparisons showed
highly significant differences between basal glucose mean
values and after ingestion of all three doses of Delphinol
(Table 1) at a 5% significance level (𝛼 = 0.05). Regarding
estimated effect sizes, mean reductions of 2.7, 3.14, and
3.61 (mg/dL) were observed for the 60, 120, and 180mg dose,
respectively.

One-tailed paired comparisons showed highly significant
differences between basal insulin mean values and after
ingestion of 180mg of Delphinol (Table 1) at a 5% significance
level (𝛼 = 0.05). Regarding estimated effect size, a mean
reduction of 3.4 (𝜇IU/mL) was observed for the 180mg dose.

3.3. Dose Effects of Delphinol on Postprandial Glucose in an
OGTT. All subjects tolerated the treatment with Delphinol
well, with no adverse reactions reported during interviews
of participants. None of the participants departed from the
study prior to completion of all experiments.

As presented in Figures 1 and 2, blood glucose and insulin
OGTT curves present distinctly different kinetics in response
to the Delphinol dose applied. Within thirty minutes after
glucose ingestion, a dose-dependent effect of Delphinol on
the rapidly increasing postprandial glucose was observed.
For untreated subjects, blood glucose rose markedly higher
during the diagnostic tests in absence of Delphinol than with
prior intake of Delphinol (Figure 3(c)). A linear regression
for the glucose maximum peak height as a function of
the applied Delphinol dose calculated a significant nonzero
negative slope (𝑝 = 0.0273). Insulinemia reached higher peak
values in subjects treated with Delphinol for the lowest 60mg
dose, while for higher doses the tendency was to equate the

0 30 60 90 120 150 180
Time after Delphinol intake (min)

80
90

100
110
120
130
140
150
160
170

0
10
20
30
40
50
60
70

Bl
oo

d 
in

su
lin

 (
IU

/m
L)

Untreated control (n = 43)
60mg Delphinol (n = 36)

120mg Delphinol (n = 43)

180mg Delphinol (n = 36)

180mg

60mg

120 gm

Glucose
 intake

∗

Figure 2: Mean insulinemia variation during OGTT for all volun-
teers treated with four different Delphinol doses of nil (control), 60,
120, and 180mg, at four different occasions with several washout
days in between experiments. Sixty minutes after Delphinol intake,
participants presented with dose-dependent lowering of basal blood
glucose. At this time, 75 g of glucose was consumed and resulting
postprandial glucose levels are presented. Statistically significant
(𝛼 = 0.05) altered values compared to untreated control are
indicated by an asterisk.

maximumvalues of the control, with a slight tendency to even
lower values for the 180mg dose (Figure 4(c)).

Borderline statistical significance versus untreated con-
trol was identified in glycemia for 120mg (𝑝 = 0.117) and
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Figure 3: (a) Mean glycemia variation during OGTT for all volunteers treated with each separate Delphinol dose. Basal and postprandial
glycemia levels are presented, in order to compare the tendencies observed at each time point depending on the dose administered. (b) Time
normalized area under the glycemia curve for each dose with the contribution of each time segment. (c) Maximum glycemia peak for each
dose, with regression line and 95% confidence intervals, slope value, and associated significance level. Statistically significant (𝛼 = 0.05)
altered values compared to untreated control are indicated by an asterisk.

180mg (𝑝 = 0.126)Delphinol 30minutes after glucose intake.
Based on these results, we chose to increase the sample size
for the 120mg dose in order to corroborate these results
and elevate the statistical power of the test. Seven additional
prediabetic subjects, 4 women and 3men, aged 37 to 43 years,
were recruited and investigated by the same procedures as
described earlier.The glucose and insulin single a priori com-
parisons, including the 7 additional recruits, testing 120mg
Delphinol versus control, are presented in Table 2. As a
result, from the a priori comparisons (Table 2), we found that
application of a single 120mg Delphinol dose significantly
decreased 30min postprandial (OGTT) blood glucose (𝑝 <
0.05), whereas the corresponding postprandial lowering of
insulin remained statistically insignificant.

During the subsequent period from 30min to 60min
after glucose intake, blood glucose and insulin curves show
surprisingly diverging developments in response to the app-
lied Delphinol dose. As shown in Figure 3(a), in Delphinol-
treated subjects, glycemia peaks showed a dose-dependent
retardation of the maximum value for the 60 and 120mg
doses, compared to the untreated subjects, and a continued
rise of glucose and insulin values persists until 60min after
glucose intake. For the highest Delphinol dose of 180mg,
this peak delay is reversed back to 30 minutes after glucose
challenge and a more pronounced decrease is attained in the
maximum glycemia value than that for lower doses. As seen
in Figure 4(a), insulinemia also showed a similar delay in the
appearance of peak maxima, but the reversal of this tendency
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Figure 4: (a) Mean insulinemia variation during OGTT for all volunteers treated with each separate Delphinol dose. Basal and postprandial
insulinemia levels are presented, in order to compare the tendencies observed at each time point depending on the dose administered. (b)
Time normalized area under the insulinemia curve for each dose with the contribution of each time segment. (c)Maximum insulinemia peak
for each dose. Statistically significant (𝛼 = 0.05) altered values compared to untreated control are indicated by an asterisk.

for the 180mg dose was less conspicuous than that in the
glycemia curve. Nevertheless, insulinemia values 120minutes
after the glucose challenge were smaller than the control with
all doses and particularly with the highest dose.

Surprisingly, the lowest applied dose of 60mg Delphinol
presents with the highest glucose level at 60min, reach-
ing borderline statistical significance (𝑝 = 0.056) versus
untreated control (Figure 3(a)). The insulin level recorded
for the 60mg dose correspondingly presents with the highest
value of all four applied Delphinol doses at this time point
(Figure 4(a)). It is noteworthy that 60min after glucose
challenge the lowest glucose level was found for the untreated
control, whereas the lowest insulin value was presented with
180mg Delphinol.

A noticeable divergence related to dose effects is apparent
for the insulin levels 90min after glucose challenge. Whereas
higher glucose values at this time with 60 and 120mgDelphi-
nol are reflected by correspondingly high insulin values, the
values decline in the untreated control and likewise, to the
same extent, with the 180mg dose. Two hours after glucose
intake, glucose levels reach the lowest values for the untreated
control and 180mg Delphinol dose. Remarkably, with 180mg
Delphinol, the insulin level remained at the lowest levels
throughout all investigational time points.

In order to estimate the total amount of glucose and
insulin available in the blood during theOGTT, we calculated
a time normalized area under the curve (AUC) for glycemia
and insulinemia values. For glycemia, this value is equivalent
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Table 2: Statistical evaluation of glucose and insulin with seven
added subjects to the cohort of 36 subjects, for an a priori com-
parison at 120mg versus untreated control. Values are given as least
square means with adjusted standard error.

(a)

Dose (mg) Basal glucose(mg/dL)

Difference of
least square

means

30-minute
glucose
(mg/dL)

𝑝 value

0 92.45; 1.29 141.93; 4.03
120 88.36; 1.29 4.08 134.63; 4.03 0.048

(b)

Dose (mg) Basal insulin
(𝜇IU/mL)

Difference of
least square

means

30-minute
insulin

(𝜇IU/mL)
𝑝 value

0 14.57; 1.06 142.64; 11.90
120 13.08; 1.06 1.49 132.84; 12.60 0.19

to the glycemic index (GI) [1]. Figures 3(b) and 4(b) show
these results. No significant difference was found for any
Delphinol dose compared to the control, but tendencies can
be observed for both curves. Glucose availability tended to be
almost constant for all groups. Insulin showed a clearer trend,
with more availability for the lowest 60mg dose and a dis-
cernible tendency to decrease as dose increases. In fact, for the
120mg dose, the availability is similar to that of the control,
whereas for the highest 180mg dose this value is inferior to
that of the control. Interestingly, the tendencies of insulin
availability at different doses parallel those of maximum
insulin peak heights.

4. Discussion

Dietary polyphenols are well described to contribute to
healthier blood glucose values, based predominantly on inhi-
bition of 𝛼-glucosidase and 𝛼-amylase activities [8]. While
oligomeric proanthocyanidins potently inhibit 𝛼-glucosidase
activity and effectively lower postprandial blood glucose
following starchy meals, the absorption of monosaccharides,
especially glucose itself, remains little affected by most
flavonoid species. Berries of various natures, consumed as
pulp or juice, have repeatedly been demonstrated to limit
the rise of blood glucose and insulin in response to sucrose
challenge. In all these studies, inhibition of 𝛼-glucosidase was
ascribed to delay hydrolysis of sucrose to glucose and fructose
[10, 12].

Some polyphenolic species such as epicatechin gallate
have been ascribed to show inhibitory effects to sodium-
glucose cotransporter activity [3]. Delphinidins have been
demonstrated to inhibit SGLT1 activity in rat duodenum
in Ussing chambers, and acute intake of 200mg Delphinol
correspondingly significantly lowered postprandial blood
glucose and insulin following a 75 g boiled rice challenge in a
healthy human pilot trial [13]. However, clinical evidence for
inhibition of glucose absorption, such as in an oral glucose
tolerance test, to date remains absent for delphinidin aglycon

as well as for delphinidin-derived anthocyanins. Hence, we
conducted a study using a naturally delphinidin-rich maqui
berry extract (Delphinol) in order to investigate dose related
inhibition of glucose absorption in human volunteers using
standard OGTT. We chose to study prediabetic subjects in
expectation of greater effects on postprandial glucose alter-
ations following acute intake of Delphinol. Furthermore, no
previous study has clinically established the Delphinol min-
imum acute dose required for significant lowering of post-
prandial blood glucose in OGTT. This prompted us to test
acute doses of 60, 120, and 180mgDelphinol versus untreated
control in an OGTT in repeated investigations with the same
subjects.

Unexpectedly, we discovered that acute intake of Del-
phinol alone, in the absence of any carbohydrate exposure,
at all Delphinol doses tested, simultaneously lowered both
postprandial fasting blood glucose and insulin one hour after
intake, in a dose-dependent and significant fashion. An acute
simultaneous reduction of blood glucose and insulin with
dietary polyphenols at fasting conditions, to our knowledge,
has not been described before. The investigation of under-
lying mechanisms of action related to this observation was
beyond the scope of the research project. SinceDelphinol was
previously described to inhibit SGLT1 activity in small intes-
tine, it was intriguing to speculate whether Delphinol may
potentially inhibit SGLT1 or SGLT2 in kidneys, affecting renal
glucose reabsorption with glucose lost to urine [17]. Investi-
gation of possible glucosuria was not part of the research pro-
tocol; however, a post hoc investigation of only three subject
volunteers participating in the trial showed that, following a
single intake of 180mg Delphinol at fasting conditions, urine
collected over the subsequent hour did not contain measur-
able quantities of glucose (data not shown). Though the obs-
ervation on the absence of glucosuria is limited, this finding
nonetheless suggests that delphinidin glycosides in maqui
berriesmay not lower fasting glucose as a result of glucosuria.

The effects of Delphinol presented here shall be of par-
ticular interest for individuals with glucose intolerance and
insulin resistance, as pancreatic 𝛽-cells may be less burdened
by excess insulin secretion. The insulin sparing effect identi-
fied for Delphinol is particularly appreciable as it manifests
also at fasting conditions. The observation that insulin levels
were lowered followingDelphinol ingestion (prior toOGTT),
and with a single dose of 180mg persisted lower throughout
the monitored 120min period, as compared to untreated
control as well as lower Delphinol doses, points to potential
pancreatic health contributions. This discovery of Delphinol
effects on insulin merits future research, which may explore
fasting glucose and pancreas function related to insulin
response improvement, especially following regular sup-
plementation with Delphinol. Although sugar metabolism
effects of other polyphenols present in maqui berry may not
be excluded at this point, it has already been described that
a particular anthocyanin, delphinidin 3-sambubioside 5-glu-
coside (D3S5G), displays insulin-like effects in muscle and
liver cells and seems to be partially responsible for the anti-
diabetic effect of maqui berry extracts [18].

We found that applied Delphinol doses significantly
lowered blood glucose 30 minutes after glucose challenge,
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which may arguably be partially attributed to the drop in
fasting glucose subsequent to Delphinol intake. Yet, our find-
ings confirm that Delphinol decreases absorption of dietary
glucose further to previous investigations of Törrönen and
coworkers who gave starchy foods to subjects [12]. Our results
are coherent with the SGLT1 inhibition by delphinidins
described by this study.

It is noteworthy that the postprandial blood glucose
and insulin dynamics are profoundly altered in relation to
the Delphinol dose applied, from the time point 30min
after glucose ingestion. Surprisingly, the 60min postprandial
blood glucose values are present in inverse order with
respect to the Delphinol dose applied to subjects. Whereas
in untreated control blood glucose dropped to an average
of 126.8mg/mL 60min after glucose challenge, the average
values with Delphinol ranged higher at 129.1, 134.1, and
139.1mg/mL, for 180, 120, and 60mg Delphinol, respectively.
This observationmay appear to be contradictory to inhibition
of SGLT1 with Delphinol. However, it is noteworthy that
supplementation with Delphinol occurred one hour prior to
glucose challenge and delphinidin glycosides may potentially
no longer persist at physiologically fully active concentrations
in the small intestine two hours past Delphinol intake.

In the same line, the observed delay of blood glucose
peaks can be seen as the effect of a partial SGLT1 inhibition
at lower dosages. This inhibition is expected to be higher in
the proximal segments of the intestine, which would imply
a slower glucose absorption in the duodenum and a retarded
absorption in the following intestinal segments. As doses
grow higher, inhibition is expected to be more complete,
including inhibition at the same higher level in both proximal
and more distal intestinal segments, which would cause a
recovery of the form of the glucose curve and a concomitant
lowering of blood glucose, as observed with the 180mg Del-
phinol dose. Interestingly, the peak retarding effect induced
by Delphinol in low doses partly mimics the shape of curves
of lower glycemic index foods [1].

However, none of the above-discussedmechanisms could
account for the rise of the insulin peak and the higher insulin
availability observed with the lowest 60mg Delphinol dose
(Figures 2 and 4). In fact, while the tendency for glucose peaks
is to decrease as the Delphinol dose increases (Figures 1 and
3) and total glucose availability remains constant during the
OGTT for all treatment groups, this better control seems to
require higher absolute levels of insulin and higher insulin
secretion for the lowest dose tested. This is counterintuitive,
since lower blood glucose cannot by itself triggermore insulin
secretion in normal conditions. Therefore, apart from the
possible inhibition of intestinal glucose transporters, Delphi-
nol should have a more direct effect on insulin secretion.
Whether this effect is mediated by incretins or is a direct
action on pancreatic 𝛽-cells cannot be ruled out by the
current evidence.

Strikingly, the case of the highest 180mg dose presents
a radically different effect: its glycemia peak is the lowest
among all treatments and control, and the total amount of
glucose in blood during the OGTT remains the same, while
the insulin peak is also the smallest. However, the total
amount of circulating insulin required for this is also the

lowest among all treatments and control. This evidence indi-
cates that the same amount of glucose is managed more effi-
ciently with less insulin, which in turn suggests that Delphi-
nol could also improve insulin sensitivity of target tissues in a
direct or indirect manner, making this a third possible mech-
anism by which Delphinol could act on glucose metabolism.

Other groups investigating polyphenol impact on post-
prandial glucose applied anthocyanins as blackcurrant juice,
fortifiedwith additional crowberry (Empetrum nigrum) pow-
der (100 g/L) and adding sucrose (50 g/L) to the juice [12].
Plasma glucose and insulin were lowered with crowberry-
fortified sugared blackcurrant juice 30min past consump-
tion, though nonsignificant compared to the sweetened
blackcurrant juice alone. Interestingly, significantly higher
blood glucose and insulin levels were identified 90min after
consumption of sucrose-sweetened and crowberry-fortified
blackcurrant juice, as compared to sweetened blackcurrant
juice without crowberry. These postprandial glucose and
insulin kinetics are in conformance with our findings, show-
ing elevated glucose and insulin at 60 and 90min, resulting
from anthocyanin consumption. Törrönen and coworkers
attribute the attenuation of postprandial glucose and insulin
to 𝛼-glucosidase inhibition, resulting in delayed sucrose
hydrolysis, and speculate on the possibility for additionally
impaired intestinal glucose transport [12]. As we used glucose
in our experimental setting, any possible effects of Delphinol
on carbohydrate hydrolysis are ruled out.

Hoggard et al. measured postprandial OGTT curves after
Polycal (49% polysaccharides, 12% glucose, 0.6% maltose)
consumption, on 8 patients with diabetes or IGT to which
470mg of bilberry (Vaccinium myrtillus) extract was given
before the trial [19]. In this study, total anthocyanins doses
were much higher than in our trial. Since they used a
mixture of glucose and polysaccharides on patientswithmore
advanced disease states than in our study, their results are not
comparable to our findings. Indeed, they reported statistically
significant lower postprandial glucose levels only 120, 150,
and 180minutes after Polycal consumption, in contrast to our
findings, which suggests intestinal absorption played a more
delayed role in their experimental setting.

5. Conclusions

We have demonstrated for the first time that a maqui berry
extract standardized in its anthocyanin content (Delphinol)
is able to simultaneously reduce fasting blood glucose and
insulin levels in prediabetic patients when administered in
a single dose. A significant effect was obtained even for very
lowdoses ofDelphinol: only 60mg ofDelphinol, correspond-
ing to 21mg of maqui berry anthocyanins, was statistically
significant for the basal glucose drop. A dose of 180mg ofDel-
phinol, corresponding to 63mg ofmaqui berry anthocyanins,
was effective in significantly decreasing fasting insulin levels.
These results are unique because these trials were performed
in prediabetic humans and not in an animal model.

Furthermore, in contrast to previous studies that used
disaccharides (sucrose) or complex polysaccharides sources
(Polycal or boiled rice) to measure OGTT, we used pure
glucose, the gold standard procedure. In these conditions, we
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demonstrated that a single 120mg Delphinol dose decreases
the glycemic peak 30 minutes after glucose challenge in a
single dose trial. Our results show also tendencies for max-
imum postprandial blood glucose peaks to decrease with all
tested Delphinol doses in a dose-dependent manner. Trends
were also detected for insulin peaks, which tend to decrease
with higher Delphinol doses. A similar decreasing tendency
with higher Delphinol doses was observed for the total
amount of insulin available in blood during the OGTT. Even
though significant differences and trends were only demon-
strated for some measures, clear nonlinear tendencies are
observed for many parameters, but formal demonstration of
statistical significance would require the development of new
statistical tests for trends. In a simpler approach, for 30min
glycemia measures, we demonstrated that observed differ-
ences were easily resolved by including only ∼20% more vol-
unteers in the study, in order to reach statistical significance.

Although it is too soon to describe a potential biochem-
ical mechanism of action by which Delphinol is able to
decrease blood glucose and insulin levels, taken together,
our results suggest that Delphinol could be acting on glu-
cose metabolism by three different possible mechanisms:
(1) by inhibition of intestinal glucose transporters, (2) by
an incretin-mediated effect on insulin secretion, or (3) by
improving the insulin sensitivity in target tissues.These possi-
ble mechanisms are in line with the results of Rojo et al. [18],
which describe insulin-like effects in liver and muscle cells
of delphinidin 3-sambubioside 5-glucoside, one of the main
anthocyanins of maqui berry, and identify this particular
purified anthocyanin as, at least partially, responsible of the
antidiabetic effects. However, in the present work, we cannot
rule out that other polyphenol components of Delphinol
could also be synergetically having insulin-like effects, as
described, for example, by Cameron et al. [20]. We can dis-
card inhibition of𝛽-glucosidases, in our particular case, as we
used pure glucose as the OGTT challenge. The exact nature
of these putative mechanisms should be the research matter
of future studies on maqui berry extract, in attendance to the
utility that they may have in the management of chronic glu-
cosemetabolism conditions, such asmetabolic syndrome and
prediabetes. In this sense, this work adds to previous works
and is part of a continuous and ongoing effort to better char-
acterize maqui berry extracts, find effective doses, measure
effects on glucose metabolism, and shed light on possible
mechanisms of action for standardized maqui berry extracts.
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[10] K. Hanhineva, R. Törrönen, I. Bondia-Pons et al., “Impact
of dietary polyphenols on carbohydrate metabolism,” Interna-
tional Journal of Molecular Sciences, vol. 11, no. 4, pp. 1365–1402,
2010.
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Neuropathic pain, defined as pain caused by a lesion or disease of the somatosensory nervous system, is characterized by dysesthesia,
hyperalgesia, and allodynia. The number of patients with this type of pain has increased rapidly in recent years. Yet, available
neuropathic pain medicines have undesired side effects, such as tolerance and physical dependence, and do not fully alleviate the
pain. The mechanisms of neuropathic pain are still not fully understood. Injury causes inflammation and immune responses and
changed expression and activity of receptors and ion channels in peripheral nerve terminals. Additionally, neuroinflammation is
a known factor in the development and maintenance of neuropathic pain. During neuropathic pain development, the C-C motif
chemokine receptor 2 (CCR2) acts as an important signaling mediator. Traditional plant treatments have been used throughout the
world for treating diseases.We and others have identified food-derived compounds that alleviate neuropathic pain. Here, we review
the natural compounds for neuropathic pain relief, their mechanisms of action, and the potential benefits of natural compounds
with antagonistic effects on GPCRs, especially those containing CCR2, for neuropathic pain treatment.

1. Introduction

The International Association for the Study of Pain (IASP)
defines neuropathic pain as pain caused by a lesion or disease
of the somatosensory nervous system, which causes unpleas-
ant and abnormal sensation (dysesthesia), an increased
response to painful stimuli (hyperalgesia), and pain in
response to a stimulus that does not normally provoke pain
(allodynia) [1, 2]. This definition of neuropathic pain distin-
guishes it from other types of pain, includingmusculoskeletal
pain, by restricting its extent to the somatosensory nervous
system.

According to previous studies, neuropathic pain affects
about 1 in every 10 adults and the economic burden for
treating this pain is increasing [3, 4]. Langley and colleagues
have described the importance of pain in terms of social
impact and have shown that people experiencing neuropathic
pain have an economic burden twice that of patients with

chronic nonneuropathic pain, in five countries in Western
Europe [5, 6].

There are four main types of pharmacological therapies
for neuropathic pain: antidepressants, anticonvulsants, opi-
oids, and topical agents. The first-line treatments for neu-
ropathic pain, based on efficacy and safety, include antide-
pressants (e.g., tricyclic antidepressants [TCAs], serotonin-
norepinephrine reuptake inhibitors [SNRIs]) and certain
anticonvulsants (e.g., gabapentin, pregabalin, and topical
lidocaine) [7]. Opioid analgesics have been recommended as
second-line treatments, given their safety; however, they are
sometimes used as first choice. Third-line treatments include
certain antidepressant medications (e.g., bupropion, citalo-
pram, and paroxetine) and certain anticonvulsants med-
ications (e.g., carbamazepine, lamotrigine, oxcarbazepine,
and N-methyl-D-aspartate [NMDA] receptor antagonists).
However, these drugs are not completely effective in atten-
uating neuropathic pain, because of the complexity of this
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type of pain, and also have side effects, such as sedation,
dizziness, edema, and ataxia [8, 9]. For these reasons, there
is interest in new agents for relieving neuropathic pain.
Although the existing neuropathic pain animal model does
not fully represent the human condition, it facilitates studies
on nerve injury-induced pain and indicates neuropathic
pain mediators. Natural products have been widely used for
centuries to treat various diseases and can effectively treat
diseases, without causing side effects [10], and may present
therapeutic candidates for the development of new drugs to
alleviate neuropathic pain.

The causes of neural damage can be diverse; these include
diabetic neuropathy, human immunodeficiency virus (HIV)
neuropathy, postherpetic neuralgia, drug-induced neuropa-
thy, and traumatic nerve injury. Various neuropathic pain
models have been developed, with consideration of different
neuroimmune signaling pathways [11]. Tissue and nerve
injury-induced hyperexcitability are due to immune cells and
the inflammatory mediators that they release. In particular,
it is well-known that neuroinflammation, which is a local
inflammatory reaction in the nervous system, can lead to the
development of neuropathic pain. In addition, ion channels
open and close in response to chemical ormechanical signals,
and G protein-coupled receptors (GPCRs) also stimulate
hyperexcitability. GPCRs regulate ligand-gated and voltage-
dependent ion channels and are activated in response to
inflammatory mediators that are released by peripheral tis-
sues and immune cells.

In this review, we summarize the processes involved in
neuropathic pain development and natural compounds that
are useful for neuropathic pain alleviation and further discuss
the potential benefits of C-C motif chemokine receptor 2
(CCR2) antagonists for treatment of neuropathic pain.

2. Mechanism of Neuropathic Pain

Generally, pain perception involves the following processes:
transduction, transmission, modulation, and perception. In
brief, nociceptors switch noxious stimulation to nociceptive
signals, which are transported into the central nervous system
(CNS) along nerve fibers from the site of injury. These
nociceptive signals are modulated at synaptic sites and in
the CNS by ascending and descending pathways, and we
recognize pain [12]. In neuropathic pain, nerve injury alters
expression of genes encoding cytokine and chemokine recep-
tors; ion channel expression at themembranes and substances
released by immune cells induce nociceptive signaling in
the peripheral and central nervous system and ultimately
cause the development of neuropathic pain (Figure 1) [13, 14].
Moreover neuroinflammation, that is, immune reaction in
the peripheral and CNS, including activation of mast cells
and glial cells, may occur due to nerve injury. These changes
induce peripheral sensitization, which involves enhanced
excitability of the primary afferent nociceptors that convert
peripheral stimuli into action potentials that are propagated
in the CNS [15]. Thus, peripheral sensory nerve hyper-
excitability and central nerve hyperexcitability, involving
diverse pathways, are the major reasons for the initiation,

development, and maintenance of neuropathic pain [16].
After peripheral nerve injury, microglia in a resting state in
the spinal dorsal horn and dorsal root ganglia (DRG) are
activated through a series of cellular and molecular changes
that are mainly produced by monocyte chemoattractant
protein 1/C-C motif chemokine ligand 2 (MCP1/CCL2). This
activation is commonly observed among various models of
neuropathic pain [17].

2.1. Neuroimmune Interactions Are Mediated by Inflammatory
Cytokines and Chemokines. Growing evidence indicates that
inflammatory and immune responses contribute to neuro-
pathic pain [18]. After nerve injury, immunocompromised
mice show alleviation of neuropathic pain as compared with
normal mice, in the early stage [19]. In addition, neuroin-
flammation induced by nervous system injury accompanies
a neuroimmune interaction that activates immune cells and
leads to development of chronic pain, including neuro-
pathic pain. For instance excessive neuroinflammation, as
found in Guillain–Barré syndrome and multiple sclerosis, is
associated with neuropathic pain. In this regard, targeting
neuroinflammation is also a promising analgesic approach for
neuropathic pain [20, 21].

One characteristic of neuropathic pain is infiltration of
blood leukocytes by chemokines [22]. Accumulating evi-
dence has indicated that glial cell activation and the resulting
expression of proinflammatory immune mediators, such as
tumor necrosis factor-𝛼 (TNF-𝛼), interleukin-1𝛽 (IL-1𝛽), and
brain-derived neurotrophic factor (BDNF), play critical roles
in neuropathic pain [23, 24]. In early life, nerve injury triggers
anti-inflammatory responses, such as expression of IL-4 and
IL-10 rather than proinflammatorymediators, supporting the
supposition that infants rarely experience neuropathic pain
[25].

We will describe immune responses focused on immune
cells (mast cells, microglia, neutrophils, macrophages,
Schwann cells, and T cells) and some of their inflammatory
mediators. In a normal state, mast cells have granules that
contain a variety of bioactive chemicals. Nervous injury
triggers neuroinflammation, which activates mast cells, and
activated mast cells in turn release inflammatory factors,
such as bradykinin, prostaglandins, histamine, and substance
P [26]. Partial sciatic nerve ligation (PSNL) induces mast
cell activation and degranulation and neutrophil and
macrophage infiltration, which is reversed by treatment with
amast cell stabilizer.This suggests thatmast cells are powerful
neuropathic pain mediators [27]. Microglia, which are glial
cells that are located throughout the CNS, become activated
in response to nerve injury and immunological stimuli,
including proinflammatory signals released from immune
cells, such as mast cells. This interaction between mast cells
and microglia regulates peripheral pain signaling. Microglia
activation causes pain states by releasing proinflammatory
cytokines, chemokines, and proteases [28]. Astrocytes, the
most abundant glial cell type in the CNS, also play a major
role in pain facilitation and are fundamental contributors
to the neuropathic pain involved in neuroinflammation.
Therefore, a promising therapeutic target for managing
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Figure 1: Mechanisms involved in peripheral sensitization in neuropathic pain. Tissue and nerve injury lead to inflammation, including
neuroinflammation, via activation of immune cells (T cells, macrophage, mast cell, and neutrophil), by releasing diverse inflammatory
mediators, such as TNF-𝛼, IL-1𝛽, IL-6, CCL2, PGE2, BK, and NGF, in nearby peripheral nociceptive nerve terminal. These mediators act
on their respective receptors, including TRPV1, P2X3, cytokine receptors, and G-coupled protein receptors. The activation of these receptors
results in upregulation of Ca2+ and cyclic AMP, which related to several kinase signaling pathways. Altogether, these mechanisms can lead to
neuronal excitation andmicroglial activation, as well as gene expression changes in sensory neurons. Overactivatedmicroglia can also trigger
neuropathic pain via inflammatory mediator-related signaling.

neuropathic pain would be factors that mediate mast and
glia cell reactivity.

In a normal state, neutrophils, which are the first leuko-
cytes to arrive at a site of tissue damage, accumulate in the
epineurium after nerve injury, contributing to neuropathic
pain [29]. Depletion of circulating neutrophils, by using
antibodies, attenuates the induction of thermal hyperalgesia
after PSNL but does not alleviate the typical hyperalgesia at
day 8 after injury, suggesting that endoneurial accumulation
of neutrophils is related to the development of neuropathic
pain [30]. Macrophages are significantly increased in neu-
ropathic pain models [11, 31]. Moreover, systemic depletion
of macrophages reduces mechanical hypersensitivity, sug-
gesting their importance in the generation of neuropathic
pain [32]. Furthermore, the role of Schwann cells in the
generation of neuropathic pain has been confirmed [33]. In
a chronic constriction injury (CCI) rat model, Schwann cells
release erythropoietin (EPO), while injection of EPO may
protect against neuropathic pain [34, 35]. CCI induces T
cell infiltration, as well as mechanical allodynia and thermal
hyperalgesia. These neuropathic pain symptoms are signifi-
cantly reduced in rats lackingmature T cells, indicating that T

cells are key immune cells in the development of neuropathic
pain.There are twomain T helper (Th) cell subtypes:Th1 cells
and Th2 cells. Th1 cells produce proinflammatory cytokines
andTh2 cells produce anti-inflammatory cytokines. Injection
of these two types has opposite effects: Th1 cell injection
enhances neuropathic pain symptoms, while Th2 injection
reduces pain hypersensitivity [36].

Awide variety of experimental approaches have indicated
that inflammatorymediators play crucial roles in neuropathic
pain. Proinflammatory cytokines and chemokines have been
associated with neuropathic pain and play critical roles
in this condition by direct and indirect actions. Some of
these factors can activate and sensitize nociceptors and
thereby induce pain [37]. Furthermore, nerve injury pro-
duces proinflammatory cytokines: TNF-𝛼, IL-1𝛽, and IL-
6 and inflammatory mediators: prostaglandin, serotonin,
bradykinin, and histamine, as well as neurotrophic factors,
such as nerve growth factor (NGF). On the other hand, some
immune cells can produce and release anti-inflammatory
cytokines and opioid peptides, such as 𝛽-endorphin, which
may induce analgesia and alleviate pain [38]. Taken together,
these studies indicate that several immune cell types and their
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mediators are implicated in the development of neuropathic
pain [18].

In a neuropathic pain model, IL-1𝛽 expression is
upregulated in the injured sciatic nerve, DRG, and spinal cord
[39–41]. Interestingly, the injection of an IL-1𝛽-neutralizing
antibody was shown to alleviate the behavior related to
neuropathic pain [40]. IL-1𝛽 functions to enhance excita-
tory synaptic transmissions and reduce inhibitory synaptic
transmissions in the dorsal horn neurons [42]. It has also
been reported that TNF-𝛼 was upregulated in a neuropathic
pain model and this phenomenon was confirmed by specific
inhibitor treatment [43, 44]. Xu and colleagues have sug-
gested that TNF-𝛼 may be a biomarker for chronic neuro-
pathic pain in patients with spinal cord injury (SCI) [45].
Furthermore, IL-6 is also a neuropathic pain-related proin-
flammatory cytokine. In a model involving partial ligation of
the sciatic nerve, IL-6 expression was increased [46]. TNF-
𝛼 only enhances excitatory synaptic transmissions, while
IL-6 reduces inhibitory synaptic transmission at the same
spinal cord level [42]. Additionally, NGF-overexpressing
mice showed hypersensitivity [47]. Moreover, MCP1, also
known as CCL2, is a major inflammatory chemokine that
is specifically responsible for recruiting monocytes into the
site of inflammation. After nerve damage, MCP1 mRNA
expression was significantly upregulated in the rat DRG
[48]. In addition, intrathecal injection of MCP1 produces
mechanical allodynia [48].

2.2. Regulation of Peripheral Nerve Excitability. Nerve injury
increases expression of sodium channels in the DRG and
around the terminal injury site of injured axons. Nav1.7 and
Nav1.8 double-knockout mice normally develop neuropathic
pain in PSNL animal model [49]. Nav1.7 is not required
for oxaliplatin-induced neuropathic pain but is essential
in CCI mice, suggesting that the neuropathic pain trigger
affects the mechanism by which pain develops [50]. In
addition, knockdown of Nav1.8 by means of siRNA alleviates
mechanical allodynia in CCI rats [51].

Nav1.7 and Nav1.8 expression are also significantly
increased in the lumber disc herniation model [52]. Nav1.3
is upregulated in the DRG after nerve injury, in line with the
data showing that knockdown of Nav1.3 reduces pain in the
neuropathic pain model [53, 54].

Drugs blocking sodium channels include lidocaine, mex-
iletine, phenytoin, carbazepine, oxcarbazepine, lamotrigine,
and TCAs. These drugs, which are nonselective for channel
subtypes, can alleviate neuropathic pain by interfering with
spontaneous ectopic discharges but also have many side
effects [55].

Voltage-gated calcium channels (Cav) also play a role in
neuropathic pain development. T-type channel current den-
sity significantly increases after nerve injury, and inhibitors of
this type of channel can reduce excitability in a neuropathic
pain model [56, 57]. Mice lacking the N-type channel show
reduced responses to mechanical and thermal stimuli in
neuropathic pain models [58].

Ligand-gated ion channels also have crucial roles in terms
of the onset of neuropathic pain. Interestingly, agonists and

antagonists of transient receptor potential vanilloid member
1 (TRPV1) are both effective in neuropathic pain alleviation.
TRPV1 agonists release transmitters and induce cation influx
into the nerve, as well as receptor desensitization [59]. Topical
formulations of high-dose capsaicin have been shown to
be efficacious in a number of neuropathic pain conditions,
including Phase 3 studies in postherpetic neuralgia patients
[60]. It has been reported that antagonists that block TRPV1
signal transduction can reverse heat-related hyperalgesia in
sciatic nerve ligation in mice [61]. After chronic compression
of the DRG, mechanical allodynia was enhanced by injection
of a TRPV4 agonist but reversed by its antagonist [62].
Antagonists of NMDA receptors, which are subtypes of the
glutamate receptor, are third-line treatments for neuropathic
pain and can reduce pain in animal models but have many
side effects, including sedation, confusion, and motor inco-
ordination [63].

2.3. G Protein-Coupled Receptors (GPCRs). G protein-cou-
pled receptors (GPCRs) comprise the largest superfamily of
transmembrane receptors and transduce extracellular stim-
uli into intracellular responses. Targeting GPCRs is highly
successful, so that 30% of drugs target GPCRs for conditions
including allergies, hypertension, migraine, asthma, stroke,
and pain [64]. GPCRs and their ligands play a number of
important roles in the modulation of acute and chronic pain,
including neuropathic pain [65].

2.3.1. GABA Receptors. Gamma-aminobutyric acid (GABA)
is a widely distributed inhibitory neurotransmitter, also
found in the spinal cord. It is well-known that hypofunction
of GABAergic tone leads to development of neuropathic
pain in animal models [66]. Treatment with GABA agonists
reduces central neuropathic pain behavior and neuronal
hyperexcitability after SCI. Injection of GABA after SCI
attenuated mechanical allodynia and hyperexcitability of the
spinal dorsal horn neurons. This reduction is regulated by
both GABAA and GABAB receptors. Moreover, bicuculline,
a GABAA receptor antagonist, induces hyperexcitability and
pain behavior in normal rats [67].The number of GABAergic
interneurons is also decreased in a neuropathic pain model
[68, 69].

2.3.2. Bradykinin Receptors. Bradykinin (BK), an inflam-
matory mediator, is a vasodilator and is known to induce
neuropathic pain by binding to the BK1 and BK2 receptor.
Several studies have shown the participation of kinins and
their receptors in neuropathic pain development [90]. Nerve
injury induces an increase in BK1 receptor mRNA in the
spinal cord and sciatic nerve and also produces mechanical
allodynia and hyperalgesia. The BK1-knockout mice show
reduction in both allodynia and hyperalgesia in a neuropathic
pain animal model. Inhibition of BK1 and BK2 reverses
the effect of dynorphin A, an endogenous opioid peptide,
inducing persistent neuropathic pain [91].

2.3.3. Opioid Receptors. Most opioids are used as second- or
third-line analgesics that may provide reasonable analgesia
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to some neuropathic pain [92]. Because opioid treatment
may require relatively higher doses, opioid-related adverse
reactions are common. Morphine is an opioid analgesic and
reduces neuropathic pain, but the mechanisms underlying
this reduction are unclear [93]. There are four types of
known opioids receptors: delta (DORs), kappa (KORs), and
mu-opioid receptors (MORs) and opioid receptor like-1
(ORL1). DOR-knockout mice showed increased neuropathic
pain, implying that endogenous delta opioid activity reduces
chronic pain [94]. TCAs alleviate allodynic effects in a
neuropathic pain model; however, in DOR-knockout mice,
the efficacy of these drugs was reduced [95]. Antidepressant
drugs are still effective inMOR-knockout animals, suggesting
that these drugs are regulated by DOR rather thanMOR [96].
KORs are also not necessary for the effect of TCAs against
neuropathic allodynia. These data indicate that DOR is the
only opioid receptor that is necessary for the antiallodynic
action of antidepressants [97]. In addition, ORL1 receptor
agonist relieves thermal hyperalgesia after nerve injury [98].

2.3.4. Histamine Receptors. Histamine is an organic nitroge-
nous compound involved in local immune responses as well
as in regulating physiological function. As mentioned above,
Nav1.8 upregulation in primary afferents plays a critical role
in the development and persistence of neuropathic pain,
although the mechanisms underlying this upregulation are
not fully understood. Histamine increases Nav1.8 expression
in primary afferent neurons [99], while histamine receptor
antagonists suppress mechanical allodynia in neuropathic
rats [27].

2.3.5. Prostaglandin E2 Receptors. Prostaglandin E2 (PGE2)
is a well-known mediator of inflammation and pain and
plays a pivotal role in nociceptive processing and sensitization
in the spinal cord. After nerve injury, the pain mediator,
cyclooxygenase 2 (COX2), and its end product, PGE2, are
persistently upregulated in invading macrophages. Nervous
tissue damage induced PGE2 contributes to upregulation of
BDNF in DRG neurons, leading to neuropathic pain [100].

2.3.6. CCR2. Among GPCRs, chemokines associated with
the immune system are remarkable neuropathic pain modu-
lators. Chemokines constitute a large family of relatively low-
molecular weight proteins, that is, chemoattractant cytokines
controlling immune cell trafficking. MCP1 (CCL2) is a mem-
ber of the CC chemokine family that specifically attracts and
activatesmonocytes to sites of inflammation.This chemokine
is absent from the normal CNS and is found after inflam-
mation and pain, including neuropathic pain, development.
CCR2, the receptor forMCP1, is expressed selectively on cells
of the monocyte/macrophage lineage in the periphery and in
neurons and astrocytes in the brain. Peripheral nerve injury
can result in a disruption of the blood spinal cord barrier
(BSCB), allowing influx of peripheral immune cells, which
is mediated by MCP1. Additionally, activated microglial cells
express CCR2 and modulate the CCR2-CCL2 interaction
between injured primary afferent fiber terminals and dorsal

horn microglia [101]. Interestingly, spinal microglia activa-
tion occurs during the early phase of neuropathic pain,
suggesting that microglia may be important for initiation
of neuropathic pain, while astrocytes are important for its
maintenance. In addition, one study has demonstrated that
CCL2/CCR2 signaling in theDRG and spinal cord is involved
in neuropathic pain via distinct mechanisms [102]. Nucleus
pulposus-induced mechanical allodynia is attenuated by
treatment with the CCR2 antagonist RS504393 in radicular
neuropathic pain. RS504393 decreased lipopolysaccharide-
evoked upregulation of the CCL2 and CCR2 expression and
protein level in primary microglial cell cultures [103]. Mice
lacking CCR2 showed substantially less hypersensitivity to
mechanical stimulation after nerve injury but showed a nor-
mal response in acute pain [101]. Currently, CCR2 antagonists
are in clinical trials and may be promising medicines for
neuropathic pain patients in the future.

3. Natural Products and Compounds
Ameliorating Neuropathic Pain

Natural products and compounds derived from them have
shown analgesic effects in neuropathic pain models, by
various modes of action (Table 1).

3.1. Food-Derived Compounds against Neuropathic Pain. A
number of studies have indicated that neuroinflammation
plays an important role in the induction and maintenance
of chronic pain. Considering this importance, decreasing
neuroinflammation through regulation of anti-inflammatory
and inflammatory mediators is promising for treating neu-
ropathic pain. According to a systematic review of natural
products evaluated in neuropathic pain models, the five most
researched compounds are as follows: flavonoids (28%), ter-
penes (17%), alkaloids (14%), phenols (10%), and carotenoids
(10%) [104]. Food-derived compounds alleviating neuro-
pathic pain are described inTable 1. Briefly, capsaicin is awell-
known TRPV1 agonist. Unusually, capsaicin induces pain
by a single treatment but relieves pain with repeated injec-
tions [105]. Intrathecal capsaicin injection attenuates thermal
hyperalgesia but does not reduce mechanical allodynia in
nerve-injured rats [71].

Palmitoylethanolamide (PEA), an endogenous fatty acid
amide, has been shown to perform various biological func-
tions related to chronic and neuropathic pain and inflam-
mation in clinical trials. PEA is an endogenous modulator
found in food, such as eggs and milk, and no serious side
effects to this treatment have been reported. PEA treatment
was shown to relieve both thermal hyperalgesia andmechan-
ical allodynia by regulating cannabinoid receptor 1 (CB1),
peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾), and
TRPV1 receptors in neuropathic pain model mice [82]. In
clinical studies, PEA was shown to alleviate neuropathic pain
regardless of age, sex, and the pain trigger [106].

Zerumbone, a bioactive compound derived fromZingiber
zerumbet was demonstrated to exert antiallodynic and anti-
hyperalgesic effects in a CCImousemodel [89]. Additionally,
most available evidence suggests that curcumin alleviates
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mechanical allodynia and thermal hyperalgesia in a CCI
injured model [107, 108]. This compound modulates the
dopamine receptor and downregulates p300/CBPHAT activ-
ity, reducing expression of BDNF and COX2 in a neuropathic
pain rat model [109].

Dehydrocorybulbine (DHCB) is isolated from Corydalis
yanhusuo, a traditional pain relief plant. Synthetic DHCB
has efficacy in acute pain, inflammatory pain, and neuro-
pathic pain, without side effects, such as sedation. These
antinociceptive effects are reversed by a dopamineD2 agonist
in the tail-flick test. DHCB exhibits affinities to dopamine
receptors and displays its highest affinity to the D2 receptor
[76]. Interestingly, both dopamine D2 receptor agonists and
antagonists have been reported to have analgesic properties
[110, 111].
𝛽-Caryophyllene (BCP) is natural selective agonist of

the peripherally expressed cannabinoid receptor 2 (CB2), an
important receptor in neuropathic pain, and is found inmany
spices and food plants. Administration of BCP attenuated
thermal hyperalgesia and mechanical allodynia and reduced
spinal neuroinflammation in mouse models of inflammatory
and neuropathic pain [72].

Huperzine A (HUP-A), a naturally occurring Lycopodium
alkaloid, isolated from Huperzia serrata, exerts potent
reversible inhibition on acetylcholinesterase and NMDA
receptors, alleviating neuropathic pain, without drug toler-
ance and dependence [112].

Quercetin has been described as an antioxidant, antinoci-
ceptive, and anti-inflammatory compound and has preven-
tive effects against oxaliplatin-induced painful peripheral
neuropathy [113].

Berberine is a plant alkaloid that is derived from various
plants and has been reported to show multiple pharma-
cological properties of use in several conditions, including
neuropathic pain. Berberine exerts an antidepressant effect
by modulating dopamine. Berberine could reduce cold and
mechanical allodynia, induced by nerve injury and diabetic
neuropathy [70, 114].

Chlorogenic acid (CGA) is a natural organic phenolic
compound that is found in many plants, fruits, and vegeta-
bles, including Yerba mate. CGA has beneficial bioactivities
and strong anti-inflammatory effects. In addition, admin-
istration of CGA prevented the development of mechan-
ical hyperalgesia and attenuated histopathological changes
induced by nerve injury [115].

Additionally, isoflavones are phytoestrogen used for treat-
ing hormone dysregulation like menopause and effective
in diverse diseases. Genistein, a soy isoflavone, ameliorates
painful neuropathy via multiple mechanisms, regulating
estrogen receptor-𝛽, and antioxidant and anti-inflammatory
activities [77].

In streptozotocin-induced diabetic mice, treatment with
lycopene, a carotenoid mostly found in tomatoes, attenuated
neuropathic pain by inhibiting nitric oxide and TNF-𝛼
release [116]. In addition, treatment with lycopene notably
prevented mechanical hypersensitivity and downregulated
CX43 expression in the spinal dorsal horn [79].

Naringin, a flavonoid abundant in citrus fruits, such as
grapefruits, has been reported to possess anti-inflammatory

properties. Naringin reversed the pain response in STZ-
induced diabetic rats by altering expression of endogenous
biomarkers [80].

Moreover, there are many studies showing that omega-3
polyunsaturated fatty acids (PUFAs) have positive effects on
mood, as well as analgesic effects [117–119]. Omega-3 is effec-
tive against inflammatory pain and neuropathic pain. This
compound does not interact with the pharmacodynamics or
pharmacokinetics of commonly used analgesic drugs [120]
and can therefore be used concomitantly with conventional
analgesics. In addition, resolvin E1 derived fromomega-3 also
has analgesic effects in neuropathic pain [86].

Resveratrol is a natural polyphenolic compound with
anti-inflammatory, cell growth-modulatory, and anticarcino-
genic properties and is used to treat cardiovascular diseases,
cancers, and aging. Injection of resveratrol increased the
silent information regulator 1 (SIRT1) and decreased acetyl-
histone H3, alleviating neuropathic pain [87].

In addition, Harpagophytum procumbens, also known as
Devil’s Claw, is a plant species that has widespread medic-
inal uses, for treating fever, malaria, indigestion, and pain.
H. procumbens extracts significantly reduced nerve injury-
induced mechanical allodynia [121].

Furthermore, Ginkgo biloba extract is known for its
beneficial effects on brain functioning.The administration of
G. biloba extract attenuates mechanical and cold allodynia in
an animal model, suggesting it may be promising target for
neuropathic pain. However, sedation and motor disturbance
were observed with high-dose treatments [122].

3.2. CCL2/CCR2 Downregulation by Natural Compounds.
CCL2 and CCR2 are involved in the pathology of a number
of diseases, including rheumatoid arthritis, multiple sclerosis,
atherosclerosis, asthma, and neuropathic pain [123]. Recently,
pharmaceutical companies have taken an interest in the
discovery and development of CCR2 antagonists for the
treatment of neuropathic pain and other diseases. We and
others have also attempted to find natural products with
CCR2 antagonistic effects, with a view to developing new
drugs or functional foods against various diseases. Many
studies have indicated that natural compounds can reduce
CCL2 expression in diverse models. The diallyl disulfide
found in garlic inhibits TNF-𝛼-induced CCL2 release in vitro
by suppressing CCL2-CCR2 signaling [124]. Similarly, other
natural compounds, including caffeic acid, CGA, berberine,
amorfrutin A, and curcumin, decrease CCL2 expression
[125–129]. There are very few studies about natural com-
pounds that alleviate neuropathic pain by inhibiting CCL2-
CCR2 binding, although some natural compounds have been
shown to decrease the expression of CCR2 in disease models.
Therefore, the compounds or plant extracts and other agents
that can reduce expression of CCL2 in vitro and in vivo
should be studied further to determine whether these natural
compounds have potential CCR2 antagonistic effect or can
reduce the CCL-CCR binding affinity in neuropathic pain
models.
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4. Conclusion

Recently, natural products and their constitutive compounds
have come to be considered as a new direction for devel-
opment of analgesics and functional foods to resolve pain
and pain-related problems. Most of the evidence suggests
that GPCRs are the most promising potential targets for
pain therapeutics, and CCR2, among the GPCRs, plays a
particularly crucial role in the early phase during the onset
of neuropathic pain. Overactivated microglia can also trigger
neuropathic pain via CCR2-related signaling, resulting in
neuroinflammation. Therefore, a CCR2 antagonist may have
an effect as a neuropathic pain reliever. Further studies are
needed to identify natural products that can inhibit CCL2-
CCR2 binding. Although toxicological and pharmacological
investigations are needed to clarify the distinctivemechanism
of action and evaluate their safety in humans, natural prod-
ucts and their compounds may be useful in the treatment of
neuropathic pain.
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[104] J. S. S. Quintans, Â. R. Antoniolli, J. R. G. S. Almeida, V. J.
Santana-Filho, and L. J. Quintans-Júnior, “Natural products
evaluated in neuropathic pain models—a systematic review,”
Basic and Clinical Pharmacology and Toxicology, vol. 114, no. 6,
pp. 442–450, 2014.

[105] H. Knotkova, M. Pappagallo, and A. Szallasi, “Capsaicin
(TRPV1 agonist) therapy for pain relief: farewell or revival?”
Clinical Journal of Pain, vol. 24, no. 2, pp. 142–154, 2008.

[106] A. Paladini, M. Fusco, T. Cenacchi, C. Schievano, A. Piroli, and
G. Varrassi, “Palmitoylethanolamide, a special food for medical
purposes, in the treatment of chronic pain: a pooled data meta-
analysis,” Pain Physician, vol. 19, no. 2, pp. 11–24, 2016.

[107] X. Zhao, Y. Xu, Q. Zhao, C.-R. Chen, A.-M. Liu, and Z.-L.
Huang, “Curcumin exerts antinociceptive effects in a mouse
model of neuropathic pain: descendingmonoamine system and
opioid receptors are differentially involved,” Neuropharmacol-
ogy, vol. 62, no. 2, pp. 843–854, 2012.

[108] F.-T. Ji, J.-J. Liang, L. Liu,M.-H. Cao, and F. Li, “Curcumin exerts
antinociceptive effects by inhibiting the activation of astrocytes
in spinal dorsal horn and the intracellular extracellular signal-
regulated kinase signaling pathway in rat model of chronic
constriction injury,” Chinese Medical Journal, vol. 126, no. 6, pp.
1125–1131, 2013.

[109] X. Zhu, Q. Li, R. Chang et al., “Curcumin alleviates neuropathic
pain by inhibiting p300/CBP histone acetyltransferase activity-
regulated expression of BDNF and Cox-2 in a rat model,” PLoS
ONE, vol. 9, no. 3, Article ID e91303, 2014.

[110] N. Cobacho, J. L. de la Calle, and C. L. Páıno, “Dopaminergic
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This studywas designed to determinewhethermarine-derived proteins other than cod could have beneficial effects on inflammation
following muscle injury. Macrophage and neutrophil densities were measured from bupivacaine-injured tibialis anterior muscle of
rats fed isoenergetic diets containing either shrimp hydrolysate (Shr), casein hydrolysate (CaH), or whole casein (Ca). In this study,
Shr reduced ED1+-macrophages at day 2 (𝑝 = 0.013), day 5 (𝑝 = 0.006), and day 14 after injury (𝑝 = 0.038) compared with
Ca, indicating faster resolution of inflammation in Shr. Except for day 2 after injury where Shr led to lower ED1+-macrophages
compared with CaH (𝑝 = 0.006), both Shr and CaH responded similarly at days 5, 14, and 28 after injury. This findings suggest
that beneficial effects of Shr on ED1+-cells might be related to generation of anti-inflammatory peptides through the hydrolysis
process, in addition to its high content of anti-inflammatory amino acids. However, while increasing myofiber cross-sectional
area in noninjured muscles compared with both Ca and CaH, Shr failed to have a positive effect in corresponding injured muscles.
These data indicate that shrimphydrolysate can facilitate resolution of inflammation aftermuscle injurymainly throughmodulating
proinflammatory macrophage accumulation but have less effect on optimal recovery in terms of muscle mass and fiber size.

1. Introduction

Skeletal muscle injury is a common clinical issue that can
be caused by several conditions including direct trauma,
prolonged training, ischemia, or myotoxins. Repair of dam-
aged fibers is a tightly regulated process, consisting of an
early inflammatory response, which dictates muscle pro-
tein breakdown, myogenic specification, and differentiation;
regeneration of skeletal muscle is involved in direct relation
to the timing of inflammation [1, 2]. Besides conventional
use of pharmaceutical tools that are also being studied,
protein feeding is a newly exciting approach to modulating
injury-induced inflammation through providing amino acids

that can induce a generalized beneficial effect on muscle
regeneration [3].

Neutrophils and ED1+-macrophages are first myeloid
cells that invade skeletalmuscle at the onset of injury-induced
inflammation in rats [4]. They are typically associated with
removal of tissue debris, which is followed by the accumula-
tion of the anti-inflammatory ED2+-macrophage subtype [4,
5]. Although phagocytosis of debris appears to be critical for
initiation of muscle regeneration, it is believed that excessive
influx of either neutrophils or ED1+-macrophages can induce
a more complex inflammatory response that can have long-
term negative effects on muscle repair [4]. Studies in mice
have evaluated the participation of either neutrophils or
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phagocytic macrophages up to 38% or 80% in chronic muscle
injuries, respectively [6, 7], indicating that modest depletion
of neutrophils and ED1+-macrophages can reduce muscle
damage, thereby accelerating repair. In contrast, ED2+-cells
are associated with wound healing, owing to their ability to
induce themyogenic lineage and remodeling, as well as mod-
ulating ED1+-related cytotoxicity [4]. There is thus a basic
similarity between insufficient and exacerbated inflammation
in impairing muscle regeneration, while the latter is more
commonly observed during acute muscle injuries.

Marine-derived proteins including fish and crustaceans
are high-quality proteins that have been shown to exert
potential health benefits ranging between antihyperten-
sive, antioxidant, antimicrobial, anticoagulant, antidiabetic,
hypocholesterolemic [8], and anti-inflammatory activities [3,
9–11]. More importantly, our laboratory has recently revealed
the effectiveness of dietary fish protein at enhancing growth
and regeneration of skeletal muscle after trauma, through
decreasing proinflammatory ED1+-cells [3, 9] and increasing
anti-inflammatory ED2+-cells [3] as well as activating IGF1-
Akt/PKB signaling pathway in rat skeletal muscle during
recovery from injury [12]. Further strong evidences have
shown that high levels of anti-inflammatory amino acids
arginine, glycine, and taurine might account for beneficial
effects of cod protein on inflammatory cell accumulation after
injury [3], suggesting that dietary proteins other than cod rich
in these amino acids might have similar modulatory effects
on injury-induced inflammation.

The present study investigated the impact of shrimp
protein hydrolysate (Shr) compared with casein hydrolysate
(CaH) and whole casein (Ca), as controls, on the timing of
inflammation cells in chemically injured skeletal muscle in
rats. Shrimp protein is a high-quality protein source with
elevated amounts of arginine, glycine, and taurine [13], which
have been consistently shown to modulate inflammation in
various rodent models of inflammation [14–18]. Our working
hypothesis was that shrimp protein hydrolysate beneficially
modulates the time course of inflammation following muscle
injury due to its high content of anti-inflammatory amino
acids arginine and glycine. We further performed morpho-
metric analyses (muscle mass, cross-sectional area, and cen-
tral nucleation) along with myogenic marker measurements
(myoD and myogenin) in injured tibialis anterior muscle to
quantify muscle regeneration.

2. Materials and Methods

2.1. Ethics Statement. This study was approved by the Animal
Care Committee at Laval University (Quebec, permit number
2012155-1) in strict accordance with the Canadian Council
on Animal Care guidelines. Buprenorphine (0.1mg/kg) was
administrated before anesthetizing animals with inhaled
isoflurane (2.5%/L O2). No adverse effects were observed in
locomotion or health status.

2.2. Animals and Experimental Design. One hundred and
twenty male Wistar rats (Charles River, Saint-Constant,
Quebec, Canada), approximately 3 weeks of age, were housed

individually in plastic cages maintained at 20∘C (45–55% of
humidity) on a 12 : 12 h light : dark cycle in specific pathogen-
free conditions at the animal holding facility (INAF, Laval
University, Quebec, Canada). Following 7-day adaptation
provided by feeding a ground nonpurified diet (NPD)
(Rodent Chow, Ralston Purina Inc., Quebec, Canada), ani-
mals were randomly assigned to one of three experimental
diets, which differ in protein source (𝑛 = 40 rats per
dietary group). They were then progressively transferred to
their respective experimental purified diet (ED) over a 4-day
period (100%NPD for 1 day; 25% ED and 75%NPD for 1 day;
50% ED and 50% NPD for 1 day; and 75% ED and 25% NPD
for 1 day). Each of the three experimental groups was divided
into five subgroups according to the day of sacrifice (0, 2, 5,
14, and 28 after injury) (Figure 1(a)). Water and food were
provided ad libitum throughout the experimental period
(including 28 days before injury and 28 days after injury).
Food intake and body weight were recorded every two days.

2.3. Experimental Purified Diets. Powdered purified diets
were formulated and prepared in our laboratory and con-
tained 20% of protein, consisting of either casein (Ca, 89.7%
protein), casein hydrolysate (CaH, 89.7% protein), or shrimp
hydrolysate (Shr, 93.9% protein). The amino acid composi-
tion of each protein source and the formulation of ED are
given in Tables 1 and 2, respectively. Shr hydrolysate was pro-
duced at Merinov Centre (Quebec, Canada) on a pilot scale.
Briefly, minced meat of northern shrimp (Pandalus borealis)
was mechanically extracted from by-products of shrimp pro-
cessing plants. Enzymatic hydrolysis ofmincedmeat was per-
formed with a food grade protease (Novozymes, Bagsværd,
Denmark). Soluble proteins contained in hydrolysates were
separated from oil and other insoluble matters by centrifu-
gation and protein hydrolysates were further fractionated by
ultrafiltration and nanofiltration. All other ingredients were
supplied by MP Biomedicals (Solon, Ohio, USA), except
for lard and soybean oil, which were purchased from local
supermarkets. To minimize oxidation of either n-6 (PUFA)
in lard or n-6 and n-3 (PUFA) in soybean oil, butylated
hydroxytoluene (BHT) was added to ED. Soybean oil was
added tomeet essential fatty acid requirement of rats [19].The
level of protein in EDwas adjusted to an isonitrogenous basis
at the expense of cornstarch and sucrose.

ED were formulated to be isoenergetic, isolipidic, and
isonitrogenous. As expected, the energy content measured
by automatic adiabatic calorimeter (model 1241; Parr Instru-
ments, Moline, Illinois, USA) was similar between diets (Ca,
4.90 kcal/g; CaH, 4.93 kcal/g; Shr, 4.83 kcal/g). The protein
content (N × 6.25) determined by Dumas method (Leco
FP-528, ISO 34/SC 5, Ontario, Canada) was also similar
between ED (Ca, 20.4%; CaH, 19.6%; Shr, 20.8%). In addition,
no difference was found in the lipid content measured
by an extraction method (AnkomXT10 Extractor, Ankom
Technology, Macedon, New York, USA) between ED (Ca,
14.0% (W/W); CaH, 13.4% (W/W); Shr, 15.1% (W/W)).

2.4. Amino Acid Analysis. The determination of amino acids,
except tryptophan, was made using the AccQ-Tag amino
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Figure 1: Effect of dietary proteins on zootechnical parameters of rats after muscle injury. Rats were fed diets for 56 days (including 28 days
before injury and 28 days after injury), containing either Ca, CaH, or Shr. Timeline of sacrifice and tibialis anterior muscle collection after
bupivacaine injection (BPV) is shown in (a). Initial body weight (b), mean food intake (c), final body weight (d), and body weight gain (e)
are given for each studied time point. Values are mean ± SEM (𝑛 = 7-8 rats per group/time point). Ca, casein; CaH, casein hydrolysate; Shr,
shrimp protein hydrolysate.

acid analysis procedure (Waters, Mississauga, ON, Canada),
a precolumn derivatization technique for determination of
total amino acids [20]. After acidic or basic hydrolysis, all
amino acids were separated by reversed-phase high perfor-
mance liquid chromatography (RP-HPLC) and quantified
by fluorescence detection, using previously described con-
ditions [20]. A Water Alliance Separations module e2695
equipped with an autosampler, a column heater, and fluores-
cence detector (Waters 2475 Fluorescence Multi) was used.
Tryptophan analysis was performed separately, following
the method of Sánchez-Machado et al. [21]. In summary,
basic hydrolysis of proteins hydrolysates was performed in
sodium hydroxide 4.2M for 4 h at 120∘C. Then, pH was
adjusted to 9 with concentrated hydrochloric acid. The
excitation wavelength was set at 280 nm and the emission
at 348 nm. The column used is an Inertsil ODS-4150mm
× 4.6mm, 5-micron particles (GL Sciences, Tokyo, Japan,
provided by Canadian Life Science, Ontario, Canada). The
isocratic elution system consisted of amobile phase of 40mM

sodium acetate :methanol 80 : 20 (v/v) and a flow rate of
0.8mL/minute.

2.5. Myotoxin Injury Protocol and Muscle Collection. At day
28 of feeding (day 0 after injury), one tibialis anterior (TA)
muscle (32 animals per group) was chemically injured with
bupivacaine. Buprenorphine (0.1mg/kg), as an analgesic, was
first administrated intraperitoneally, and then animals were
anesthetized with inhaled isoflurane (2.5%/L O2). Anterior
side of both TAmuscles was shaved and disinfected with iso-
propyl alcohol before muscle injury. As previously reported
[3], muscle injury was induced with 200𝜇L of bupivacaine
(0.5%) (Marcaine, Abbott, Mississauga, Ontario, Canada)
injected at three sites—proximal, half proximal, and distal
regions—within the TA using a syringe with a 29G needle.
The contralateral TA was injected with a similar volume of
saline and served as control postinjury or noninjuredmuscle.
The relevance of choosing the polypeptidic snake-venom
bupivacaine is that, though causing acute muscle damage,
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Table 1: Amino acid composition of dietary protein sources (g/100 g
of amino acids).

Amino acids Dietary treatments
Ca CaH Shr

Alanine 2.83 3.46 5.59
Arginine 2.90 2.18 6.28
Aspartic acid 6.17 5.85 9.97
Cysteine 4.62 5.96 0.79
Glutamic acid 15.97 12.22 12.40
Glycine 1.88 1.48 4.70
Histidine 2.49 1.45 2.61
Isoleucine 3.70 2.98 4.01
Leucine 7.63 6.57 7.00
Lysine 6.07 6.77 7.62
Methionine 2.34 1.97 2.05
Phenylalanine 4.90 2.90 4.24
Proline 9.93 7.51 3.89
Serine 4.45 2.41 4.00
Threonine 3.13 2.10 3.99
Tryptophan 1.00 1.05 0.84
Tyrosine 4.57 3.15 3.66
Valine 4.60 3.80 4.22
EAA1 35.86 29.59 36.6
Ca, casein; CaH, casein hydrolysate; Shr, shrimp hydrolysate.
1Sum of essential amino acids (histidine, isoleucine, leucine, methionine,
lysine, valine, threonine, phenylalanine, and tryptophan).

this model preserves satellite cells and the basal lamina as
well as the blood vessels and nerves [22]. After regaining
self-consciousness, animals were returned to their cages and
subjected to daily examinations for general health conditions;
intraperitoneal buprenorphine (0.1mg/kg) was also given
twice daily until the third day after injury. Eight animals
per group were not injured and used as baseline (preinjury
control, day 0). On days 0, 2, 5, 14, and 28 after injury,
both injured and noninjured TA were carefully removed
(8 animals randomly selected from each group/time point)
under anesthesia with isoflurane (2.5%/L O2) and processed
to evaluate protein effects on inflammatory cell accumulation
and muscle regeneration. Animals were then euthanized by
cardiac exsanguination under anesthesia with inhaled isoflu-
rane (2.5%/L O2) (PPC, Richmond Hill, Ontario, Canada)
using an Ohmeda Isotec 3 Vaporiser (BOC Health Care,
England).

As previously reported [3], muscle damage induced by
bupivacaine involves an inflammatory response dominated
by sequential accumulation of neutrophils and macrophages
at time points selected in the current study. Therefore, days
2, 5, 14, and 28 were first selected to highlight the effect
of dietary proteins on inflammatory cell (neutrophils and
macrophages) accumulation at injured sites. It is known that
neutrophil concentration, starting in few hours after injury,
can remain at high concentrations until 5 days, while peak
of ED1+-macrophages is generally observed at 5–7 days after
injury and may remain high for several days [23]. In parallel

Table 2: Composition of the purified diets (g/100 g of diet).

Ingredients Dietary treatments
Ca CaH Shr

Sucrose1 20 20 20
Cellulose1 5.69 5.69 5.69
Cornstarch1 32.1 32.1 33
Casein1 22.2 — —
Casein hydrolysate1 — 22.2 —
Shrimp hydrolysate2 — — 21.3
Cholesterol1 1 1 1
Lard3 10 10 10
Soya oil4 4 4 4
Minerals1,5 3.5 3.5 3.5
Vitamins1,6 1 1 1
BHT1 0.2 0.2 0.2
Choline bitartrate1 0.3 0.3 0.3
Ca, casein; CaH, casein hydrolysate; Shr, shrimp hydrolysate; BHT, butylated
hydroxytoluene.
1Purchased fromMP Biochemicals (Solon, Ontario, Canada).
2Shrimp hydrolysate fromMerinov (Quebec, Canada).
3Purchased from local supermarket (Maple Leaf, Burlington, Canada).
4Purchased from local supermarket (Loblaws Inc., Toronto, Ontario,
Canada).
5AIN-93G purified mineral mix for laboratory rodents (product number:
02960400). AIN-93G mineral mix provides the following (g/100 g mix):
calcium carbonate, 35.7; monopotassium phosphate, 19.6; potassium citrate
monohydrate, 7.078; sodium chloride, 7.4; potassium sulphate, 4.66; mag-
nesium oxide, 2.4; ferric citrate, 0.606; zinc carbonate, 0.165; manganese
carbonate, 0.063; copper carbonate, 0.03; potassium iodate, 0.001; sodium
selenate anhydrous, 0.00103; ammonium molybdate ∗ 4H2O, 0.000795;
sodium metasilicate ∗ 9H2O, 0.1454; chromium potassium sulphate ∗
12H2O, 0.0275; lithium chloride, 0.00174; boric acid, 0.008145; sodium
fluoride, 0.00635; nickel carbonate, 0.00318; ammonium vanadate, 0.00066;
powdered sugar, 22.1.
6AIN-93 VX Vitamin Mix Fortification provides the following (g/kg mix;
product number: 0296040201): nicotinic acid, 3.0; D-calcium pantothenate,
1.6; pyridoxine hydrochloride, 0.7; thiamine hydrochloride, 0.6; riboflavin,
0.6; folic acid, 0.2; d-biotin, 0.02; vitamin B12 (0.1% triturated in mannitol),
2.5; 𝛼-tocopherol powder (250U/g; 184mg/g), 300.0; vitamin A palmitate
(250 000U/g; 137mg/g), 1.6; vitamin D3 (400 000U/g; 10 000mg/g), 0.25;
phylloquinone, 0.075; powdered sucrose, 959.655.

to the increase of ED1+-macrophages the accumulation of
anti-inflammatory ED2+-macrophages occurs and the initi-
ation of skeletal muscle repair starts [3, 24]. In addition to the
inflammatory response,muscle regenerationwas evaluated as
early as possible (days 2 and 5) and at intervals corresponding
to progressive (days 5 and 14) and complete (day 28) muscle
regeneration [3, 25].

2.6. Sample Preparation. TAmuscles wereweighed;mass was
normalized to body weight at corresponding time points.
Muscles were transversely cut in half across the midbelly sec-
tion. Halves were either coated with cutting medium, rapidly
frozen in liquid nitrogen-cooled isopentane, and stored at
−80∘C (DLT-21V-85ABA Harris, Massachusetts, USA) until
immunochemistry, along with histomorphometry analyses,
or lysed and centrifuged (10000 g, 10min, 4∘C), and the
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protein suspension was retained, aliquoted, and stored for
ELISA and Western blot processing.

2.7. Immunohistochemistry and Cell Counting. 10 𝜇m thick
muscle sections adhered on coated slides were blocked with
blocking buffer for 1 h. Sections were then incubated for 2 h at
room temperature with primary antibody consisting of either
mouse anti-rat W3/13 (CD43) (Serotec, Raleigh, North Car-
olina, USA, 1 : 50) to identify neutrophils, mouse anti-rat ED1
(CD68) (Serotec, Raleigh, North Carolina, USA, 1 : 100) to
identify ED1+-macrophages, or mouse anti-rat ED2 (CD163)
(Serotec, Raleigh, North Carolina, USA, 1 : 100) to identify
ED2+-macrophages. Under sterile skeletal muscle injury,
CD43 is neutrophil specific because eosinophils, basophils,
monocytes, and B- and T-lymphocytes are not present.
In mice, CD163 marker is specific to M2c macrophages;
that subset closely resembles CD163-expressingmacrophages
in rats, known as ED2+ [26]. After washing with phos-
phate buffered saline (PBS), sections were incubated with
anti-mouse IgG (Vector Laboratories, Burlington, Ontario,
Canada, 1 : 200) for 1 hour at room temperature. Sections
were then washed with PBS and incubated for 30min
with horseradish peroxidase avidin D (Vector Laboratories,
Burlington, Ontario, Canada), after which they were revealed
using diaminobenzidine chromogen (Cedarlane, Burlington,
Ontario, Canada). After dehydration achieved by consecutive
dipping in 75% ethanol, 95% ethanol, 100% ethanol, and
xylene, sections were finally mounted under coverslips using
Eukitt quick-hardening mounting medium (Sigma-Aldrich,
Oakville, Ontario, Canada). Omission of primary antibody
for one of the three sections on each slide served as a negative
control. As previously reported [3, 9], labelled cells were
viewed and counted in two nonoverlapping areas of each
section through a 10 × 10 ocular grid at 400x magnification.
A numbered grid divided into 100 squares was used to count
inflammatory cells. The grid was initially set in the lower
right of the section and was systematically moved up one
grip until reaching the upper limit. The area of this grid
was 0.0625mm2 at 400x magnification. Counts were tightly
reproducible since variations among 3 repeat counts were less
than 1% for the same observer and less than 5% for different
observers; cell profile for a given time point was counted by
the same observer.

2.8. Histomorphometry. Cross-sectional area, percentage of
centrally nucleated fibers, interstitial area (IA), and recovery
index of regenerating muscles were evaluated as previously
described [3]. In brief, three cross-sections (10 𝜇m) from
the midportion of each frozen part of TA were stained
with hematoxylin-eosin (Sigma-Aldrich, Oakville, Ontario,
Canada), and two noncrossing images of each section were
photographed at 200x magnification. Using Image J analysis
software (Image J, National Institutes of Health, Maryland,
USA), individual myofiber cross-sectional area (MCSA) was
measured and summed to determine the totalmyofiber cross-
sectional area (TMCSA). Total cross-sectional area (TCSA)
was then traced and the IA was calculated by subtracting
TMCSA fromTCSA. As a goodmorphological index of fibers

undergoing regeneration, central nucleation was also deter-
mined and expressed as a percentage of centrally nucleated
fibers to total fibers for a given image. On average, MCSA
was determined for 75 fibers per section, totalizing more
than 200 fibers per muscle. The recovery index is the ratio of
the average TA mass in the injured leg to the corresponding
values for noninjured muscle [3].

2.9. Total Protein Content and Western Blot Assay. Muscle
protein content was quantified using the BCA Assay Kit
(Thermo Scientific, Mississauga, Ontario, Canada), which
was standardized against bovine serum albumin according
to themanufacturer’s protocol. Protein suspension (50𝜇g per
well) was diluted in sample buffer, heated (∼100∘C) for 3min,
loaded into a 10% sodium dodecyl sulphate-polyacrylamide
gel, and electrotransferred to Immobilon-P Transfer Mem-
branes (Sigma-Aldrich, Oakville, Ontario, Canada), along
with 5 𝜇L of Precision Plus Protein Dual Color Standards
(Bio-Rad Laboratories, Ontario, Canada). Membranes were
stained with Ponseau S to confirm protein transfer, after
which they were serially washed with buffer, blocked with 5%
BSA for 2 h, and then immunoblotted overnight at 4∘C with
either MyoD (C-20 : sc-304, 1 : 500) or myogenin (M-225 : sc-
576, 1 : 200) polyclonal rabbit IgG as primary antibody (Santa
Cruz Biotechnology, Santa Cruz, California, USA), all diluted
in 3% BSA. As previously reported [3], levels of MyoD and
myogenin were measured at day 2 and day 5 after injury,
respectively. As opposed to MyoD which is a marker of
satellite cell activation upregulated by day 2 after injury, myo-
genin is highly expressed when differentiation and myotube
formation are initiated from day 3 to day 5 after injury [5].
Membranes were washed and incubated with HRP-linked-
mouse anti-rabbit IgG polyclonal secondary antibody (sc-
2357) (Santa Cruz Biotechnology, Santa Cruz, California,
USA) at a dilution of 1 : 10 000 in BSA (3%) for 1 h at room
temperature. Bands were revealed using ECL-plus Western
blotting reagent (PerkinElmer Life and Analytical Sciences,
Wellesley, Massachusetts, USA) according to manufacturer’s
instructions. The signal intensities were captured (Fusion
FX7, Montreal Biotech Inc., Montreal, Canada), corrected
for local background, and quantified using BIO-1D advanced
software (Montreal Biotech Inc., Montreal, Canada). Optical
densities were normalized to GAPDH (Santa Cruz Biotech-
nology, Santa Cruz, California, USA).

2.10. Statistical Analysis. Data was analysed with the MIXED
procedure of the Statistical Analysis System (SAS Institute,
version 9.2, Cary, North Carolina, USA). Normality was
tested according to Shapiro-Wilk test and observed for all
data, except for myogenin which was log-transformed. Diet
effects nested within each time point (days 0, 2, 5, 14, and
28 after injury) were determined with an analysis of variance
(ANOVA); Fisher’s protected LSD post hoc test was used to
evaluate significance. Power calculation at 80% from data
published by our research team [3] showed that a sample size
of 7 rats per dietary group per time point was determined
based on the efficacy of dietary cod protein at influencing
muscle weight and inflammatory response at a probability
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Figure 2: Representative H/E stained cross-sections from injured tibialis anterior muscle.

level inferior to 0.05. One outlier was removed from statistical
analysis of most measured parameters (centrally nucleated
fibers, muscle mass, MCSA, interstitial area, density of
neutrophils, and density of ED1+-macrophage and ED2+-
macrophages); therefore values are presented for 𝑛 = 7-8
rats/group/time point.

3. Results

3.1. Food Intake and Body Weight Gain. Initial body weight
was similar between groups (Figure 1(b)). Altering dietary
protein source did not affect daily mean food intake (Fig-
ure 1(c)), final body weight (Figure 1(d)), nor body weight
gain (Figure 1(e)) during all the experimental period.

3.2.Morphometric Assessment ofMuscle Regeneration. At day
2 after injection, bupivacaine destroyed a large proportion
of muscle fibers in all groups (Figure 2). However, as a
result of the onset of muscle regeneration observed at day
5 after injury, necrotic fibers were progressively replaced by
regenerating and growing fibers with high proportion of
central nuclei (Figure 2). At day 28 after injury, the proportion
of central nucleation was similar to that observed at day 14
after injury and was not influenced by the diets.

Absolute muscle mass in both noninjured (Figure 3(a))
and injured (Figure 3(b)) muscles did not change with
treatments at any studied time points, except for day 5
after injury where Shr significantly increased TA mass in
noninjured muscle (Shr versus Ca, 𝑝 = 0.015; Shr versus
CaH, 𝑝 = 0.014), while it tended to increase injured muscle
mass compared with either Ca (𝑝 = 0.070) or CaH (𝑝 =
0.060). The recovery index was not affected by diets and

remained unchanged across time point (Figure 3(c)). When
expressed relative to body weight (Figures 3(d), 3(e), and
3(f)), the positive effect of Shr on muscle mass was clearly
visible at day 0 and day 5 after injury compared with Ca in
both noninjured (day 0, 𝑝 = 0.004; day 5, 𝑝 = 0.002) and
injured (day 5, 𝑝 = 0.018) muscles. Higher muscle mass was
also observed in Shr-fed animals when compared with CaH-
fed group at day 5 after injury in both noninjured (𝑝 = 0.007,
Figure 3(d)) and injured (𝑝 = 0.038, Figure 3(e)) muscles.
Prior to injury,musclemass inCaH-fed ratswas intermediary
to, and not significantly different from, that of Ca- and Shr-
fed counterparts (Figures 3(d) and 3(e)). No difference was
observed at days 2, 14, and 28 after injury between groups
(Figures 3(d) and 3(e)). In contrast to muscle mass, TA
protein content measured in injured legs did not change in
response to protein feeding at any time point (Figure 3(f)).

Figure 4 shows MCSA in both noninjured (Figure 4(a))
and injured muscles (Figure 4(b)) and interstitial area in the
injured TA (Figure 4(c)). Shr significantly increased MCSA
in noninjured muscle at days 5 and 14 after injury compared
to either Ca (day 5, 𝑝 = 0.009; day 14, 𝑝 = 0.027) or CaH
(day 5, 𝑝 = 0.016; day 14, 𝑝 = 0.014) (Figure 4(a)). At day
28 after injury, while MCSA in noninjured muscles remained
higher in the Shr group compared with the Ca group (𝑝 =
0.008), values for CaH matched levels observed in the Shr
group and strongly tended to be higher from that of the Ca
group (𝑝 = 0.051) (Figure 4(b)). Starting approximately at
3000 𝜇m2 prior to muscle injury, MCSA values in injured
muscles drastically diminished at day 5 after injury and then
increased to baseline level at day 14 after injury (day 5 versus
day 14, 𝑝 < 0.0001; day 0 versus day 14, 𝑝 = 0.993), while
continuing to increase until day 28 after injury (𝑝 < 0.0001)
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Figure 3: Muscle mass recovery of regenerating tibialis anterior muscle in rats. Noninjured and bupivacaine-injured muscles were collected
at days 0, 2, 5, 14, and 28 after injury, weighed, and normalized to body weight. Absolute muscle weights are presented for noninjured (a)
and injured (b) muscles. A recovery index, as the percentage of injured values relative to noninjured values, was calculated and presented
for muscle mass (c). Muscle mass is also presented as a percentage of body weight for injured (d) and noninjured (e) muscles. BCA Assay
Kit was used to determine protein content in injured muscles (f). Values are mean ± SEM (𝑛 = 7-8 rats per group/time point). Groups
bearing different letters for a given time point are significantly different (𝑝 ≤ 0.05). Ca, casein; CaH, casein hydrolysate; Shr, shrimp protein
hydrolysate.

(Figure 4(b)). As a consequence of necrotizing effects of
bupivacaine, MCSA was barely null in the injured muscle at
day 2 after injury (Figure 4(b)). At these time points, MCSA
in both noninjured and injured muscles was closely similar
between Ca and CaH (Figures 4(a) and 4(b)). In relation to
the lack of effect on regenerating MCSA, diets had no impact
on interstitial area of regenerating TA (Figure 4(c)).

3.3. Effect of Shrimp Protein Hydrolysate on the Timing of
Inflammatory Cells. The timing of neutrophils and ED1+-

and ED2+-macrophages are given in Figures 5(a), 5(b), and
5(c), respectively. Irrespective of the group, days 2 and 5
after injury were characterized by a high number of neu-
trophils and macrophages, which progressively decreased to
basal level by day 14 after injury (Figures 5(a), 5(b), and
5(c)). While no effect of protein feeding was observed on
neutrophil density (Figure 5(a)), Shr significantly reduced
ED1+-macrophages compared with either Ca (𝑝 = 0.013)
or CaH (𝑝 = 0.006) at day 2 after injury (Figures 5(b) and
5(d)). Similar response was observed for Ca and CaH at that
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Figure 4: Muscle fiber cross-sectional area and interstitial area (%TCSA) of regenerating tibialis anterior muscle in rat. Myofiber cross-
sectional area (MCSA) of three H/E-stained cryosections was quantified at days 0, 5, 14, and 28 after injury. Graphs are presented for
noninjured (a) and injured (b) muscles. Two images were captured at 200x magnification from each cryosection and MCSA was traced
using Image J analysis software. Total cross-sectional area (TCSA) was then traced in the injured muscle, and the interstitial area (IA) was
quantified by subtracting the sum of individual MCSA from the TCSA at days 5, 14, and 28 after injury (c). Values are expressed as mean ±
SEM (𝑛 = 7-8 rats per group/time point). Groups bearing different letters for a given time point are significantly different (𝑝 ≤ 0.05). ND,
nondetermined because of massive destruction of the myofibers in the necrotic area. Ca, casein; CaH, casein hydrolysate; Shr, shrimp protein
hydrolysate.

time. At days 5 and 14 after injury, ED1+-macrophages were
lower in injured muscles of Shr-fed rats compared with Ca
counterparts (day 5, 𝑝 = 0.006; day 14, 𝑝 = 0.038), while
no difference was observed when compared with CaH, which
was not significantly different from Ca. By day 14 after injury,
ED1+-macrophages returned to basal level in Shr and CaH.
Such a positive effectwas observed in theCa group only at day
28 after injury. While no diet effect was observed on ED2+-
macrophages (Figure 5(c)), the ratio of ED2+-cells relative to
ED1+-cells at day 5 after injury was higher in Shr-fed group as
compared to either Ca- (Ca versus Shr, 𝑝 = 0.0002) or CaH-
(CaH versus Shr, 𝑝 = 0.008) fed counterparts (Figure 5(d)).

3.4. Effect of Dietary Proteins onMyoDandMyogenin Content.
As protein feeding did not impact regenerating MCSA, no
significant difference was observed neither for the myogenic
regulatory factor MyoD measured at day 2 after injury

(Figure 6(a)) nor for the differentiation myogenin quantified
at day 5 after injury (Figure 6(b)).

4. Discussion

The current study focused specifically on the effect of feeding
shrimp protein hydrolysate on neutrophil and macrophage
accumulation in bupivacaine-injured TA that is prone
to mimicking exercise-induced muscle injuries. Particular
strengths of that experimental approach are robustness and
repeatability since magnitude of results reported here are
closely similar to that previously achieved by our group using
the same protocol in rats [3]. The main finding of the present
work is that shrimp hydrolysate reduced injury-induced
inflammation through deceasing ED1+-macrophages when
compared with casein; while increasingMCSA in noninjured
muscles, shrimp hydrolysate failed to impact corresponding
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Figure 5: Time course of inflammatory cell accumulation in rat tibialis anterior muscle following bupivacaine injection. Transverse sections
(10𝜇m) were immunoassayed with specific antibodies against neutrophils (W3/13) (a), ED1+-macrophages (b), or ED2+-macrophages (c).
(d) shows the ratio of ED2+ relative to ED1+-cells at day 5 after injury. Labelled cells were counted at 400x magnification and expressed as
a number of cells/mm3. Immunostained sections for ED1+-macrophages are also presented in (e); labelled ED1+-macrophages are identified
by brown dots (e). Values are mean ± SEM (𝑛 = 7-8 rats per group/time point). Groups bearing different letters for a given time point are
significantly different (𝑝 ≤ 0.05). Ca, casein; CaH, casein hydrolysate; Shr, shrimp protein hydrolysate.
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Figure 6: MyoD and myogenin proteins in regenerating muscles. Expression of MyoD (a) and myogenin (b) (both are usually upregulated
during muscle regeneration) was measured by immunoblotting in regenerating muscles at day 2 and day 5, respectively. A representative
blot is displayed in the upper panel for each. All values were corrected for GAPDH as a protein loading control. Results are expressed as a
percentage of values obtained at day 0 (mean optical density ± SEM, 𝑛 = 7-8/group). Ca, casein; CaH, casein hydrolysate; Shr, shrimp protein
hydrolysate.

injured muscles. We thus conclude that feeding shrimp
protein hydrolysate can specifically modulate inflammation
without allowing optimal recovery from damage in terms
of muscle mass and MCSA but enhances fiber growth in
noninjured muscles. On the other hand, the beneficial effect
of shrimp hydrolysate on ED1+-cells was mostly mimicked
by the casein hydrolysate at day 5 and day 14 after injury,
suggesting that the hydrolysis process might be an additional
way to enhance the anti-inflammatory action of dietary
proteins.

As a result of bupivacaine injection, damaged muscle
fibers were massively invaded by neutrophils and macropha-
ges, as previously reported [3]. One key observation of the
present work is that Shr modulated inflammation through
reducing ED1+-cells comparedwith Ca andCaH at day 2 after
injury; peak ED1+-cells occurring on days 2 and 5 after injury
had returned to baseline values by day 14 after injury in the
Shr group. Baseline level of ED1+-cells was observed in the Ca
group in a longer term—by day 28 after injury—indicating
faster resolution of inflammation in the Shr group. Turning
attention to muscle regeneration has pointed the timing of
macrophage resolution as key player to this process [27, 28].
Macrophages are major inflammatory cells recruited into
injured muscles that display remarkable plasticity. They are
immunologically classified into two main subsets according
to their function and environmental cues [29]: “classically
activated M1 macrophages” are present in the inflammatory
period and associated with phagocytosis, while the second
wave of “alternatively activated M2 macrophages” follows
once necrotic tissue has been removed and actively partic-
ipates in the regeneration and remodeling processes. M1-
M2 classification specifically applies to mouse macrophages
whereas the corresponding ED1-ED2 classification applies
to rat macrophage subtypes. Like neutrophils, accumulation
of phagocytic ED1+-cells can promote muscle damage via

cytotoxic levels of proinflammatory factors (TNF-𝛼, IL-1𝛽,
IL-6, PGE-2, etc.) and free radical-mediated mechanisms
[2], impairing regeneration. In support of this, ED1+-cells
density was negatively correlated with injured muscle mass,
particularly at day 5 after injury that characterized the
initiation of muscle regeneration (𝑟 = −44, 𝑝 = 0.0436, and
𝑛 = 21). However, predominance of anti-inflammatory ED2+
phenotype is known to stimulate satellite cell proliferation
and differentiation through releasing growth factors and
promoting resolution of inflammation [27, 30]. Although
ED2+-cell count was not significantly altered by protein
feeding, ratios of ED2+-cells relative to ED1+-cells at day 5
after injury were 0.61 ± 0.04, 0.80 ± 0.08, and 1.32 ± 0.15
in Ca (Ca versus Shr, 𝑝 = 0.0002), CaH (CaH versus Shr,
𝑝 = 0.008), and Shr groups, respectively, suggesting an
accelerated switch of proinflammatory ED1+-cells toward the
anti-inflammatory phenotype (ED2+) in the Shr group [27,
31–33]. In close agreement with the present study, convincing
findings from our lab have shown that cod protein feeding
reduced ED1+-cells up to 22% at days 2, 5, and 14 in rat tibialis
anterior muscle injected with bupivacaine, through its high
levels of arginine, glycine, and taurine [3]. A casein-based
diet enriched with arginine, glycine, taurine, and lysine, to
match their respective level in cod protein, reduced ED1+-
cells in a similar way as did cod protein compared with casein
alone [3]. In accordance with our hypothesis, it is therefore
likely that faster ED1+-cell resolution in Shr-fed animals is
related to higher content of arginine and glycine, since Shr
had 116% and 150% more arginine and glycine than Ca,
respectively (Table 1). In a similar way, Shr provided 188%
and 217% more arginine and glycine than CaH, respectively.
Anti-inflammatory actions of either arginine or glycine could
include slower recruitment of leukocytes to the injury site,
owing to their capacity to inhibit chemotaxis, leukocyte
rolling, and transmigrating out of the vessels [34–37]. In this
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respect, it has been shown that either arginine or glycine
reduced macrophage accumulation in renal allografts [38]
and rodent postoperative ileus [37], respectively. Through
decreasing proinflammatory cytokines translated into the
NF-𝜅B pathway [14, 15, 18], high levels of arginine and glycine
in Shr might have attenuated chemotactic recruitment of
new leukocytes, resulting in lower ED1+-cells. Moreover, it
is also possible that, through the hydrolysis process [8],
generation of unidentified peptides displaying biological
activity might improve anti-inflammatory properties of both
Shr and CaH; that concept is supported by the fact that
CaH closely mimicked the ED1+-cell response seen with Shr
at days 5 and 14 after injury, while Ca took a longer time.
Calcitonin-gene-related peptide and calcitonin were found
to prevent macrophage activation [39]. It is thus possible
that calcitonin present in the shrimp protein source used
here could partly explain its anti-inflammatory property [10].
However, whether decreased proinflammatory cytokines
occur in direct relation to reduced ED1+-cells in response to
Shr feeding will require further investigations.

Despite having beneficial effects on inflammation, Shr
enhanced muscle growth rather than improve fiber recovery
compared with either Ca or CaH. A study by Dort et al. [3]
on bupivacaine-injuredmuscles showed that the regeneration
process, assessed by larger regenerating, centrally nucleated
fibers and increased level of myogenin, was clearly present
by day 5 after injury in rats consuming cod protein com-
pared with casein. Such positive effects of cod protein were
associated with higher ED2+-macrophage accumulation [3],
implying thus greater local release of growth factors for the
onset of muscle regeneration.Therefore, because Shr failed to
have an ED2+ response, local release of growth factors might
have been limited, thus not allowing optimal recovery. More-
over, it is known that injury as well as age-related atrophy
can cause a blockage in IGF-1/Akt-mediated signaling during
muscle recovery [3, 40]. Thus, further studies to determine
whether Shr can impact IGF-1-Akt regulating atrophic and
hypertrophic effectors during muscle recovery from injury
are needed.

In contrast to fiber recovery, Shr feeding resulted in
greater muscle growth, a finding in line with our previous
observation that cod protein increased fiber growth when
compared with casein [3]. More importantly, the fact that
higher MCSA was observed in rats that received Shr com-
pared with Ca while both Shr and Ca had similar noninjured
muscle mass suggests increased protein synthesis and lower
fat accumulation within noninjured muscles of Shr-fed rats.
In this respect, it has been demonstrated that casein-fed rats
exhibited a decrease in body “protein : fat” ratio compared
with their counterparts fed a marine-derived protein [41].
These findings are likely to be related to higher content
of essential amino acids, in particular isoleucine, lysine,
and threonine, in Shr compared with either Ca or CaH
(Table 1). In the present study, while containing up to 8%
isoleucine, 25% lysine, and 27% methionine more than CaH,
Shr provided 34%, 12%, and 90% more isoleucine, lysine,
and methionine than CaH, respectively (Table 1). Higher
supply of essential amino acids might thus result in enhanced
anabolic potential of Shr [42–44], thereby improving growth

of muscle fibers. However, it is worth noting that CaH closely
reproduced the enhanced fiber growth seen with Shr at the
end of the study period, although MCSA values for the
Ca group remained lower. This finding strongly suggests
beneficial effects of the hydrolysis process through generating
biological peptides as well as fostering faster availability of
amino acids, allowing optimal postprandial protein accretion
in CaH compared with intact Ca known as a slow protein
[45].

A limitation of this study is that some parameters were
presented only at what was seen to be the most relevant
time points according to previous studies [3, 23–25, 46].
It is possible that including other time points—such as
day 3 after injury for MyoD measurement—would be more
appropriate to observe differences between dietary proteins.
Because serum inflammatory markers (TNF-𝛼 and IL-6)
were not detected at the same studied time points [3],
sampling at other time points (e.g., ≤24 h after injury) would
be helpful in detecting cytokines changes in response to
dietary protein feeding. Shellfish is an excellent natural
source of taurine, and very high levels are typically found
in clams, scallops, and shrimp [47]. Because taurine is heat-
sensitive, it might be destroyed during the production of
the Shr hydrolysate, which was mechanically extracted from
by-products of shrimp processing plants (Merinov Centre,
Quebec, Canada). Moreover, including a group fed with a
nonhydrolyzed shrimp protein would add further support to
the beneficial effect seen with shrimp protein and allow a
more direct comparison with the cod protein previously used
[3]. Determining specific peptides or amino acids underlying
the effect of shrimp protein was also beyond the scope of the
current study.

To summarize, this study provided consistent evidences
of improved resolution of inflammation in chemically injured
rat skeletal muscles after consumption of a marine-derived
protein, specifically shrimp protein hydrolysate. Shr mainly
blunted ED1+-macrophage accumulation during the recovery
process compared with Ca, while allowing early infiltration
of such inflammatory cells at the site of injury. Further
discoveries of potentialmechanisms of actions underlying the
beneficial effect of Shr, in addition of cytokine assessment,
will advance our understanding on the integral role of Shr
in inflammation in order to provide a widely applicable
alternative against injury-induced muscle inflammation.
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Dermal photoaging is a condition of skin suffering inappropriate ultraviolet (UV) exposure and exerts inflammation, tissue
alterations, redness, swelling, and uncomfortable feelings. Djulis (Chenopodium formosanum Koidz.) is a cereal food and its
antioxidant and pigment constituents may provide skin protection from photoaging, but it still lacks proved experiments. In
this study, protective effects of djulis extract (CFE) on UVB-irradiated skin were explored. The results showed that HaCaT cells
with 150 𝜇g/mL CFE treatment had higher survival and less production of interleukin- (IL-) 6, matrix metalloprotease- (MMP-) 1,
and reactive oxygen species (ROS) in UVB-irradiated conditions. Subsequently, in animal studies, mice supplemented with CFE
(100mg/kg BW)were under UVB irradiation and had thinner epidermis and lower IL-6 levels in skin layer.These data demonstrate
that bioactive compounds possessing the potency of antiphotoaging exist in CFE. Following that, we found rutin and chlorogenic
acid (10–100𝜇M) could significantly increase cell viability and decrease the production of IL-6 in UVBmodels. Additionally, djulis
pigment-betanin has no effect of increasing cell viability in this study.Our findings suggest CFE can protect skin againstUV-induced
damage and this protection is mainly from contributions of rutin and chlorogenic acid.

1. Introduction

Djulis (Chenopodium formosanum Koidz.) is a native cereal
plant in Taiwan and its nutritional values have been doc-
umented with high levels of starch, dietary fiber, proteins,
and grain-limited essential amino acids (e.g., lysine). This
gets djulis viewed as a whole-nutritious grain food, especially
valuable for vegetarians. Apart from grain food use, djulis
also gets more and more attention on the use of health food
and skincare based on antioxidant and pigment-containing
properties in recent years [1]. However, that still needs more
experiments to clarify functional bioactivities and compo-
nents of djulis.

For now, it has been known that exposure of the skin
to solar UV radiation can result in reactive oxygen species-
(ROS-) related oxidative stress, DNA damage, inflammatory

responses, dysregulation of immune function, and even the
initiation of carcinogenesis [2]. InUV lights, UVB is themain
caused factor of skin photodamage, also called photoaging,
due to its strong energy and permeability into skin layers.
While concerning molecular mechanisms, ROS-mediated
mitogen-activated protein kinase (MAPK) signaling path-
way is involved and related expressions of inflammatory
mediators and matrix metalloproteinases (MMPs) are often
highlighted in the process. In these mediators, interleukin-
(IL-) 6, TNF-𝛼, and TGF𝛽1 play crucial roles in skin abnor-
malities, including infiltration of inflammatory cells, redness,
swelling, and uncomfortable feelings [3, 4]. As for MMPs
molecules, they act as proteolytic substances which can
cleavage dermal extracellular matrix such as fibrillar collagen
and elastin, thus resulting in the damage of skin integrity
[5]. It would be seen from this that ROS, inflammatory
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mediators, andMMPs could be indicators to test whether the
sample possesses the ability of skin protection. For instance,
through reducing the production of inflammatory cytokines,
phytochemicals from Scutellaria baicalensis and the seeds
of quinoa (Chenopodium quinoa Willd.) have been proved
to have protective functions on skin in UVB models [6, 7].
In a classification of plant taxonomy, djulis has the same
genus as quinoa. Although previous studies have pointed out
bioactive compounds, including betanins, epigallocatechins,
ferulic acids, and certain flavonoids, in djulis and proposed
beneficial functions [1, 8], the skincare potency of djulis has
never been tested under UVB models.

The aim of this study is to examine protective effects of
djulis water extracts on skin photoaging in in vitro and in
vivo UVB-irradiated models and confirm which bioactive
compounds are main contributors.

2. Materials and Methods

2.1. Sample Preparation and Constituents Measurement. The
djulis (Chenopodium formosanum Koidz.) seeds were har-
vested from the National Pingtung University of Science and
Technology. The extracts were prepared by soaking 1 g of
seeds grains in 5mL of distilled water in the dark at 4∘C for
24 h. After filtration, the filtrate was then freeze-dried as sam-
ples (the water extract of Chenopodium formosanum Koidz.,
CFE) for further analysis. The dry weight of this extract
was 32 g and the yield was 10.6%. It was stored at −20∘C
until using it. To analyze components of CFE, total pheno-
lic contentwasmeasured spectrophotometrically by using the
modified Folin-Ciocalteumethod, and the samples were sub-
jected to HPLC to identify betanin and phenolic compounds
according to the method described by the previous study [1].

2.2. Cell Culture. The keratinocyte cells from human skin
(HaCaT) were grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% (v/v) heat-inactivated fetal
bovine serum, penicillin (100 units/mL), and streptomycin
(100 units/mL). These culture reagents were commercial
products (Gibco, Grand Island, NY, USA). The cells were
incubated in an atmosphere of 5% CO2 at 37

∘C and were
regularly subcultured for experiment uses. In samples test,
cells were seeded in a 96-well plate at a concentration
of 1 × 105 cells/mL. Following one-day incubation, cells
media were removed and replaced by phosphate buffer
saline (PBS) for UV irradiation. The plate was placed in an
UV CROSSLINKER (XLE-1000B, SPECTROLINE), which
set peak spectral emission, electric tension, frequency, and
the distance from cells at 315 nm, 120V, 60Hz, and 15 cm,
respectively. When cells were exposed to 30mJ/cm2UVB,
time of irradiation was averagely 30 sec. Then, these cells
were treated with media containing various concentrations
of CFE, pure compounds fromCFE, or ascorbic acid for 24 h.
After that, cell supernatants were collected for the analysis
of inflammation-related mediators and cells in the bottom of
plate were for cell viability.

2.3. Cell Viability. The cell viability was assayed by MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

method. After collecting cell supernatants, an aliquot of
55 𝜇L/well of DMEM containing 0.5mg/mLMTT was added
into the plate for 3 h incubation. Then, the plate was
added with an aliquot of 100 𝜇L/well of isopropanol contain-
ing 0.04NHCl and appropriately shaken for dissolving out
colored crystals. Cell viability values at absorbance of 570 nm
were determined by an ELISA reader (Bio-Rad Laboratories,
Hercules, CA, USA). In this study, to confirm the data of cell
viability, we counted cell number by trypan blue staining.
Briefly, we seeded cells onto 6 cm dish (1 × 106 cells) for
24 h incubation. After washing twice by PBS, cells were irra-
diated with UVB at dose of 30mJ/cm2. Then, these cells were
treated with CFE for 24 h. Following that, cells were har-
vested for counting cell number.

2.4. IL-6 and MMP-1 Measurements. Production of IL-6
(eBioscience, Minneapolis, MN, USA) and MMP-1 (R&D,
Minneapolis, MN, USA) in cell supernatants was assayed
using commercial ELISA kits. Briefly, primary anti-IL-6 or
MMP-1 antibodies were coated onto 96-well plates. After
overnight incubation, plate wells were washed with washing
buffer and blocked with blocking solution for 1 h. After
washingwells, diluted supernatants or standard reagentswere
added into wells and the plate was incubated for 2 h. Next,
wells were washed and then added with biotin-conjugated
anti-IL-6 or MMP-1 antibodies for 1 h. Following the wash,
the wells were added with horseradish peroxidase- (HRP-)
conjugated streptavidin for 30min, washed, and incubated
with tetramethylbenzidine. Absorbance was measured by an
ELISA reader at 620 nm. Data were calculated according to
standard curves.

2.5. Intracellular Reactive Oxygen Species (ROS) Measure-
ment. Detecting levels of dichlorofluorescein (DCF) which is
derived fromdichlorodihydrofluorescein-diacetate (DCFDA)
under oxidative stress can represent the production of ROS.
In this experiment, cells were seeded at a concentration of 1
× 106 cells in a 6 cm dish for 24 h and irradiated with UVB
(30mJ/cm2); then, they were treated with CFE or positive
controls for 3 h.Next, cellswere collected in a tube and labeled
with 5 𝜇M DCFDA (Invitrogen, Carlsbad, CA, USA) for
30min. After that, cells were centrifuged and washed twice
with phosphate buffer saline (PBS) and intracellular DCF
levels were detected by flow cytometer (Accuri Cytometers,
Inc., Ann Arbor, MI, USA).

2.6. Cell Cycle Analysis. Cell cycle analysis was performed to
determine the proportion of apoptotic sub-G1 hypodiploid
cells. In brief, cells were seeded at a concentration of 1 ×
106 cells in a 6 cm dish for 24 h. Then, cells were irradiated
with UVB (30mJ/cm2) and treated with CFE or positive
controls for 24 h. Afterwards, cells were harvested and fixed
in 70% ethanol for 24 h at −20∘C; then, they were washed
twice with PBS and introduced with PBS containing PI
solution at 4∘C. Following overnight incubation, cellular
fluorescein levels were assayed by flow cytometer. In the assay,
each cycle phase was quantified from histograms by using
software programs and changes of values in cycle phases were
calculated to evaluate CFE’s effects.
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Table 1: The effect of CFE treatment on cell cycle in UVB-irradiated HaCaT cells.

UVB 30mJ/cm2 % of cells
Sub-G1 G0/G1 S G2/M

Control − 3.7 ± 1.8 32.0 ± 10.8 15.8 ± 5.3 28.8 ± 6.0

Vehicle + 29.7 ± 7.0# 28.1 ± 5.5 15.5 ± 4.7 14.3 ± 5.2#

CFE (150𝜇g/mL) + 13.6 ± 5.9∗∗ 31.3 ± 2.4 14.3 ± 2.6 22.9 ± 3.1∗∗

AA (20 𝜇M) + 5.5 ± 0.7∗∗ 43.0 ± 5.5∗∗ 22.6 ± 4.2∗ 20.7 ± 3.6∗

Each value represents the mean ± SD of three independent experiments. Compared with the vehicle, the statistical difference was analyzed by Student’s t-test
and indicated a significance as ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01. Compared with the control, the statistical difference was analyzed and indicated a significance as
#
𝑝 < 0.05.

2.7. Animals Study. Eight-week-old female BALB/c mice
were purchased from the National Animal Center (Taipei,
Taiwan). Mice were maintained in an air-conditioned room
at 23 ± 2∘C on a regulated 12 h light-dark cycle and fed a
nonpurified diet (Lab Rodent Chow 5001, Ralston Purina
Inc., St. Louis, MO, USA) for adaptation. Animal care and
handling are conformed to the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. In
oral experiment, mice at age of 10 wk were divided into
five groups, control, vehicle, LCFE (40mg/kg BW), HCFE
(100mg/kg BW), and AA (ascorbic acid, 25mg/kg BW), and
each group had 8–10 mice. Water or samples were orally
administered to these mice for 14 consecutive days. On
day 8, all mice dorsal skin hairs were removed by medical
shaver, and they received UVB irradiation (150mJ/cm2) for
7 consecutive days except for the control mice. Mice skin
thickness was daily measured once by using a Quick Mini
caliper (Verniercaliper, number 1202-100, Beijing C & C
Trad., Beijing, China) until mice sacrifice. Following the
sacrifice, mice dorsal and ear skin tissues were collected
for histology observation. In topical experiment, forty mice
were averagely assigned into four groups: control (emulsion
reagent), vehicle (emulsion reagent), CFE (8mg/mouse in
emulsion reagent), and AA (0.392mg/mouse in emulsion
reagent). After all mice dorsal skin hairs were removed, mice
received 150mJ/cm2 UVB irradiation for seven consecutive
days. The control mice did not receive UVB irradiation as
shame mice. In each day, mice received topical application
with respective samples at volume of 200𝜇L after UVB
irradiation.Then, mice skin thicknesses were daily measured
until mice sacrifice. After sacrifice, mice dorsal and ear skin
tissues were collected for epidermis histology observation.

2.8. Tissue Histology. Skin specimens were fixed in 10% buff-
ered formalin. Tissue sections measuring 3 𝜇m were created
from the paraffinized blocks and stained with hematoxylin
and eosin (TA01HE kit, BioTnA Inc., Kaohsiung, Taiwan).
For further immunohistochemistry, the paraffin sections
were deparaffinized in xylene and rehydrated in a graded
alcohol series, treated with 3% H2O2 for 10min, and boiled
with the citrate buffer (pH 6) for 40min, then blocking
with the immunoblock for 1 h at room temperature. The
sections were incubated with rabbit anti-IL-6 antibody (bs-
0379R, Bioss Inc.,Woburn,MA, USA) or rabbit anti-collagen
I antibody (ab34710, Abcam Inc., Cambridge, MA, USA) for
2 h and then treated with mouse/rabbit probe HRP labeling

(BioTnA, TAHC03D) for 30min at room temperature. Per-
oxidase activity was developed in diaminobenzidine-H2O2
solution (BioTnA, TAHC03D) for 5min at room temperature
and counterstain with hematoxylin (BioTnA, TA01NB).

2.9. Statistical Analysis. All data are presented as means
± SD or SEM of at least three independent experiments.
Significant differences among the groups were determined by
using unpaired Student’s t-test and Duncan’s multiple range
tests. During UV irradiation period, skin thicknesses among
groups were statistically analyzed and compared by using
the linear mixed model (LMM). 𝑝 value less than 0.05 was
considered statistically significant.

3. Results and Discussions

3.1. CFE Protects from UVB-Induced Cell Deaths in Cell Mod-
els. This study used keratinocyte cell line exposed to UVB
radiation to mimic the model of skin photoaging. As cells
were under UVB irradiation at doses of 0–100mJ/cm2, we
foundUVB at dose of 20–30mJ/cm2 caused cells mortality of
40–50%. Previous studies have indicated that UVB at dose of
20–40mJ/cm2 is close to the average minimal erythema dose
(MED) for human populations [9, 10]. Thus, UVB at dose of
30mJ/cm2 was conducted in the following experiments. In
Figure 1(a), CFE at concentrations of 10–150 𝜇g/mL did not
cause HaCaT cells deaths (without UVB irradiation). While
cells were under UVB exposure, their viability decreased
by 60%; however, the decrease could be reversed by CFE
treatments (Figure 1(a) right). We confirmed the effect of
CFE on cell viability by using trypan blue staining. The data
showed that CFE (150𝜇g/mL) could have higher cell number
compared to the vehicle in an UVB-irradiated model (CFE,
0.84 ± 0.09 × 106 cells, versus vehicle, 0.65 ± 0.10 × 106 cells).
In addition, the observation in Table 1 that 30% of UVB-
irradiated cells (vehicle) were arrested in Sub-G1 phase (a
DNA content less than 2 n) was given, whereas cells with CFE
treatment at concentration of 150 𝜇g/mL only has 13.5±5.9%
arrest in Sub-G1 phase and higher S + G2/M phase. It is
also known that UVB-induced cell death is mainly through
apoptosis [11]. Further, it is essential to confirm if CFE might
alter DNA intactness and cause precancerous DNA-damaged
cells to survive. We detected the degree of DNA methylation
by a commercial kit (ab117128, Abcam) as the assay of
DNA protection. The data show there was no change of
percentage of 5-methylcytosine (5-mC) in DNA in cells with
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Figure 1: Effects of CFE treatments on cell viability (a) and the production of ROS (b), IL-6 (c), and MMP-1 (d) in UVB-irradiated HaCaT
cells. Ascorbic acid (AA) at concentration of 50𝜇Mwas as a positive control. Comparedwith the vehicle, the statistical differencewas analyzed
by Student’s t-test and indicated a significance as ∗𝑝 < 0.05 or ∗∗𝑝 < 0.01. Compared with the control, the statistical difference was analyzed
indicated a significance as #𝑝 < 0.05.

UVB irradiation (30mJ/cm2) compared to the control (1.87%
versus 1.71%). Meanwhile, CFE had comparable percentage
of 5mC in cells (1.79%), showing CFE did not affect DNA
intactness (unpublished data). The data indicate that CFE
might attenuate cell apoptosis and subsequently augment cell
viability in UVB-irradiated keratinocytes.

3.2. CFE Reverses UVB-Induced Cellular Mediators in Cell
Models. Oxidative stress and mediators derived from UVB
irradiation are the main cause of dermal harmful effects,
including inflammation, structural alteration, and even more
cells deaths. Therefore, we assayed the production of reactive
oxygen species (ROS), IL-6, and MMP-1. As shown in
Figure 1(b), HaCaT cells under UVB radiation (vehicle)
would have 1.6-fold ROS production compared to the control,
whereas CFE treatment at concentration of 150 𝜇g/mL made

UVB-irradiated cells release less ROS production that is
comparable to that of the control. It is well known that
UV radiation causes ROS-mediated oxidative stress which
triggers cellular transcriptional activations, including NF-𝜅B,
AP-1, and MAPK induction or STAT3 tyrosine phosphory-
lation, increasing the production of inflammatory mediators
and progressive cell death [12, 13]. Accordingly, scavenging
ROS is expected to regulate skin photodamage. Our previous
studies show CFE is a strong antioxidant to remove free
radicals [1, 14]; hence we suggest that CFE’s potency results
from its antioxidant.

For the change of cellular response, UVB-induced pro-
duction of IL-6 and MMP-1 was significantly reduced by
CFE treatments, dosedependently (Figures 2(c) and 2(d)). In
this experiment, 50 𝜇M ascorbic acid (AA) was used as the
positive control to confirm our data, and AA did have the
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Figure 2: Effects of CFE treatments on skin (a, c) and epidermis (b, d) thickness in UVB-irradiated mice. (a), (b) and (c), (d) show the data
of oral and topical application experiments, respectively. Bar values are means ± SEM, 𝑛 = 8–10. Compared with the vehicle, the statistical
difference was analyzed by Student’s t-test and indicated a significance as ∗𝑝 < 0.05 or ∗∗𝑝 < 0.01. Compared with the control, the statistical
difference was analyzed and indicated a significance as #𝑝 < 0.05.

dermal protection.The same tendency is adherent to a Boyce
et al.’s study [15].

3.3. CFE Improves UVB-Induced Skin Alterations in Animal
Models. Subsequently, we conducted animal experiments to
prove in vivo effects of CFE. In Figure 2(a), the vehicle (only
UVB-irradiated) mice’s skin thickness increased day by day
(𝑝 < 0.001) and had a closely 700 𝜇m increase at day 3
compared to the control. But this increase was significantly
attenuated by CFE supplement at doses of 40 and 100mg/
kg BW. For the measurement of epidermis changes, collected

mice dorsal skins were stained with H&E. The data in
Figure 2(b) revealed that mean epidermis thickness in CFE
supplementmicewas significantly less than that in the vehicle
mice. Furthermore, we explored whether skin protection
could be displayed via topical application of CFE. As shown
in Figure 2(c), emulsion CFE could reduce the increased skin
thickness compared to other groups during UVB radiation
period (all 𝑝 values < 0.05 by LMM model). The same event
was represented in tissues staining (Figure 2(d)), and CFE
treatment (10.1 ± 0.96 𝜇m) had less epidermis thickness than
the vehicle’s (26.6 ± 4.02 𝜇m). This data shows that CFE
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Figure 3: Effects of CFE treatments on skin IL-6 production in UVB-irradiated mice. In experiments, mice skin biopsies were processed for
staining. A fluorescent microscopic image (100x) showing IL-6 stained mouse skin cells in green and 4,6-diamidino-2-phenylindole (DAPI)
stained all nuclei in blue (100x).

intervention by oral or skin administration has the beneficial
protection fromUVB-induced skin alterations. To investigate
the modulation of cellular mediators by CFE treatment in
animal models, we used IHC assay to detect the expressions
of IL-6 and collagen in skin. As shown in Figure 3, compared
to the vehicle group, dermal IL-6 expression in the HCFE
group was significantly decreased. Dermal collagen type I
expressions in CFE groups were slightly higher than that in
the vehicle group (data not shown).

When the skin is under UVB radiation, proinflamma-
tory cytokines would be strongly produced to cause cuta-
neous inflammation and their outcomes including erythema,
edema, and epidermal hyperplasia are often recognized as
markers of skin damage [16, 17]. In our test, UVB did induce
significantly the production of IL-6 that is close to 150–
200 pg/104 cells in cell culture tests, and the same tendency is
also seen in animal models (Figure 3). Since IL-6 is involved
in the regulation of MAPK signaling cascade and stimulates
the production of MMPs which can cause fibrillar collagen

breakdown and thus leads to premature skin damage [18, 19],
it is suggested that CFE can lower IL-6 and make less dermal
structural alterations in here.

Besides, improvement effects of CFE by oral route can
work inUVBmodels, making us have an interest in exploring
the linkage between skin and systemic immune.We analyzed
splenocytic cytokines profile of mice in this study and found
IL-6 production in the vehicle mice is 2.5-fold that in
the control, whereas mice with CFE supplement had lower
production (the vehicle versusHCFE, 1.98±0.39 versus 0.74±
0.11 ng/mL;𝑝 = 0.02).Thus, we suggest that CFE supplement
potentially modulates systemic inflammation and T cell
function, which might be correlated with the improvement
of skin alterations. This also demonstrates that IL-6 is a key
factor in protection against UVB-induced skin alterations.

3.4. Main Phytochemicals Contribute to CFE’s Beneficial
Potency in UVB-Irradiated Models. In CFE, this study iden-
tified eight phytochemical compounds, including betanin
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Figure 4: Effects of identified compounds from CFE on cell viability (a) and IL-6 production (b) in UVB-irradiated HaCaT cells. Betanins,
chlorogenic acid (CA), ferulic acid (FA), rutin, vanillic acid (VA), EGCG (20 𝜇M), and ascorbic acid (AA, 50 𝜇M) were used. Bar values
are means ± SEM, 𝑛 = 5. Compared with the vehicle, statistical differences were analyzed by Student’s t-test and indicated a significance as
∗𝑝 < 0.05 or ∗∗𝑝 < 0.01. The statistical difference between the control and vehicle represents a significance as #𝑝 < 0.05.

(1643mg/100 g), rutin (330mg/100 g), vanillic acid (85mg/
100 g), chlorogenic acid (65mg/100 g), gallic acid (51mg/
100 g), epicatechin (43mg/100 g), and ferulic acid (9mg/
100 g).The ration of compounds content showed betanin was
the major pigment and rutin was the major constitute of
polyphenols, followed by chlorogenic acid and catechins. To
analyze the effectiveness of compounds (Figure 4), we found
rutin (10 𝜇M) and chlorogenic acid (100 𝜇M) could signifi-
cantly increase cell viability but decrease the production of IL-
6.The data imply these two are possible active components of
CFE in UVBmodels. For rutin, its protection from cell death
of HaCaT cells under chronic UVC exposure (1.8 J/cm2) and
inhibition in MMP-1 production from dermal fibroblasts
under UVB exposure had been reported [20, 21]. Basically,
our data is attached to these reports. For chlorogenic acid, no
studies clearly proved its effects in UVBmodels; only a report
supposed its antioxidant and photostability to UV light could
fight against UV irradiation [22]. In here, we experimentally
proved chlorogenic acid had the protective potency.

Besides, treatment of vanillic acid or ferulic acid (100𝜇M)
did not increase cell viability but decreased the production
of IL-6 (Figure 4(b)). These two components have been indi-
cated as major improved contributors of Chromolaena odor-
ata extracts in H2O2- and xanthine oxidase-induced models
[23].Thismight demonstrate that these two also provide a lit-
tle part of anti-inflammation in CFE. Out of our expectation,
reverse data had been seen; djulis pigment-betanin (100𝜇M)
in this model did not affect cell viability but increased IL-6
production. Although this dose is 20-fold the converted dose
of betanin (∼4.5 𝜇M) driven from CFE (150 𝜇g/mL), betanin
at dose manner is notable to discuss its different effects in
future work. In this experiment, the positive control, EGCG,
and ascorbic acid act as positive controls, in reference to
previous studies [2, 24].

4. Conclusion

Our findings show that CFE can provide protection from
UVB-induced skin damage, and rutin and chlorogenic acid
in CFE act as main bioactive compounds in skin protection.
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Antibacterial and antioxidant properties of the leaves and stem essential oils (EOs) of Jatropha gossypifolia and their efficacies
against infectious and oxidative stress diseases were studied in vitro. The EOs obtained using Clevenger modified apparatus were
characterized by high resolutionGC-MS,while their antioxidant and antibacterial properties were examined by spectrophotometric
and agar diffusion techniques, respectively. The EOs exhibited strong antibacterial activity against Escherichia coli, Enterococcus
faecium, and Staphylococcus aureus. The stem essential oil (SEO) was more active than the leaf essential oil (LEO) against test
bacteria with minimum inhibition concentration (MIC) ranging from 0.025 to 0.05mg/mL and the LEO from 0.05 to 0.10mg/mL.
The SEO was bactericidal at 0.025 and 0.05mg/mL against S. aureus and E. faecium, respectively, and the LEO was bacteriostatic
against the three bacteria at 0.05 and 0.10mg/mL.The SEO IC50 (0.07mg/mL) showed that the antiradical strength was superior to
LEO (0.32mg/mL) and 𝛽-carotene (1.62mg/mL) in scavenging 2, 2-diphenyl-1-picrylhydrazyl radicals (DPPH∙).The oils effectively
reduced three other oxidants to neutral molecules in concentration dependent manner. Findings from this study suggest that,
apart from the traditional uses of the plant extracts, the EOs have strong bioactive compounds with noteworthy antibacterial and
antiradical properties and may be good candidates in the search for lead compounds for the synthesis of novel potent antibiotics.

1. Introduction

The rising challenge of resistance of bacteria to many antibi-
otics has elicited the need for the development of novel
therapies with little or no side effect, to effectively manage
many infectious diseases [1]. Noteworthy phytochemicals
results in recent years suggest essential oil as better option due
its superior properties and hencemay stand in place of antibi-
otics to overcome known infective bacteria species as well as
yeasts and filamentous fungi [2–4]. Constituents of essential
oil are numerous, complex, and known to possess strong
antibacterial property, especially polyphenol, aliphatic and
cyclic terpenes, oxygenated terpenes, and phenylpropenes
[5–7]. Essential oils have been shown to passively diffuse cell
membrane of bacteria owing to their permeability properties

across biological lipid barriers [4, 6].This membrane interac-
tion can lead to membrane instability consequently resulting
in the leakage of the bacterial important intracellular com-
ponents and ultimately cell death occurs [6]. Cell wall, cell
membrane, intracellular proteins, nucleic acids, enzymes, and
few others are vital target sites for drug design and some
essential oil compounds have these specialized parts of the
cell as important receptor targets [8].

Enzymatic antioxidant defense systems comprising su-
peroxide dismutase (SOD), catalase (CAT), glutathione per-
oxidase (G-Px), and other endogenous antioxidant molecu-
les, notably glutathione (GSH), do scavenge oxygen derived
free radicals produced in physiological and pathological
processes. However, the inhibition of such reactive oxygen
derived species such as superoxide (O2

∙), nitric oxide (NO∙),
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hydroxyl (HO∙), and lipid peroxyl (LP∙) generated from
body metabolic activities as well as environmentally induced
radicals overwhelms the bodies natural defense antioxidants
[9–12]. Furthermore, studies have shown that there is decline
in viability and potency of the human’s antioxidants as indi-
vidual ages [13, 14]. Man has used spices, decoctions, fruits,
vegetables, and infusions which are now acknowledged as
containing potent secondary metabolites against diseases
before the appearance of the written word. In the last two
decades, several studies have shown secondary metabo-
lites including phenolics, flavonoids, alkaloids, and essential
oil compounds as potent antioxidants [15–17]. Essential oil
could function as a credible option to synthetic antibiotics
due its ability to penetrate microorganism cell membrane
resulting in inhibition of microorganism growth as well as
capacity to quench free radicals [6, 17]. In addition, there
are growing concerns on the use of nonnatural preservatives
by consumers and food processing industries owing to their
reported adverse effects. Studies by Wang et al. [17] on some
essential oil constituents revealed that, unlike the synthetic
free radical scavengers, the byproducts of natural antioxi-
dants are presumably safe and may be preferred in reducing
the total oxidative stress. Plant essential oil components,
including limonene, linalool, menthol, and caryophyllene,
reported to possess such significant bioactive properties have
been registered by European Commission as flavors for use
in food products [9, 18].

Jatropha gossypifolia (Euphorbiaceae) is a traditional
medicinal shrub plant applied for management of skin
diseases, diabetes, and cancers [19]. In Nigeria, fresh leaf
aqueous extract is utilized in folk medicine for healing of
mouth cancer and to terminate skin and nose bleeding while
the stem is served as brush for healthy tooth [20, 21]. In
India leaves are used for prevention and treatment of variety
of diseases including dysentery, eczema, diarrhea, and itches
[22]. Decoction of J. gossypifolia in Trinidad and Tobago was
found potent for treating wound, reducing pain, and treating
snatch sores [23]. Phytochemicals analyses have shown that
different parts of J. gossypifolia contain phenolics, flavonoids,
and alkaloid compounds [22, 23]. Aboaba et al. [24] reported
phytol, germacrene, and linalool as some of the leaf volatile
oil constituents of J. gossypifolia.

There has been dismayed rise of bacterial resistance to
currently available antibiotics; this has motivated a search for
alternative sources of antimicrobial agents which are believed
to be found abundantly in plants. There is however dearth of
information on comparative evaluation of the antimicrobial
and antioxidant properties as well as the bioactive volatile
constituents of the stem and leaf essential oil of J. gossypifolia;
hence this current study aimed to evaluate the antibacterial
and antioxidant properties of the leaves and stem essential
oils of Jatropha gossypifolia.

2. Materials and Methods

2.1. Analytical Reagents. The chemicals and reagents used
included the following: Mueller-Hinton agar from Oxford
Ltd. (Hampshire, England), dimethyl sulfoxide (DMSO), and

methanol from Fluka Chemicals (Buchs, Switzerland). 2,2-
Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS), butylated hydroxyl toluene (BHT), and
2, 2-diphenyl-1-picrylhydrazyl (DPPH) were bought from
Sigma-Aldrich (St Louis, USA). All chemicals and reagents
used were of analytical grade.

2.2. Plant Material. J. gossypifolia was obtained from Forest
Research Institute of Nigeria (FRIN), Ibadan, Oyo State,
Southwest Nigeria. A plant taxonomist authenticated the
plant and samples were kept in the Lagos University herbar-
ium (LUH) with voucher specimens numbers LUH2009 and
LUH2011 for the leaf and stem, respectively. The leaves were
sufficiently air-dried in 5 days at the ambient room tempera-
ture, while the stem was cut into smaller pieces and air-dried
in 7 days.Theywere pulverized and essential oil was extracted
for 3 h from each (200 g) using modified Clevenger-type
apparatus [25]. The hydrodistillation experiment was carried
out twice for the leaf and stem separately to obtain enough
oil for bioactivity assays. The extracted essential oils were
dried over anhydrous sodium sulphate, dispensed into tinted
vials, and stored at 4∘C. The yield of each essential oil was
computed in w/w% (per gram) of individual hydrodistilled
plant sample.

2.3. Characterization of Essential Oils by Gas Chromatogra-
phy-Mass Spectrometry (GC/MS). We employed GC/MS to
analyze and identify the essential oil constituents. The GC-
MS conditions were programmed as previously described
[26], in which the mass spectrometer (Hewlett-Packed HP
5973) interfaced with an HP 6890 gas chromatograph. Con-
ditions of the temperature and column were as follows:
equilibration time 3min, ramp 4∘C/min, initial temperature
70∘C, and final temperature 240∘C; inlet: splitless, initial
temperature 220∘C, pressure 8.27 psi, purge flow 30mL/min,
purge time 0.20min, and helium gas; column: capillary,
30m × 0.25mm, internal diameter 0.25 𝜇m, film thickness
0.7mL/min, and average velocity 32 cm/sec; MS: EI method
at 70 eV. Subsequently, identity of each constituent was ascer-
tained by using agreement of its mass spectra data (MSD) of
Wiley 275, New York reference computer library. In addition,
matching the retention index (RI) of each compound with
those in literature was also employed in identifying the com-
pound. The peak areas were used to obtain total percentage
composition of oil.

2.4. Antibacterial Activity

2.4.1. Bacteria Suspensions Test. Antibacterial activities of the
oils were tested against three bacterial strains comprising two
Gram-positive bacteria reference strains, S. aureus (NCINB
50080) and E. faecium (ATCC19434), and E. coli O157, as
a Gram-negative bacterium (ATCC 700728), following the
guideline recommended by CLSI (2014). These reference
strains were grown in Muller Hinton broth at 37∘C for
24 h. Minimum inhibitory concentration (MIC) as well as
minimum bactericidal concentration (MBC) potentials was
performed on Muller Hinton agar plates at 37∘C for 24 h.
Ciprofloxacin was applied as reference standard (RS) or
positive control.
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2.4.2. MIC and MBC Evaluation. The microdilution tech-
nique was carried out to evaluate the MICs. 800, 875, 900,
950, 975, and 987.5𝜇L of Mueller-Hinton broth (MHB) were
added to each Eppendorf tube. Five hundred milligrams of
both SEO and LEO stocks after evaporation of n-hexane
was separately dissolved in DMSO (500𝜇L) and each solu-
tion was vortexed. Thereafter, aliquots of 200 𝜇L, 125 𝜇L,
100 𝜇L, 50 𝜇L, 25 𝜇L, and 12.5 𝜇L were added, respectively,
to each tube containing MHB to bring the final volume
in each to 1mL and the mixtures were properly vortexed.
The inoculum suspension (20𝜇L) of each tested bacterium
(0.5 McFarland, ∼1 × 108 cfu/mL) was added subsequently
and vortexed to permit adequate mixing of the essential oil
and broth. Ciprofloxacin and DMSO served as the positive
and negative controls, respectively. The experiments above
were performed in duplicate and incubated at 37∘C for 24 h.
Tubes with lowest concentration without visible growth were
reported as the MIC. MBC was tested by streaking out all
wells without visible growth in theMIC technique above onto
fresh nutrient agar plates and the culture was incubated for
24 h at 37∘C.The lowest concentration of extracts that did not
yield any growth on the solid medium after the incubation
period was recorded as minimum bactericidal concentration
(MBC).

2.5. Antioxidant Property. DPPH, ABTS, nitric oxide, and
lipid peroxyl radicals inhibiting tests were performed to
determine the antiradical property of the two essential oils.

2.5.1. DPPH Assay. The DPPH test was carried out as
described by Liyana-Pathirana and Shahidi [27]. Briefly in
DMSO a solution of DPPH (2.7 𝜇M) was made; afterwards
1mL of it was vortexed with 1mL of the essential oil dissolved
in DMSO which has 0.025–0.50mg/mL of the oil as well as
the reference standard (RS). Then, the reaction mixture was
vortexed and incubated in the dark for 30min at ambient
temperature. The absorbance of the reaction mixture was
then read at 517 nm against a reference blank containing
DMSO. The assay was carried in triplicate and DMSO was
used as blank. Essential oil’s potency to reduce DPPH∙ to
neutral molecule was computed as inhibitory percentage
using the expression:

% inhibition of DPPH∙ by EO or RS

=
{(Abscontrol − Abssample)}
(Abscontrol)

× 100,
(1)

where Abscontrol is the absorbance of the DPPH radical +
DMSO and Abssample is the absorbance of DPPH radical +
essential oil or reference standard.

The IC50, that is, concentration of the essential oil or ref-
erence standard (positive control) required to reduce 50% of
the DPPH∙, was obtained from the standard curve produced
with varying concentrations versus inhibitions and results
compared to that of reference standard.

2.5.2. ABTS Radical Scavenging Assay. The ABTS radical
scavenging assay procedure was carried out following the
method of Re et al. [28] with some modification as described

by Witayapan et al. [3] by mixing 1 : 1 volumes of ABTS
7.0mM and 4.9mM potassium persulfate solution. The
mixed solution was kept at room temperature for 12 h in a
dark chamber. The ABTS radical cation (ABT∙+) was then
diluted with DMSO to equilibrate its absorbance to 0.705
(±0.001) at 734 nm. To carry out the assay, 1000 𝜇L of 0.025–
0.50mg/mL solutions of the test samples (SEO and LEO) in
DMSO was mixed with 1000𝜇L ABT∙+ solution, bringing
final volume of each mixture to 2mL. The mixture was
allowed to react for 7min. The absorbance at 760 nm was
measured spectrophotometrically and the assay was carried
out in triplicate. The radical scavenging activity of the EO or
RC was expressed in terms of percentage (%) inhibition of
ABTS∙+ using expression in (1) described in Section 2.5.1.

2.5.3. Inhibition of Lipid Peroxidation by TBARS Assay. The
inhibition of lipid peroxidation formation by the essential oils
was measured using an adaptation of the method described
by Badmus et al. [29] with egg yolk as lipid rich media. To a
10% egg yolk homogenate (0.5mL) was added 0.1mL of the
test samples (in DMSO) at varying concentrations (0.025–
0.50mg/mL) and the reaction mixture made up to 1mL. The
lipid peroxidation was induced by adding 0.05mL of 0.07M
FeSO4 and the mixture was then incubated for 30min. Then,
1.5mL of 10% acetic acid (pH 3.50) and 1.5mL of 0.08% 2-
thiobarbituric acid (in 1.1% sodium dodecyl sulphate and
20% trichloroacetic acid) were added and the mixture was
vortexed and then heated at 65∘C for one hour. Upon cooling,
0.5mL of n-butanol was added to reaction mixture and
centrifuged for 10min at 3000 rpm. The upper organic layer
was then aspirated and the absorbance read at 532 nm. The
percentage inhibition of lipid peroxidation was calculated
using the expression in equation as described in Section 2.5.1.

2.5.4. Nitric Oxide Radical Inhibition Assay. The nitric oxide
radical scavenging activities of the essential oils were carried
out according to the modified method described by Makhija
et al. [30]. The compound sodium nitroprusside is known
to decompose in aqueous solution at physiological pH (7.2)
producing nitric oxide radicals (NO∙). Under aerobic con-
ditions, nitric oxide radicals react with oxygen to produce
stable products (nitrate and nitrite) which can be measured
using Griess reagent [31]. To 1mL of sodium nitroprusside
solution (10mM) was added 1mL of the essential oil at
varying concentrations (0.025–0.5mg/mL) and the mixture
was then incubated at ambient temperature for 110min. After
incubation, 1mL of the reacting mixture was added to Griess
reagent (1%, sulphanilamide, 1% N-naphthyl-ethylenediam-
ine hydrochloride in 2% o-phosphoric acid). The absorbance
of the color developed was then measured at 546 nm against
the reagent blank. The assay was carried out in triplicate and
percentage inhibition was calculated using the expression in
(1).

2.6. Statistical Analysis. The results are expressed as the
means ± SD for triplicate assays. Linear regression analysis
was used to calculate IC50 values while Pearson’s correlation
analysis and t-test were used to test for significance between
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concentration and percentage inhibition using SPSS 15.0 for
windows (SPSS Inc.).

3. Results and Discussion

3.1. Composition of the Essential Oils Extracted. The gas
chromatography-mass spectrometry qualitative and quanti-
tative analyses of the essential oils of J. gossypifolia in our
previous report [32] and the present study revealed that
constituents of the leaf essential oil (LEO) are predominantly
alcohols including phytol (33.40%) and linalool (9.81%)
presented in Table 1. Out of the 15 constituents identified
in LEO accounting for 98.70% of the total oil content,
four were among the J. gossypifolia leaf oil components
in Aboaba et al. [24]. In addition to phytol (18.05%) and
other terpenoids constituents, more monoterpenes and
sesquiterpenes including limonene (12.40%), germacrene D
(12.30%), 𝛼-copaene (12.20%), 𝛼-terpinene (10.61%), and
𝛼-aromadendrene (10.48%) were identified as major com-
pounds in the stem essential oil (SEO) than in the LEO
in this study. Lanosterol, humulene, 2, 6-di-butyl-p-cresol,
heptadecanoic acid, and linoleic acid have also been reported
as constituents of LEO of J. gossypifolia [33, 34] but they
were however not found in this study. The discrepancy in the
composition of J. gossypifolia essential oil grown in different
regions in Nigeria and elsewhere may be due to differences in
factors, such as climatic, seasonal, and geographical condi-
tions, age of plant, humidity of the harvested plant material,
extraction technique, and the existence of chemotype [35].

3.2. Antibacterial Activity of the Essential Oils. The essential
oils extracted from the leaves and stem of J. gossypifolia
strongly exhibited inhibitory activity against the 3 bacteria
strains (Escherichia coli, Enterococcus faecium, and Staphylo-
coccus aureus) investigated.The stem essential oil (SEO)MIC
values of 0.025 ± 0.01, 0.05 ± 0.00, and 0.05 ± 0.00mg/mL
showed that it is more active than the leaf essential oil
(LEO) with MIC values of 0.05 ± 0.00, 0.10 ± 0.01, and
0.10 ± 0.01mg/mL against E. faecium, S. aureus, and E. coli,
respectively (Table 2). Similarly 0.025mg/mL of SEOwas able
to kill (bactericidal) E. faecium, while it requires twice the
dose (0.05mg/mL) to exhibit bactericidal activity against S.
aureus. Unlike the two Gram-positive bacteria tested, the oils
were less active against Gram-negative bacterium (E. coli).
However, at 0.10mg/mL the SEO was bactericidal against E.
coli while the LEO was bacteriostatic at the same concentra-
tion (Table 3). The differences in antibacterial property could
be due to net repulsion of the two outer complex membranes’
structure (a two-lipid bilayer) in Gram-negative bacterial cell
wall which is absent in Gram-positive bacteria [36]. These
layers constitute physical barriers between microorganism
and the environment, preventing interactions of the bacterial
cell with harmful substances. A Gram-positive bacterium has
only one relatively thick permeable membrane, rendering
it more susceptible to interactions with the environment
[37]. The effects of the stem and leaves oils of J. gossypifolia
against the bacteria also differed; the variation observed in
the chemicals profiles of two oils may possibly account for
their varied bioactivity [38, 39] in the present study.
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Figure 1: Antiradical effects of leaf and stemoils of J. gossypifolia and
reference standard onDPPH radicals: a, b, not significantly different;
c, significantly different (𝑝 < 0.05).
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Figure 2: Antiradical effects of leaf and stem oils of J. gossypifolia
and reference standard on ABTS radicals; a, b, not significantly
different; c, significantly different (𝑝 < 0.05).

3.3. Antioxidant Activity of the Essential Oils. Antioxidant
properties of the leaf and stem oils of J. gossypifolia were
investigated in vitro in four different (DPPH, ABTS, LP, and
NO) radicals models. The percentage inhibitions of these
radicals by the oils and references standards (vitamin C
and 𝛽-carotene) were concentration dependent (0.025 to
0.5mg/mL) expressed in % inhibition versus log(−1.6 to −
0.3) as presented in Figures 1–4. The antiradical effects of
LEO and SEO (a, b) onDPPH∙ were not significantly different
at low concentrations (0.025 and 0.05mg/mL), but at 0.1–
0.2mg/mL, SEO (c) exhibited much higher inhibitory effect
than LEO and the reference standards (RS) and effects of
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Table 1: Essential oils constituents in the leaf and stem of Jatropha gossypifolia.

Constituenta KIb Composition (%) Methods of identification MS datac Q Ad
Leaf Stem

𝛼-Pinene 927 — 5.03 KI, MSD 93, 79, 41, 136 97
𝛽-Pinene 938 4.60 t KI, MSD 93, 69, 41, 136 90
Camphene 954 — 2.79 KI, MSD 93, 69, 41, 136 98
𝛼-Terpinene 1016 — 10.61 KI, MSD 93, 77, 136, 121 97
Limonene 1028 — 12.42 KI, MSD 68, 93, 107, 121 98
Linalool 1091 9.81 — KI, MSD 71, 43, 69, 55 95
Menthol 1142 t 4.87 KI, MSD 79, 43, 41, 105 90
𝛽-Bisabolene 1384 0.30 0.58 KI, MSD 204, 69, 41, 43 90
𝛼-Aromadendrene 1386 3.65 10.48 KI, MSD 159, 91, 41, 220 90
𝛼-Cadinene 1460 — 1.83 KI, MSD 161, 43, 105, 204 96
Germacrene D 1464 — 12.30 KI, MSD 20, 161, 32, 105 98
Farnesene 1471 2.60 0.27 KI, MSD 69, 93, 107, 133 96
𝛾-Cadinene 1486 4.21 5.49 KI, MSD 161, 43, 105, 204 97
𝛼-Muurolene 1499 — 0.48 KI, MSD 121, 95, 43, 105 95
Viridiflorol 1530 8.27 — KI, MSD 32, 79, 55, 109 90
Pentadecen-5-yne 1538 9.43 — KI, MSD 79, 67, 41, 109 96
Bisabolol 1534 1.40 — KI, MSD 39, 204, 69, 41 90
Germacrene B 1559 0.73 0.13 KI, MSD 120, 161, 32, 105 95
𝛼-Copaene 1634 — 12.20 KI, MSD 105, 119, 161, 141 95
Dodecanoic acid 1975 3.23 — KI, MSD 29, 60, 73, 129 98
Hexadecanoic acid 1968 5.06 — KI, MSD 60, 73, 43, 256 97
Octadecanal 1999 8.60 t KI, MSD 41, 57, 82, 96 90
Phytol 2045 33.40 18.05 KI, MSD 71, 57, 41, 123 90
9,17-Octadecadienal 2112 0.21 t KI, MSD 280, 265, 279, 73 90
Total oil content (%) 98.70 97.50
Yield of oil 0.32 0.21
aConstituent elution order in column HB-5; bKovat’s index, csome of the m/z for most abundant peaks in the mass spectrum, dpercentage of GC/MS library
quality assurance of constituent in SEO/LEO, MSD = mass spectra data; RI = retention index relative to C9–C23 on the column HB-5, t = less than 0.05%.

Table 2: Minimum inhibitory concentration (MIC) values (mg/mL) for essential oils of J. gossypifolia against bacteria strains.

Bacteria Leaves oil Stem oil Ciprofloxacin
Positive control

DMSO
Negative control

Staphylococcus aureus 0.10 ± 0.01 NG 0.05 ± 0.01
NG 0.05 ± 0.01 NG 0.5mL

VG

Enterococcus faecium 0.05 ± 0.00 NG 0.025 ± 0.00
NG 0.05 ± 0.02 NG 0.5mL

VG

Escherichia coli 0.10 ± 0.01 NG 0.05 ± 0.00
NG 0.05 ± 0.01 NG 0.5mL

VG
Significant difference was considered at a level of 𝑝 < 0.05; NG: no growth; VG: visible growth.

LEO and RS were similar (a, b). However at 0.5mg/mL the
SEO displayed similar (a, b) activity as that of the RS (𝛽-
carotene) while the SEO effect was significantly different
(c) from the second RS (vitamin C) as well as the LEO in
scavenging DPPH∙ (Figure 1).The DPPH∙ antiradical assay is
based on the premise that a donor of an atom of hydrogen or
an electron is an antioxidant or antiradical and its strength
is demonstrated as DPPH∙ color changes (purple to yellow)
in the test sample due to formation of neutral DPPH-H
molecule upon absorption of hydrogen from an antioxidant
[40]. However, DPPH technique is not a specific radical

species test but is for general radicals scavenging potency
of an antioxidant [40]. Therefore, to evaluate the precise
antiradical efficacy of LEO and SEO of J. gossypifolia, we
quantitatively and qualitatively investigated the presumed
antiradical property using two different specific radicals
species (LP∙ and NO∙) and a cation radical (ABTS∙+).

Overall, in the four experiments the leaf and stem
essential oils of J. gossypifolia exhibited effective antiradicals
potencies against the different oxidants, indicating they are
good electron donors inDPPHandABTS tests, and displayed
strong LP∙ and valuable NO∙ antioxidant activity. Assessed
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Table 3: Minimum bactericidal concentration (MBC) values (mg/mL) for essential oils of J. gossypifolia against bacteria strains.

Bacteria Leaves oil Stem oil Ciprofloxacin
Positive control

DMSO
Negative control

Staphylococcus aureus Bacteriostatic at
0.10 ± 0.01 VG

Bactericidal
at 0.05 ± 0.01

NG

Bactericidal at
0.05 ± 0.01 NG 0.5mL VG

Enterococcus faecium Bacteriostatic at
0.05 ± 0.03 NG

Bactericidal
at 0.025 ±
0.00 NG

Bactericidal at
0.05 ± 0.02 NG 0.5mL VG

Escherichia coli Bacteriostatic at
0.10 ± 0.01 VG

Bactericidal
at 0.10 ± 0.00

NG

Bactericidal at
0.05 ± 0.03 NG 0.5mL VG

Significant difference was considered at a level of 𝑝 < 0.05; NG: no growth; VG: visible growth.
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Figure 3:Antiradical effects of leaf and stemoils of J. gossypifolia and
reference standards on lipid peroxide radicals: a, b, not significantly
different; c, significantly different (𝑝 < 0.05).

by linear regression analysis, the IC50 values were calculated
while Pearson’s correlation analysis and t-test were used
to test significant difference using SPSS 15.0 for windows
(SPSS Inc.). Both oils reduced the DPPH∙ to a neutral
DPPH-Hmolecule attaining 50% decrease with IC50 value of
0.07 ± 0.01mg/mL for SEO and while that of LEO is 0.32 ±
0.11mg/mL (Table 4). Significant difference was considered
at a level of 𝑝 < 0.05.

The percentages inhibition of the ABTS∙+ by the SEO
and LEO were lower than results obtained in DPPH model,
achieving IC50 values of 1.34 ± 0.01 and 2.35 ± 0.00mg/mL,
respectively (Table 4). However, unlike in the DPPH assay,
the antioxidants completely decolorized the blue color of the
oxidant (ABTS∙+) solutions, turning into neutral molecules
(colorless form) from the lowest to highest concentrations
(0.025–0.50mg/mL). This observed effect was stronger with
SEO than in LEO,𝛽-carotene, and vitaminC.At 0.025mg/mL
the effects of LEO and vitaminC onABTS∙+ were comparable
(a, b), while SEO (c) exhibited higher effect than RS and
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Figure 4: Antiradical effects of leaf and stem oils of J. gossypifolia
and reference standards on nitric oxide radicals: a, b, not signifi-
cantly different; b, significantly different (𝑝 < 0.05).

Table 4: Antiradical capacity of essential oils extracted from J.
gossypifolia [IC50 (mg/mL)].

Activity J. gossypifolia Reference compounds
Leaf oil Stem oil Vitamin C 𝛽-Carotene

DPPH∙ 0.32 ± 0.11 0.07 ± 0.01 1.64 ± 0.01 1.50 ± 0.12
ABTS∙+ 2.35 ± 0.00 1.34 ± 0.10 2.43 ± 0.12 2.06 ± 0.11
LP∙ 3.31 ± 0.04 0.55 ± 0.01 3.00 ± 0.01 0.51 ± 0.00
NO∙ 2.10 ± 0.00 1.46 ± 0.01 2.91 ± 0.01 2.03 ± 0.10
The IC50 (mg/mL) was obtained from standard curve for each oil and refer-
ence drugs. The lower the IC50, the higher the antiradical strength. Signifi-
cant difference was considered at a level of 𝑝 < 0.05. Values are mean ± SD,
𝑛 = 3.

LEO (Figure 2). However, as the concentrations increased
(0.10–0.20mg/mL) the antiradical effects of the two reference
standards were similar with both lower than SEO (c) but
higher than LEO (c). At 0.5mg/mL SEO demonstrated the
highest effect, followed by RS and LEO having the lowest
inhibitory effect on ABTS∙. The discrepancy observed in
activities of SEO and LEO against the two different oxidants
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(DPPH∙ and ABTS∙+) could be attributed to many factors
including the complexity, polarity, and isomers selectivity of
the radicals. In addition, the ease at which the oils solvate
the radical’s medium may differ and these variables have
been reported to influence potency of volatile constituents in
inhibiting species of radicals [41].

The lipid peroxide radicals (LP∙) inhibiting effects of SEO
and LEO at different concentrations are showed in Figure 3.
The SEO and 𝛽-carotene exhibited stronger (b, b) antiradical
activities than the LEO and vitamin C (a, a) against lipid
peroxide induced by ferric sulphate in homogenates of egg
yolk. Interestingly, the IC50 values of 0.55 ± 0.01 and 0.51 ±
0.00mg/mL obtained for SEO and 𝛽-carotene, respectively
(Table 4), indicated no significant difference (𝑝 < 0.05)
between volatile oil (SEO) and the reference standard. The
antiradical activities of LEO and vitamin C were weak and
similar (a, a) at low concentrations (0.025–0.100mg/mL),
with IC50 values of 3.31 and 3.01mg/mL, respectively. How-
ever, at 0.2–0.5mg/mL, their inhibitory activities against lipid
peroxide radicals were above average. Notable in the lipid
peroxidationmodel is the significant difference between SEO
(b) and vitaminC aswell as similar effects of LEOand vitamin
C (a, a) in scavenging LP∙ at 0.025–0.1mg/mL and 0.5mg/mL
(Figure 3) that may be ascribed to the oils terpenoids, which
donate hydrogen atoms to H2O2, thus reducing it to 2H2O.

In the nitric oxide assay, the activities of LEO and
SEO to inhibit nitric oxide radical (NO∙) produced from
red-colored complex salt of sodium nitroprusside solution
[Na2[Fe(CN)5NO]⋅2H2O] at different concentrations (0.025–
0.5mg/mL) are showed in Figure 4. The SEO (b) demon-
strated stronger inhibitory activity upon NO∙ compared to
LEO as well as the two reference standards at 0.025 and
0.05mg/mL, while the activities of LEO and vitamin C
(RS) are significantly different (a, a) at low concentration
(0.025mg/mL). However, with increasing concentrations
(0.1–0.2mg/mL), SEO and 𝛽-carotene displayed high and
comparable antiradical activity followed by LEO, while vita-
min C had the least effect in countering NO∙ generated (Fig-
ure 4). Interestingly at 0.5mg/mL the LEO and 𝛽-carotene
activities were similar (a, a); however both displayed lower
effect than SEO (b). The IC50 value obtained for SEO (1.46 ±
0.01mg/mL) was moderate; however, it was lower than that
of LEO (2.10 ± 0.00mg/mL), carotene (2.03 ± 0.03mg/mL),
and vitamin C (2.91 ± 0.01mg/mL) as presented in Table 4.

The high phytol content in the EOs in this present
study is remarkable and might have enhanced the bioac-
tivity of the oils. Phytol, a diterpenoid alcohol, has been
reported by Camilla [42] to demonstrate good antioxidant
effect in vivo and has high capacity to quench hydroxyl
and nitric oxide radicals as well as prevent the formation of
lipid peroxides as measured by thiobarbituric acid reactive
substances (TBARS). The additive or synergetic effects of
identified bioactive constituents in this study (Table 1) may
justify the higher bioactivity of the SEO than the LEO. The
antibacterial and antioxidant properties of the SEO might
have been enhanced by other terpenoids identified even
in little amount, for example, menthol (4.87%), 𝛾-cadinene
(5.49%), and 𝛼-pinene (5.03%), thus suggesting a possible
synergistic interaction between the components [43, 44].

Some recent studies demonstrated that some essential
oil compounds that were observed in this present study do
possess potent bioactive properties [10, 12, 18, 45]. Menthol,
for example, which was found in SEO, has been reported
to demonstrate very high antimicrobial, antioxidant, and
anti-inflammatory activities [46]. Furthermore, limonene has
been proven in previous studies [47] as a strong bioactive
monoterpene and its proapoptotic effects on human gastric
cancer and its antitumor and antimetastasis activities have
been demonstrated. Takahashi [48] reported that terpinene,
anothermonoterpene hydrocarbon also identified in the SEO
of J. gossypifolia, has the ability to inhibit low density lipopro-
tein oxidation even in the formation phase. In addition, the
main component phytol, which was identified in the two
oils, could have possibly reacted with DPPH∙, ABTS∙+, LP∙,
and NO∙ through various mechanisms suggested by Foti and
Amorati [49].The result in this current study is in agreement
with other reports that have implicated aliphatic terpene with
antiradical properties, while effect of hydrocarbon monoter-
pene which is cyclic with double bonds is similar to the
property of phenolic compounds or 𝛼-tocopherol [5, 6, 10,
17]. Activity of SEO against E. coli, E. faecium, and S. aureus
as well as scavenging different radicals as observed in this
present study is quite noteworthy. These observations may
therefore suggest that SEO of J. gossypifolia could possibly
be a new potent candidate in the search for lead compounds
for the management of infectious and oxidative stress-related
disorders such as Alzheimer’s disease (AD), cancers, diabetic
nephropathy, and arteriosclerosis [50–52].

4. Conclusion

This present study indicates that, apart from the local uses of
the leaf and stem of J. gossypifolia, the essential oil contained
strong bioactive phytochemicals and they are good prospect
as new antimicrobial agent and an alternative to synthetic
antioxidant and could be used as food preservatives on
further investigation.
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Docosahexaenoic acid (DHA) is the principal constituent of a variety of cells especially the brain neurons and retinal cells and
plays important role in fetal brain development, development of motor skills, and visual acuity in infants, lipid metabolism, and
cognitive support and along with eicosapentaenoic acid (EPA) it plays important role in preventing atherosclerosis, dementia,
rheumatoid arthritis, Alzheimer’s disease, and so forth. Being an essential nutrient, it is to be obtained through diet and therefore
searching for affordable sources of these 𝜔-3 polyunsaturated fatty acids (PUFA) is important for consumer guidance and dietary
counseling. Fish is an important source of PUFA and has unique advantage that there are many food fish species available and
consumers have a wide choice owing to availability and affordability.The Indian subcontinent harbors a rich fish biodiversity which
markedly varies in their nutrient composition. Here we report the DHA and EPA content and fatty acid profile of 39 important food
fishes (including finfishes, shellfishes, and edible molluscs from both marine water and freshwater) from India. The study showed
that fishes Tenualosa ilisha, Sardinella longiceps, Nemipterus japonicus, and Anabas testudineus are rich sources of DHA and EPA.
Promotion of these species as DHA rich species would enhance their utility in public health nutrition.

1. Introduction

Fatty acids play crucial role inmaintaining health and cellular
functions.The preventive effect of𝜔-3 fatty acids on coronary
heart disease is based upon hundreds of experiments in
animals, humans, tissue culture studies, and even clinical
trials [1] which first became apparent in the investigation on
the health status of Greenland Eskimos who consumed a very
high fat diet from seal, whale, and fish and yet had a low

incidence of coronary heart disease [2]. Further studies have
shown that the kind of fat the Eskimos consumed contained
large quantities of𝜔-3 fatty acids: EPA (20:5) andDHA (22:6).
Moreover, deficiencies of these fatty acids lead to a host
of symptoms and disorders. Among the long chain omega-
(𝜔-) 3 fatty acids (LC-PUFA), docosahexaenoic acid (DHA)
is the principal PUFA constituent of brain neurons, retinal
cells, and primary structural component of skin, sperm,
and testicles. Apart from being an important structural
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component of cellular membranes, it performs varieties of
functions in a number of cellular processes like transport
of neurotransmitters and amino acids and modulates the
functioning of ion channels and responses of retinal pigments
[3]. DHA has been shown to be particularly important for
fetal brain development, optimal development of motor skills
and visual acuity in infants, lipid metabolism in children
and adults, and cognitive support in the elderly [3]. DHA
along with eicosapentaenoic acid (EPA) play important role
in preventing atherosclerosis, dementia, rheumatoid arthritis,
diseases of old age like Alzheimer’s disease (AD), and age
related macular degeneration (AMD) [4–6]. Cardiovascular
disease (CVD) is the leading cause of mortality in many eco-
nomically developed countries and DHA plays an important
role in preventing CVDs.

DHA is an essential nutrient as it is synthesized in very
less quantity in human body and is obtained mainly through
diet. Cold water marine fishes are the important dietary
sources of DHA. Marine microalgae are the primary produc-
ers of DHA and the concentration of DHA goes on increasing
up in the food chain with these microalgae at the base [7].
Diet and lifestyle issues are closely associated with a myriad
of cardiovascular risk factors including abnormal plasma
lipid, hypertension, insulin resistance, diabetes, and obesity,
suggesting that diet based approaches may be of benefit [1].
Substantial evidence from epidemiological and clinical trial
studies indicates consumption of fish; oily fish rich in long
chain 𝜔-fatty acids in particular reduce risk of cardiovascular
mortality [1]. Low fat intake and associated chronic energy
deficiency have been the major nutritional problem of devel-
oping countries. The consumption of fat has been found to
be lower in developing countries, that is, 49 g/person/day in
comparison to 128 g/person/day in the developed countries
[8]. It has been observed that the supply of fat and 𝜔-3 fatty
acids decreases significantly with decreasing gross domestic
product (GDP) and the total 𝜔-3 fatty acid supply is below
or close to the lower end of the recommended intake range
in some of countries with the lower GDP [9]. Therefore, it
is imperative to look for sources of PUFA, particularly DHA
andEPA, and other fatty acids for steady supply for health and
nutrition of millions of people in the developing countries.

Fish is an important component of human diet in most
parts of the world and plays an important role as a source of
health friendly fatty acids.Thenutrients in fish include PUFA,
especially the𝜔-3 PUFA,DHA, andEPA [10], proteins, amino
acids, and micronutrients (minerals and vitamins). Besides,
unlike other animal proteins, fish has the unique advantage
that there are many fish species available. Fish is one of the
cheapest sources of quality animal proteins and plays a great
role in quenching the protein requirement in the developing
and under developed countries of the world. Fish is also
considered as a health food owing to its oil which is rich in
PUFA [11]. The health benefits of fish oil consumption were
revealed from the investigations on the Greenland Eskimos
[2] and many such studies to fully explore the health benefits
of fish consumption are still being carried out.

Fishes like Salmo salar (salmon), Gadus morhua (cod),
and Thunnus thynnus (tuna) serve as the chief sources of
DHA and other PUFA in the western countries. However,

the Indian subcontinent harbors a rich biodiversity of
fishes which markedly varies in their nutrient composition.
Therefore, to fully harness the potential of different fish
species for human health and nutrition, it is necessary to
have comprehensive information of the fatty acid profile of
different species of food fishes. In the present study, we report
the 𝜔-3 PUFA, DHA, and EPA content, complete fatty acid,
and proximate composition of 39 important food fishes from
India, which would enhance their utility in public health and
nutrition.

2. Materials and Methods

2.1. Ethics Statement. The study including sample collection,
experimentation, and sacrifice met the ethical guidelines,
including adherence to the legal requirements of the study
country. Fresh fishes were collected from the landing stations
and were brought to the laboratory in ice. The study did
not include any live animal. No specific permissions were
required for these locations and activities as these were fish
landing centers and are open for customers. The field studies
did not involve endangered or protected species.

2.2. Collection of Samples. A total of 39 species of fishes were
collected from their landing stations (Table 1). The weight
of these fishes ranged between 500 and 800 g per fish except
the small indigenous fishes (SIFs) and shellfishes (edible part
was taken). Twelve individual fish samples were analyzed in
triplicate. For the SIFs and shellfishes, three pooled samples
were prepared, each sample containing up to hundred
individuals.The length (cm) and weight (g) of individual fish
were recorded. Scales were removed by scraping, with the
edge of a knife having titanium blade, the blade was rinsed
with distilled water, and fillets were removed and freed from
bones. The fishes were degutted and muscle fillets were
minced and kept in −40∘C until usage. For small indigenous
fishes, whole fishes were cleaned, descaled, and degutted, and
then samples were pooled and minced and kept in −40∘C
preceding analysis.

2.3. Gross Chemical Composition. The gross chemical com-
position that is moisture, crude fat, crude protein, and
ash contents was determined according to AOAC [12]. The
minced samples were kept in an oven at 105 ± 2∘C overnight
until constant weight was obtained for moisture estimation.
The crude protein and crude fat contents were estimated by
Kjeldahl and Soxhlet methods, respectively [12]. Ash content
was determined by incinerating known weight of dry sample
at high temperature of 600∘C for 6 h in a muffle furnace [12].

2.4. Lipid Extraction and Preparation of Fatty Acid Methyl
Esters. Lipid extraction was carried out as per Folch et al.
(1957) [13]. In brief, 30 g of minced fish samples was homog-
enized (using a motor pestle) in the organic solvent mixture
(chloroform :methanol, 2 : 1), keeping the solvent/tissue ratio
20 : 1, and filtered applying little vacuum. The extraction and
filtration procedure were repeated three times with fresh
solvent mixture. The organic fractions, enriched with lipids,
were collected, pooled, and dried in a rotary evaporator.
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Table 1: Proximate composition of thirty-nine important food fishes from India.

Species Habitat Moisture (% ww) Crude protein (% ww) Crude fat (% ww) Ash (% ww)
Ailia coila Freshwater (captured) 82.8 ± 0.2 12.9 ± 0.5 1.8 ± 0.0 2.0 ± 0.0

Amblypharyngodon mola Freshwater (captured) 76.2 ± 1.1 16.3 ± 0.8
1

4.3 ± 0.0 4.0 ± 0.9

Anabas testudineus Freshwater (captured) 68.0 ± 0.7 16.9 ± 0.5
1

6.9 ± 0.6 5.3 ± 0.2

Catla catla Freshwater (aquacultured) 76.2 ± 0.3 16.2 ± 0.5
1

2.8 ± 0.3 2.5 ± 0.1

Cirrhinus mrigala Freshwater (aquacultured) 75.3 ± 0.6 15.5 ± 0.5
1

2.8 ± 0.3 2.5 ± 0.1

Clarias batrachus Freshwater (captured) 75.9 ± 0.7 16.4 ± 0.3
1

3.7 ± 0.4 2.3 ± 0.0

Crassostrea madrasensis Marine water (captured) 80.1 ± 0.7 16.8 ± 0.1
1

2.7 ± 0.2 1.3 ± 0.1

Cyprinus carpio Cold water (captured) 77.2 ± 0.3 17.9 ± 0.8
1

3.0 ± 0.0 1.3 ± 0.1

Epinephelus spp. Marine water (captured) 78.5 ± 1.5 18.1 ± 1.1
1

0.9 ± 0.5 1.5 ± 0.5

Etroplus suratensis Brackish water (captured) 74.2 ± 0.5 20.4 ± 0.8 4.7 ± 0.8 1.4 ± 0.1

Euthynnus affinis Marine water (captured) 75.7 ± 0.1 20.9 ± 0.1 1.9 ± 0.0 1.5 ± 0.0

Fenneropenaeus indicus Brackish water (captured) 82.2 ± 0.9 16.4 ± 0.3 0.7 ± 0.4 1.4 ± 0.1

Gudusia chapra Freshwater (captured) 76.7 ± 0.3 14.1 ± 0.1 5.7 ± 0.0 2.9 ± 0.0

Harpadon nehereus Marine water (captured) 87.5 ± 2.0 8.2 ± 0.9 2.2 ± 0.2 1.1 ± 0.2

Heteropneustes fossilis Freshwater (captured) 76.7 ± 1.1 16.3 ± 0.4
1

2.7 ± 0.5 2.6 ± 0.1

Katsuwonus pelamis Marine water (captured) 70.6 ± 7.4 22.4 ± 2.9
1

1.2 ± 1.1 1.9 ± 0.8

Labeo rohita Freshwater (aquacultured) 75.6 ± 0.5 15.9 ± 0.4
1

2.7 ± 0.2 2.6 ± 0.2

Lates calcarifer Brackish water (captured) 72.8 ± 0.6 21.1 ± 0.9 2.6 ± 0.5 1.6 ± 0.1

Leiognathus splendens Marine water (captured) 74.7 ± 3.7 17.2 ± 1.6
1

3.8 ± 3.7 3.1 ± 0.7

Macrobrachium rosenbergii Marine water (captured) 73.5 ± 0.6 16.9 ± 0.4 4.4 ± 0.2 4.9 ± 0.2

Mugil cephalus Brackish water (captured) 75.6 ± 0.6 20.0 ± 0.9 3.3 ± 0.7 1.3 ± 0.1

Nemipterus japonicus Marine water (captured) 78.5 ± 0.1 15.4 ± 0.2
1

5.1 ± 0.0 1.0 ± 0.0

Neolissochilus hexagonolepis Cold water (captured) 75.3 ± 0.1 18.2 ± 0.3
1

3.3 ± 0.1 1.4 ± 0.0

Oncorhynchus mykiss Cold water (captured) 74.7 ± 0.3 17.9 ± 0.0
1

3.8 ± 0.1 1.8 ± 0.0

Penaeus monodon Brackish water (captured) 76.3 ± 0.5 19.4 ± 0.2 0.7 ± 0.2 3.1 ± 0.1

Perna viridis Marine water (captured) 83.5 ± 0.5 11.0 ± 0.1
1

1.7 ± 0.0 1.4 ± 0.0

Puntius sophore Freshwater (captured) 75.7 ± 1.9 16.3 ± 0.9
1

4.9 ± 0.5 3.4 ± 0.1

Rastrelliger kanagurta Marine water (captured) 78.2 ± 0.1 19.2 ± 0.1
1

1.7 ± 0.0 1.2 ± 0.0

Rita rita Freshwater (captured) 77.8 ± 4.3 19.5 ± 1.2 1.6 ± 0.0 1.0 ± 0.1

Sardinella longiceps Marine water (captured) 71.3 ± 7.1 17.1 ± 1.4
1

9.2 ± 5.8 2.3 ± 0.6

Schizothorax richardsonii Cold water (captured) 77.3 ± 0.0 16.4 ± 0.1
1

2.5 ± 0.0 1.2 ± 0.0

Sperata seenghala Freshwater (captured) 79.4 ± 1.2 19.0 ± 1.3
1

0.8 ± 0.4 0.9 ± 0.2

Stolephorus commersonii Marine water (captured) 79.4 ± 0.1 16.4 ± 0.1
1

1.2 ± 0.0 3.2 ± 0.2

Stolephorus waitei Marine water (captured) 79.9 ± 0.1 20.3 ± 0.1
1

1.1 ± 0.0 3.3 ± 0.3

Tenualosa ilisha Freshwater (captured) 66.9 ± 4.2 20.7 ± 2.7
1

10.5 ± 4.6 1.1 ± 0.5

Thunnus albacares Marine water (captured) 74.1 ± 0.1 23.9 ± 0.1
1

0.6 ± 0.0 1.4 ± 0.0

Tor putitora Cold water (captured) 74.9 ± 0.1 17.9 ± 0.5
1

4.3 ± 0.1 1.5 ± 0.1

Trichiurus lepturus Marine water (captured) 75.5 ± 3.6 17.9 ± 1.5
1

3.4 ± 4.1 1.6 ± 0.4

Xenentodon cancila Freshwater (captured) 78.2 ± 0.7 15.7 ± 0.3 0.7 ± 0.0 3.6 ± 0.1

1Data previously published by Mohanty et al. [28].
Values are reported as mean ± standard deviation.

The dried lipids were weighed, dissolved in chloroform, and
stored in graduated test tubes at 4∘C. Fatty acid methyl esters
(FAME) were prepared from the extracted fat as per Metcalfe
et al. (1966) [14].

2.5. Fatty Acid Analysis. Fatty acid compositions (oils) of the
samples were determined by Gas Chromatography-Ion Trap
Mass Spectrometry (GC/IT-MS), Thermo Scientific ITQ
900. Briefly, the FAME was analyzed by injecting 1 𝜇L (30 : 1

split ratio) into GC-MS. The fatty acids were identified and
quantified using a GC (Trace GC Ultra, Thermo Scientific)
equipped with a capillary column (TR-FAME, 30m ×
0.25mm, 0.25 𝜇m film thickness) and an MS (ITQ 900,
Thermo Scientific) attached to it. For separation of fatty
acids, the oven temperature program was set as follows:
1min initial hold at 50∘C, temperature raised from 50 to
150∘C at the rate of 20∘C per min followed by a hold of 15min
at 150∘C, temperature raised from 150 to 240∘C at the rate
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of 20∘C per min, and a final hold of 2min at 240∘C. Helium
was used as a carrier gas with column flow rate of 1.0mL per
min. The transfer line and ion source temperatures were 250
and 220∘C, respectively. The MS conditions were as follows:
ionization voltage: 70 eV, range of 40–500 m/z, and the scan
time equal to the GC run time. The individual constituents
showed by GC were identified and quantified by comparing
the retention times and peak areas to those of standards
(ME-14-KT and ME-19-KT, SUPELCO Analytical) and by
using the NIST Library (version 2.0, 2008).

2.6. Statistical Methods. All the data are reported as mean ±
standard deviation. One-way ANOVA was also employed to
compare the variation in fatty acid with respect to different
species (𝑝 < 0.05).

3. Results

In the present study, 39 food fishes were selected from differ-
ent habitats which include 12 in marine water, 3 in brackish
water, 14 in freshwater, and 5 in cold water and 3 prawns and
2mussels considering their commercial importance and con-
sumer preference. Moisture, crude protein, crude fat, and ash
contents of themuscle tissue of these fish species are shown in
Table 1.The crude fat content showed that, among the species
studied, the migratory fish T. ilisha contains the highest
amount of fat (10.5%) followed by the marine fish S. longiceps
(9.2%) (Table 1). The fish species studied have been further
categorized into different groups as lean fish, low fat, medium
fat, and high fat according to the fat content [9] (Table 2).The
overview of fatty acid composition of fishes from different
habitats is discussed in the following sections (Tables 3–8).

3.1. Overview of Fat Content and Fatty Acid Composition.
The fat contents of the fishes varied markedly among the
species (0.6–10.5%). T. ilishawas found to contain the highest
amount of fat with 42.8% saturated fatty acids (SFA), 30.6%
monounsaturated fatty acids (MUFA), and 22.0% PUFA [15]
and myristic acid (C14:0) was the predominant fatty acid
(37.8%) in T. ilisha. S. longiceps, A. testudineus, and G. chapra
were found to be among the other fat rich fishes and palmitic
acid was found to be major fatty acid in these fishes (Table 3).
The Indian major carps C. catla, L. rohita, and C. mrigala
are the major freshwater fishes cultured across the country;
they were found to be containing 2.8, 2.7, and 2.8% fat,
respectively (Table 1). The fat content in the SIFs was 6.9%
in A. testudineus, 4.3% in A. mola, and 4.9% in P. sophore,
respectively [16]. Majority of the fatty acids in the SIFs are
monounsaturated fatty acids (MUFA) like oleic acid and
linolenic acid. A. mola and P. sophore were found to be rich
in MUFA whereas A. testudineus was rich in SFA (Table 6).

3.2. Overview of DHA and EPA Profile. T. ilisha was found to
contain the highest amount of DHA followed by T. lepturus.
Similarly EPA content was highest in S. longiceps followed by
C.madrasensis. Among the cold water fishesN. hexagonolepis
and O. mykiss were rich in DHA while S. richardsonii and N.
hexagonolepis were rich in EPA. Among SIFs, G. chapra was

Table 2: Classification of 39 Indian food fish species due to fat
content.

Classification Samples

Lean meat (<2% fat)

Euthynnus affinis
Ailia coila
Perna viridis
Rastrelliger kanagurta
Rita rita
Katsuwonus pelamis
Stolephorus commersonii
Stolephorus waitei
Epinephelus spp.
Sperata seenghala
Fenneropenaeus indicus
Penaeus monodon
Xenentodon cancila
Thunnus albacares

Low fat fish (2–4% fat)

Leiognathus splendens
Oncorhynchus mykiss
Clarias batrachus
Trichiurus lepturus
Mugil cephalus
Neolissochilus hexagonolepis
Cyprinus carpio
Catla catla
Cirrhinus mrigala
Crassostrea madrasensis
Heteropneustes fossilis
Labeo rohita
Lates calcarifer
Schizothorax richardsonii
Harpadon nehereus

Medium fat fish (4–8% fat)

Anabas testudineus
Gudusia chapra
Nemipterus japonicas
Puntius sophore
Etroplus suratensis
Macrobrachium rosenbergii
Amblypharyngodon mola
Tor putitora

High fat fish (>8%) Tenualosa ilisha
Sardinella longiceps

found to be rich in DHA and P. sophore in EPA (Table 9 and
Figure 1).

3.3. 𝜔-3, 𝜔-6 Fatty Acids, and Their Ratio. The 𝜔-3 and 𝜔-6
fatty acid content varied between 12.3 and 43.55% and 1.92
and 34.12% of total fat in the fishes and shellfishes studied
(Tables 3–8). The 𝜔-3 contents were high in the fishes S.
longiceps (21.40%), T. ilisha (14.2%), R. kanagurta (34.12%),
N. japonicas (33.7%), C. catla (22.7%), and P. sophore (27.9%).
The 𝜔-6 contents were high in L. calcarifer (12.1%), T.
albacares (15.6%), A. mola (12.7%), and P. sophore (15.6%).

The 𝜔-3/𝜔-6 ratio was 4.32, 4.82, and 4.66 in S. longiceps,
T. lepturus, and H. neherus, respectively. T. ilisha is one of
the most oily fishes which had a 𝜔-3/𝜔-6 ratio of 2.26. The
ratio was found to be more than 2 in the brackish water
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Table 4: Fatty acid composition of important brackish water fishes.

Fatty acids (%) L. calcarifer M. cephalus E. suratensis
Saturated fatty acids (SFA)
C4:0–C11:0 — — —
C12:0 0.2 ± 0.2

a
0.0 ± 0.0

b
0.1 ± 0.0

a

C13:0 — — —
C14:0 5.6 ± 0.6

a
5.8 ± 0.8

a
5.6 ± 0.7

a

C15:0 0.7 ± 0.3
a

1.2 ± 0.3
b

0.6 ± 0.2
a

C16:0 20.1 ± 1.7
a

20.4 ± 1.8
a

19.9 ± 1.4
a

C17:0 0.5 ± 0.1
a

0.8 ± 0.4
b

0.6 ± 0.0
c

C18:0 6.1 ± 0.4
a

3.6 ± 0.4
b

6.1 ± 0.7
a

C20:0 0.4 ± 0.2
a

0.2 ± 0.1
b

0.5 ± 0.2
a

C21:0 1.0 ± 0.6
a

0.1 ± 0.1
b

1.1 ± 0.5
a

C22:0 0.3 ± 0.2
a

0.2 ± 0.1
a

0.6 ± 0.2
b

C23:0 0.1 ± 0.0
a — 0.1 ± 0.1

b

C24:0 0.4 ± 0.2
a — —

∑ SFA 35.6 32.5 35.7
Monounsaturated fatty acids (MUFA)
C14:1 0.0 ± 0.0

a
0.1 ± 0.0

b
0.0 ± 0.0

a

C16:1 7.6 ± 0.7
a

9.9 ± 0.9
b

7.7 ± 0.7
a

C17:1 0.4 ± 0.3
a

0.4 ± 0.2
a

0.3 ± 0.2
b

C18:1 18.5 ± 2.2
a

8.2 ± 0.6
b

16.0 ± 1.1
c

C20:1 0.6 ± 0.2
a

0.3 ± 0.1
b

0.6 ± 0.1
a

C22:1 0.3 ± 0.5
a

0.4 ± 0.5
b

0.4 ± 0.2
b

C24:1 0.1 ± 0.1
a

0.1 ± 0.0
b

0.2 ± 0.1
c

∑MUFA 27.8 19.7 25.6
Polyunsaturated fatty acids (PUFA)
C18:2 𝜔-6 9.7 ± 1.5

a
1.7 ± 0.5

b
7.2 ± 1.0

c

C18:3 𝜔-3 1.9 ± 0.1
a

1.2 ± 0.8
b

1.0 ± 0.1
b

C18:3 𝜔-6 0.4 ± 0.3
a

0.5 ± 0.1
b

0.6 ± 0.2
c

C20:2 𝜔-6 0.2 ± 0.1
a

0.2 ± 0.8
a

0.3 ± 0.3
b

C20:3 𝜔-6 0.5 ± 0.2
a

0.2 ± 0.2
b

0.5 ± 0.1
c

C20:3 𝜔-3 0.0 ± 0.0
a — —

C20:4 𝜔-6 1.2 ± 0.7
a

1.8 ± 0.1
b

1.3 ± 1.1
c

C20:5 𝜔-3 (EPA) 6.3 ± 0.5
a

5.8 ± 0.3
b

3.7 ± 0.7
c

C22:2 𝜔-6 — 0.1 ± 0.8 —
C22:5 𝜔-3 — — —
C22:6 𝜔-3 (DHA) 5.1 ± 0.5

a
6.1 ± 0.1

b
6.0 ± 0.8

b

∑PUFA 25.5 17.9 20.7
∑𝜔-3 13.4 13.2 10.7
∑𝜔-6 12.1 4.7 10.0
𝜔-3/𝜔-6 1.1 2.8 1.1
Values are reported as mean ± standard deviation.
Values in rows sharing same superscripts are not statistically different (𝑝 < 0.05).
—, not detected.
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.
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Table 5: Fatty acid composition of important freshwater fishes.

Fatty acids (%) C. catla L. rohita C. mrigala S. seenghala1 H. fossilis C. batrachus T. ilisha2 R. rita
Saturated fatty acids (SFA)
C4:0-C5:0 — — — — — — — —
C6:0 — 0.0 ± 0.0

a — — 0.0 ± 0.0
a — — —

C8:0 — — 0.0 ± 0.0
a
0.0 ± 0.0

a
0.0 ± 0.0

a — 0.0 ± 0.0
a —

C10:0 — 0.0 ± 0.0
a
0.2 ± 0.0

b
0.0 ± 0.0

a
0.0 ± 0.0

a
0.0 ± 0.0

a
0.0 ± 0.0

a —
C11:0 — 0.0 ± 0.0

a
1.1 ± 0.0

b — 0.0 ± 0.0
a
0.0 ± 0.0

a — —
C12:0 0.2 ± 0.0

a
0.2 ± 0.0

a
0.4 ± 0.1

b
0.6 ± 0.1

c
0.4 ± 0.0

b
0.0 ± 0.6

d
0.4 ± 0.2

b —
C13:0 0.2 ± 0.0

a
0.3 ± 0.0

a
0.4 ± 0.0

b
0.1 ± 0.0

c
0.1 ± 0.0

c
0.0 ± 0.1

d
0.0 ± 0.0

d
1.5 ± 0.1

e

C14:0 — 1.9 ± 0.3
a — 7.1 ± 2.1

b
1.8 ± 0.3

a — 37.8 ± 0.2
c —

C15:0 — — 7.4 ± 1.0
a
2.6 ± 0.5

b
1.1 ± 0.1

c
0.4 ± 0.9

d
1.5 ± 0.0

c
0.2 ± 0.1

d

C16:0 — 59.7 ± 9.8
a — 21.1 ± 3.2

b
47.2 ± 7.5

c
8.5 ± 2.3

d
0.2 ± 0.0

e
15.8 ± 2.9

f

C17:0 — 1.9 ± 0.5
a
4.4 ± 0.3

b
2.7 ± 0.6

c
0.5 ± 0.0

d
0.6 ± 1.3

d
1.0 ± 0.3

e
0.4 ± 0.4

d

C18:0 14.2 ± 4.6
a
5.3 ± 1.2

b
7.2 ± 2.9

c
0.2 ± 0.0

d
7.3 ± 1.3

c
9.3 ± 2.5

e
0.3 ± 0.0

d
5.4 ± 1.1

e

C20:0 0.5 ± 0.0
a
0.2 ± 0.0

a
0.7 ± 0.0

b
0.7 ± 0.1

b
0.0 ± 0.0

c — — —
C21:0 1.0 ± 0.2

a
3.3 ± 0.9

b
7.7 ± 1.1

c — 4.1 ± 1.2
d
1.9 ± 1.3

a
0.7 ± 0.1

e —
C22:0 0.9 ± 0.1

a
0.2 ± 0.0

b
0.5 ± 0.0

c
0.3 ± 0.0

c
0.1 ± 0.0

d — 0.4 ± 0.0
a —

C23:0 3.6 ± 1.0
a
0.3 ± 0.0

b
0.6 ± 0.2

c — 0.2 ± 0.0
b — — —

C24:0 — — — 0.4 ± 0.0
a — — 0.4 ± 0.0

a —
∑ SFA 20.6 73.3 30.4 36.0 63.1 21.0 42.8 23.3
Monounsaturated fatty acids (MUFA)
C14:1 0.2 ± 0.0

a
0.0 ± 0.0

b
1.1 ± 0.0

c
0.3 ± 0.0

a
0.0 ± 0.0

b
0.1 ± 0.2

d
0.2 ± 0.0

a —
C15:1 — 0.0 ± 0.0

a — 0.1 ± 0.0
a
2.4 ± 0.9

b
0.5 ± 0.9

c
0.0 ± 0.0

a —
C16:1 2.6 ± 0.9

a — 6.2 ± 0.3
b
1.3 ± 0.1

c
6.6 ± 1.6

b
4.9 ± 1.6

c
0.5 ± 0.0

d
6.3 ± 0.9

b

C17:1 2.7 ± 0.8
a
0.5 ± 0.0

b
2.7 ± 0.2

a
1.9 ± 0.2

c
0.1 ± 0.0

d — 0.3 ± 0.0
b —

C18:1 41.0 ± 8.9
a
9.5 ± 2.3

b
15.8 ± 6.9

c
20.5 ± 3.9

d
13.6 ± 5.4

e
47.9 ± 5.6

f
30.6 ± 0.2

g
35.3 ± 0.0

h

C20:1 0.8 ± 0.0
a
0.3 ± 0.0

b
0.0 ± 0.0

c
2.0 ± 0.3

d — — 2.3 ± 0.4
d
20.6 ± 1.9

e

C22:1 — — 0.1 ± 0.5
a
1.8 ± 0.2

b — — 0.6 ± 0.0
c
2.9 ± 0.2

d

C24:1 — — — 0.5 ± 0.0
a — 0.8 ± 0.0

b —
∑MUFA 47.3 10.4 26.0 28.4 22.7 53.5 35.0 65.2
Polyunsaturated fatty acids (PUFA)
C18:2 𝜔-6 6.7 ± 2.3

a
7.6 ± 2.1

b
14.0 ± 7.8

c
4.5 ± 1.3

d
5.8 ± 1.3

a
22.2 ± 4.6

e
2.7 ± 0.4

f
0.2 ± 0.0

g

C18:3 𝜔-3 10.9 ± 2.6
a
6.3 ± 1.9

b
3.3 ± 0.9

c
4.7 ± 1.1

d
3.3 ± 0.9

c
1.5 ± 0.9

e
2.2 ± 0.9

f
0.7 ± 0.0

g

C18:3 𝜔-6 — 0.2 ± 0.0
a
0.5 ± 0.0

b
1.4 ± 0.9

c
0.1 ± 0.0

a
0.5 ± 0.1

b
0.7 ± 0.1

d —
C20:2 𝜔-6 0.7 ± 0.1

a
0.0 ± 0.0

b
0.0 ± 0.1

b
1.3 ± 0.7

c
0.0 ± 0.0

b — 0.1 ± 0.0
d —

C20:3 𝜔-6 1.4 ± 0.3
a
0.6 ± 0.0

b
3.4 ± 0.2

c
2.2 ± 0.9

d
0.6 ± 0.1

b
0.7 ± 0.3

e
0.1 ± 0.0

f —
C20:3 𝜔-3 0.2 ± 0.0

a
0.1 ± 0.0

a
3.1 ± 0.0

b
1.0 ± 0.1

c
0.4 ± 0.0

d — 0.2 ± 0.0
a —

C20:4 𝜔-6 0.5 ± 0.0
a
6.3 ± 2.3

b
17.6 ± 0.0

c
9.8 ± 2.3

d
0.2 ± 0.0

a — 4.1 ± 1.3
e
1.6 ± 0.0

f

C20:5 𝜔-3 (EPA) 6.8 ± 1.2
a
0.9 ± 0.1

b
1.5 ± 0.3

c
4.4 ± 0.9

d
1.5 ± 0.2

c — 2.9 ± 0.9
e
3.8 ± 0.6

f

C22:6 𝜔-3 (DHA) 4.7 ± 0.9
a
0.4 ± 0.0

b — 6.2 ± 1.3
c
2.2 ± 0.6

d
0.5 ± 0.8

b
8.9 ± 2.5

e
5.0 ± 0.6

f

∑PUFA 31.9 22.5 43.5 35.5 14.2 25.5 22.0 11.4
∑𝜔-3 22.7 7.8 7.8 16.3 7.3 2.8 14.2 9.5
∑𝜔-6 9.3 14.7 35.7 19.2 6.9 22.7 5.4 1.9
𝜔-3/𝜔-6 2.4 0.5 0.2 0.8 1.1 1.8 2.3 5.0
1,2Data previously published by Mohanty et al. [15, 31].
Values are reported as mean ± standard deviation.
Values in rows sharing same superscripts are not statistically different (𝑝 < 0.05).
—, not detected.
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.
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Table 6: Fatty acid composition of important small indigenous fishes.

Fatty acids (%) A. mola P. sophore1 A. coila G. chapra A. testudineus X. cancila
Saturated fatty acid (SFA)
C4:0 — — — — — —
C6:0 — — 1.9 ± 0.1

a
1.4 ± 0.1

a
0.1 ± 0.0

b
2.7 ± 0.1

c

C7:0 — — 0.0 ± 0.0
a — — 1.2 ± 0.1

b

C8:0 — 0.0 ± 0.0
a — 0.4 ± 0.1

b
0.2 ± 0.0

b
2.6 ± 0.2

c

C9:0 — — 2.3 ± 0.1
a
2.5 ± 0.1

a — 4.1 ± 0.6
b

C10:0 — 0.0 ± 0.0
a
0.8 ± 0.0

b
1.0 ± 0.2

c
0.0 ± 0.0

a
10.0 ± 0.9

d

C11:0 — — 1.3 ± 0.1
a
1.3 ± 0.1

a
0.0 ± 0.0

b
6.0 ± 0.4

c

C12:0 0.0 ± 0.0
a
0.6 ± 0.1

b
3.1 ± 0.3

c
2.3 ± 0.1

d
0.4 ± 0.0

b
7.2 ± 0.2

e

C13:0 0.0 ± 0.0
a
0.2 ± 0.0

b
2.2 ± 0.4

c
1.1 ± 0.0

d
0.1 ± 0.0

b
4.0 ± 0.1

e

C14:0 0.4 ± 0.0
a
7.6 ± 1.5

b
25.9 ± 1.2

c
31.7 ± 0.9

d
1.3 ± 0.4

e
9.2 ± 0.6

b

C15:0 0.1 ± 0.0
a
3.4 ± 1.1

b
10.7 ± 1.9

c
8.4 ± 0.3

d
1.3 ± 0.5

e
6.3 ± 0.6

f

C16:0 1.2 ± 0.1
a
1.0 ± 0.1

a — — 40.6 ± 9.8
b

4.7 ± 0.4
c

C17:0 — 4.2 ± 0.6
a
0.0 ± 0.0

b — 2.7 ± 0.9
b

3.6 ± 0.2
a

C18:0 0.3 ± 0.0
a
0.1 ± 0.0

a
1.3 ± 0.1

a — 15.3 ± 4.5
c

3.0 ± 0.3
d

C19:0 1.6 ± 0.0
a — 0.0 ± 0.0

b — — 1.6 ± 0.3
a

C20:0 0.0 ± 0.0
a
1.3 ± 0.5

b
0.0 ± 0.0

a
0.8 ± 0.0

c
0.7 ± 0.1

c
3.1 ± 0.8

d

C21:0 0.0 ± 0.0
a
1.0 ± 0.3

b
0.0 ± 0.0

a
0.1 ± 0.0

c
3.2 ± 1.1

d
3.4 ± 0.4

d

C22:0 0.0 ± 0.0
a
0.0 ± 0.0

a
1.1 ± 0.1

b
0.4 ± 0.0

c
0.3 ± 0.0

c
4.1 ± 0.7

d

C23:0 0.0 ± 0.0
a — 0.3 ± 0.0

b
0.0 ± 0.0

a — 4.9 ± 0.3
d

C24:0 0.0 ± 0.0
a
0.4 ± 0.0

b
0.9 ± 0.0

c
0.5 ± 0.0

b — 4.7 ± 0.5
d

∑ SFA 2.2 20.0 51.9 51.9 66.3 86.9
Monounsaturated fatty acids (MUFA)
C14:1 0.3 ± 0.0

a
0.3 ± 0.0

a
3.3 ± 0.3

b
1.2 ± 0.0

c — 2.0 ± 0.3
d

C15:1 — 0.0 ± 0.0
a — — 0.5 ± 0.1

b —
C16:1 5.2 ± 1.1

a
4.4 ± 1.1

b
0.4 ± 0.0

c — 8.6 ± 2.3
b

1.7 ± 0.1
d

C17:1 — 1.6 ± 0.2
a — — 0.7 ± 0.1

b —
C18:1 64.3 ± 8.9

a
28.6 ± 6.6

b — 1.9 ± 0.5
c — 2.4 ± 0.3

d

C20:1 0.3 ± 0.0
a
1.5 ± 0.2

b
5.2 ± 0.9

c
2.3 ± 0.5

d
0.7 ± 0.1

e
1.8 ± 0.9

b

C22:1 — 0.1 ± 0.0
a — — — 0.0 ± 0.0

b

C24:1 3.2 ± 1.1
a
0.6 ± 0.0

b
0.2 ± 0.1

c
1.1 ± 0.3

d — 0.9 ± 0.0
d

∑MUFA 73.3 37.1 9.1 6.5 10.4 9.1
Polyunsaturated fatty acids (PUFA)
C18:2 𝜔-6 8.1 ± 2.4

a
1.3 ± 0.3

b
0.0 ± 0.0

c
0.4 ± 0.0

d
0.2 ± 0.0

d
0.9 ± 0.0

b

C18:3 𝜔-3 6.7 ± 1.3
a
16.6 ± 5.6

c — 14.9 ± 1.2
b

17.8 ± 6.7
c

0.5 ± 0.0
d

C18:3 𝜔-6 — — — — 0.4 ± 0.0 —
C20:2 𝜔-6 — 2.0 ± 0.5 — — — —
C20:3 𝜔-6 — 2.0 ± 0.3

a — — 0.9 ± 0.1
b —

C20:3 𝜔-3 — 1.2 ± 0.6
a — — 0.1 ± 0.0

b —
C20:4 𝜔-6 4.6 ± 1.6

a
9.8 ± 2.3

b
26.8 ± 0.3

c
9.8 ± 0.6

b
1.2 ± 0.4

d
0.4 ± 0.0

d

C20:5 𝜔-3 (EPA) 2.2 ± 0.9
a
6.2 ± 1.2

b — — 0.4 ± 0.0
c

0.4 ± 0.0
c

C22:2 𝜔-6 — 0.4 ± 0.0
a
0.4 ± 0.0

a
0.7 ± 0.0

b — —
C22:6 𝜔-3 (DHA) 3.1 ± 1.1

a
3.3 ± 1.1

a
9.3 ± 0.1

b
6.0 ± 0.5

c
2.7 ± 0.6

d
0.1 ± 0.0

e

∑PUFA 24.8 42.9 36.6 31.8 23.7 2.6
∑𝜔-3 12.0 27.2 9.3 20.9 21 1.1
∑𝜔-6 12.7 15.6 27.7 10.9 2.7 1.4
𝜔-3/𝜔-6 0.9 1.7 0.3 1.9 7.9 0.7
1Data previously published by Mahanty et al. [16].
Values are reported as mean ± standard deviation.
Values in rows sharing same superscripts are not statistically different (𝑝 < 0.05).
—, not detected.
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.
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Table 7: Fatty acid composition of important cold water fishes.

Fatty acids (%) O. mykiss1 T. putitora1 S. richardsonii1 N. hexagonolepis1 C. carpio1

Saturated fatty acid (SFA)
C4–C11 — — — — —
C12 0.6 ± 0.1

a
0.5 ± 0.0a 0.0 ± 0.0

b
2.5 ± 0.9

c
0.2 ± 0.0

a

C13 0.1 ± 0.0
a

0.0 ± 0.0
b

0.0 ± 0.0
b

0.0 ± 0.0
b

0.0 ± 0.0
b

C14 3.5 ± 1.1
a

5.0 ± 1.6
b

7.6 ± 1.6
c

4.7 ± 0.8
b

2.3 ± 0.5
d

C15 0.3 ± 0.0
a

0.6 ± 0.0
b

0.4 ± 0.0
a

0.4 ± 0.1
a

0.5 ± 0.0
b

C16 21.8 ± 9.8
a

31.6 ± 8.9
b

26.1 ± 6.5
c

29.8 ± 8.9
d

35.2 ± 8.7
e

C17 0.5 ± 0.0
a

0.5 ± 0.0
a

0.6 ± 0.0
a

0.6 ± 0.0
a

0.7 ± 0.0
b

C18 7.6 ± 1.6
a

9.6 ± 2.3
b

7.5 ± 2.9
a

5.9 ± 1.3
c

6.7 ± 1.6
d

C19 — 0.2 ± 0.0
a

0.1 ± 0.0
a

0.1 ± 0.0
a

0.2 ± 0.0
a

C20 — 4.5 ± 1.3
a — 0.3 ± 0.0

b
0.4 ± 0.1

b

C22 — 0.4 ± 0.0 — — —
∑ SFA 34.5 53.0 42.5 44.3 46.2
Monounsaturated fatty acids (MUFA)
C16:1 8.2 ± 1.6

a
9.6 ± 2.2

a
21.3 ± 8.9

c
11.1 ± 5.6

d
9.6 ± 1.6

a

C17:1 0.2 ± 0.0
a — 0.0 ± 0.0

b — —
C18:1 24.3 ± 6.5

a
12.1 ± 4.5

b
14.6 ± 5.6

c
10.9 ± 3.4

b
17.3 ± 5.6

d

C20:1 1.2 ± 0.4
a

5.6 ± 1.3
b

1.2 ± 0.3
a

1.6 ± 0.2
a

3.9 ± 1.3
c

C22:1 0.8 ± 0.1
a

0.7 ± 0.1
a

0.1 ± 0.0
b

0.4 ± 0.0
c

0.2 ± 0.0
b

∑MUFA 34.7 28.1 37.3 23.9 31.0
Polyunsaturated fatty acids (PUFA)
C18:2 𝜔-6 13.8 ± 3.2

a
7.4 ± 1.3

b
2.1 ± 0.9

c
7.6 ± 1.9

b
10.0 ± 2.9

d

C18:3 𝜔-3 4.8 ± 1.2
a

0.6 ± 0.0
b

1.8 ± 0.6
c

7.7 ± 2.5
d —

C18:3 𝜔-6 — 0.4 ± 0.0
a

0.4 ± 0.0
a — 0.2 ± 0.0

b

C18:4 𝜔-3 — — — — 0.0 ± 0.0

C20:2 𝜔-6 0.8 ± 0.1 — — — —
C20:3 𝜔-6 0.8 ± 0.1 — — — —
C20:3 𝜔-3 — 0.5 ± 0.0

a
1.0 ± 0.9

b
0.5 ± 0.0

a
1.4 ± 0.2

b

C20:4 𝜔-6 2.4 ± 0.5
a

1.8 ± 0.1
b

0.8 ± 0.2
c

2.7 ± 0.6
a

3.6 ± 0.8
d

C20:5 𝜔-3 (EPA) 2.3 ± 0.6
a

4.7 ± 1.2
b

9.6 ± 2.3
c

7.4 ± 2.3
d —

C22:5 𝜔-3 — — — — 3.2 ± 1.0

C22:6 𝜔-3 (DHA) 6.4 ± 1.6
a

2.7 ± 0.9
b

3.8 ± 1.2
c

5.2 ± 1.1
d

5.1 ± 1.9
d

∑PUFA 31.4 18.3 19.4 31.2 23.7
∑𝜔-3 13.6 8.6 16.2 20.9 9.8
∑𝜔-6 17.8 9.7 3.2 10.3 13.9
𝜔-3/𝜔-6 0.9 0.9 4.9 2.0 0.7
1Data previously published by Sarma et al. [17].
Values are reported as mean ± standard deviation.
Values in rows sharing same superscripts are not statistically different (𝑝 < 0.05).
—, not detected.
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

fish M. cephalus, freshwater fish C. catla, A. testudineus, the
cold water fish S. richardsonii, and the shellfish P. viridis. A.
testudineus was found to be containing 7.9 times more 𝜔-3
than𝜔-6 fatty acid and S. richardsonii and P. viridis contained
5 times more 𝜔-3 than 𝜔-6 fatty acid. The 𝜔-3/𝜔-6 ratio
was found to be more than 1 in majority of fishes except T.
albacares (0.7), L. rohita (0.5), C. mrigala (0.21), S. seenghala
(0.8), A. mola (0.9),O. mykiss (0.9), andM. rosenbergii (0.49)
[16, 17].

4. Discussion

Fish, shellfish, and sea mammals are rich source of DHA and
EPA [18]. The tropical countries including India are rich in
fish biodiversity. There are wide varieties of fishes available
which could provide good amount of PUFA; however, such
information on many fish species is not well documented.
Here we report the PUFA content, notably DHA and EPA
content, and complete fatty acid composition as well as
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Table 8: Fatty acid composition of prawns and edible molluscs (shellfishes).

Fatty acids (%) Prawns Molluscs
M. rosenbergii P. monodon F. indicus C. madrasensis P. viridis

Saturated fatty acids (SFA)
C4:0–C11:0 — — — — —
C12:0 — — — 0.9 ± 0.1 —
C14:0 6.0 ± 1.2

a
1.2 ± 0.4

b
1.4 ± 0.3

b
4.2 ± 0.9

c —
C15:0 — 1.2 ± 0.1

a
1.1 ± 0.3

a
1.1 ± 0.4

a —
C16:0 14.2 ± 3.2

a
19.7 ± 1.8

b
17.1 ± 2.6

c
26.8 ± 6.5

d
24.6 ± 5.9

d

C17:0 — 2.9 ± 0.4
a

1.6 ± 0.2
b

2.3 ± 1.1
a

0.7 ± 0.1
d

C18:0 11.5 ± 2.3
a

12.4 ± 1.4
a

12.1 ± 1.4
a

8.5 ± 1.3
b

5.9 ± 1.5
c

C20:0 — 0.5 ± 0.1
a

0.3 ± 0.1
a

0.7 ± 0.3
a

0.6 ± 0.1
a

C21:0 — — 1.4 ± 2.6 — —
C22:0 — 0.2 ± 0.1

a
0.3 ± 0.2

a
0.3 ± 0.1

a
1.5 ± 0.3

b

C24:0 — 0.4 ± 0.2
a

0.1 ± 0.1
b

2.2 ± 0.8c 1.7 ± 0.6
d

∑ SFA 35.2 39.1 35.4 47.1 34.9
Monounsaturated fatty acids (MUFA)
C14:1 — — — 0.8 ± 0.2

a
1.0 ± 0.4

b

C16:1 7.6 ± 1.2
a

4.2 ± 0.9
b

2.2 ± 1.0
c

6.1 ± 1.6
a

2.2 ± 0.9
c

C17:1 — 1.4 ± 0.3
a

0.7 ± 0.3
b — —

C18:1 19.1 ± 3.2
a

16.3 ± 0.9
b

12.6 ± 1.4
c

9.9 ± 2.6
d

15.4 ± 4.2
b

C20:1 — 0.7 ± 0.1
a

0.4 ± 0.1
a

0.5 ± 0.2
a —

C22:1 — — — 5.2 ± 1.2
a

3.1 ± 1.1
b

C24:1 — — 0.4 ± 0.2
a

1.1 ± 0.5
b

1.6 ± 0.3
c

∑MUFA 29.6 22.7 16.5 23.8 23.4
Polyunsaturated fatty acids (PUFA)
C18:2 𝜔-6 10.8 ± 2.3

a
7.1 ± 1.9

b
3.6 ± 1.9

c
3.2 ± 0.9

c
1.2 ± 0.6

d

C18:3 𝜔-3 2.1 ± 0.9
a

2.8 ± 0.6
a

1.3 ± 2.4
b

1 ± 0.1
b

1.3 ± 0.7
b

C18:3 𝜔-6 — 0.2 ± 0.0
a

0.3 ± 0.2
a

1.8 ± 0.3
c

0.7 ± 0.1
b

C18:4 𝜔-3 — 0.5 ± 0.3
a

0.5 ± 0.1
a

1.6 ± 0.6
b

1.7 ± 0.6
b

C20:2 𝜔-6 — 0.2 ± 0.0
a

0.1 ± 0.1
b

1.4 ± 0.5
c

0.4 ± 0.1
a

C20:3 𝜔-6 — — — 1.6 ± 0.6
a

0.9 ± 0.2
b

C20:4 𝜔-6 6.6 ± 1.3
a

7.9 ± 1.2
b

8.9 ± 1.5
c

2.4 ± 0.9
d

0.9 ± 0.3
e

C20:5 𝜔-3 (EPA) 7.4 ± 2.1
a

12.8 ± 1.5
b

10.6 ± 3.0
c

7.3 ± 2.1
a

10.2 ± 4.5
c

C22:2 𝜔-6 — 0.3 ± 0.2 — — —
C22:5 𝜔-3 2.0 ± 0.9

a — — 1.0 ± 0.1
b

1.6 ± 0.3
c

C22:6 𝜔-3 (DHA) — 6.4 ± 1.4
a

10.0 ± 1.0
b

7.4 ± 2.6
c

9.5 ± 2.1
d

∑PUFA 35.2 38.4 35.6 28.8 28.6
∑𝜔-3 11.6 22.0 22.0 18.3 22.6
∑𝜔-6 23.5 16.3 13.6 10.5 4.2
𝜔-3/𝜔-6 0.4 1.3 1.6 1.7 5.3
Values are reported as mean ± standard deviation.
Values in rows sharing same superscripts are not statistically different (𝑝 < 0.05).
—, not detected.
EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

proximate composition of 39 food fishes from India (Tables
1–8) which could be useful in dietary recommendations and
in clinical nutrition.

The 𝜔-3 fatty acids, DHA and EPA, are essential nutrients
that enhance quality of life and lower the risk of premature
death. DHA is proven to be essential to pre- and postnatal
brain development whereas EPA seems more influential on

behavior and mood [3]. The DHA in combination with EPA
is prescribed for a variety of clinical conditions, including the
prevention and reversal of heart disease, asthma, cancer, lung
diseases, systemic lupus erythematosus (SLE), high choles-
terol, high blood pressure, psoriasis, rheumatoid arthritis,
bipolar disorder, certain inflammations of the digestive sys-
tem (ulcerative colitis), and preventing migraine pain [19].
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Table 9: DHA, EPA, and DHA + EPA (mg/100 g wet wt.) content of some important food fishes studied.

Fish species DHA EPA DHA + EPA
(mg/100 g wet wt.)

Ailia coila 180.0 ± 5.0 — 180.0 ± 5.0

Amblypharyngodon mola 133.3 ± 6.8 94.6 ± 5.4 227.9 ± 10.6

Cyprinus carpio 152.1 ± 9.8 — 152.1 ± 9.8

Crassostrea madrasensis 383.4 ± 3.1 377.9 ± 3.0 761.3 ± 6.9

Epinephelus spp. 107.8 ± 0.8 47.8 ± 0.4 155.7 ± 1.2

Etroplus suratensis 186.6 ± 31.5 115.3 ± 26.5 301.9 ± 45.6

Fenneropenaeus indicus 80.6 ± 12.3 84.5 ± 25.1 165.1 ± 33.2

Gudusia chapra 342.0 ± 10.2 — 342.0 ± 10.2

Katsuwonus pelamis — 104.8 ± 0.8 104.8 ± 0.8

Lates calcarifer 127.6 ± 15.6 155.2 ± 13.3 282.7 ± 25.5

Leiognathus splendens 226.2 ± 1.8 224.5 ± 1.8 450.7 ± 2.5

Neolissochilus hexagonolepis 210.1 ± 2.3 301.8 ± 6.5 414.2 ± 5.0

Oncorhynchus mykiss 224.6 ± 2.2 81.5 ± 1.5 306.1 ± 2.6

Penaeus monodon 54.1 ± 14.9 108.5 ± 17.6 162.6 ± 22.2

Perna viridis 158.9 ± 1.3 169.9 ± 1.4 328.8 ± 3.2

Puntius sophore 161.7 ± 7.6 303.8 ± 8.3 465.5 ± 9.8

Schizothorax richardsonii 93.3 ± 1.0 235.8 ± 4.0 337.7 ± 3.1

Sardinella longiceps 534.9 ± 4.3 937.9 ± 7.5 1472.9 ± 6.9

Sperata seenghala 49.6 ± 1.5 35.2 ± 1.0 84.8 ± 2.9

Tenualosa ilisha 934.5 ± 37.1 304.5 ± 14.0 1239.0 ± 25.2

Tor putitora 115.5 ± 12.2 201.9 ± 13.1 316.9 ± 13.1

Trichiurus lepturus 567.8 ± 4.5 203.1 ± 1.6 770.9 ± 5.6

Xenentodon cancila 70.0 ± 4.0 — 70.0 ± 4.0

—, not detected.
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Figure 1: DHA (a) and EPA (b) content of important Indian food fishes from India.

Supplementation of EPA and DHA is also prescribed during
pregnancy as these have got many crucial roles in critical
periods of growth of the fetus and also protect them further
from the onset of metabolic diseases in adulthood [20, 21].
Lack of these fatty acids is also considered a leading cause
of attention deficit hyperactivity disorder (ADHD), a neu-
robehavioral disorder that is defined by persistent symptoms

of hyperactivity/impulsivity and inattention most commonly
seen in childhood and adolescence, which often extend to
the adult years [22, 23]. These fatty acids are manufactured
from natural fish/vegetable oils rich in PUFA and distributed
under different pharmaceutical companies under different
trade names. The 2010 US Dietary Guidelines recommend
that individuals at both higher and average CVD risks should
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consume an average of at least 250mg/day EPA + DHA
(1,750mg/week) [18]. As fishes like T. ilisha, S. longiceps, S.
richardsonii, and N. hexagonolepis are very rich in EPA and
DHA, these fishes can serve as natural dietary supplements
for both EPA and DHA in all the above stated clinical condi-
tions. Further, it has been surveyed that fish oil supplements
offer the lowest cost of EPA and DHA [24]. Therefore, taking
into consideration the pleiotropic nature of their actions, that
dietary supplementation with this long chain PUFA would
lead to improvements in overall health parameters.

The hilsa shad Tenualosa ilisha (hilsa) is a commercially
important food fish in India, Bangladesh, and the adjoining
countries and is long known to be rich in oil, unlike many
of its estuarine and freshwater counterparts [15, 25]. T. ilisha
enjoys high consumer preference, owing to its taste, flavor,
and other culinary properties. Myristic acid, which is used
as a common flavoring agent in food items [26], was found
to be the predominant fatty acid in T. ilisha. The flavor of T.
ilisha could be due to its high myristic acid content. Atlantic
salmon (Salmo salar) is considered among the best animal
proteins due to its easy digestibility and absorption and it is
popular for its fat content rich in important fatty acids and
triglycerides [27]. In comparison with salmon, T. ilisha was
found to be containing more amounts of fat and 𝜔-6 fatty
acids (7.8%). Although the 𝜔-3 content was much lower, the
total EPA and DHA content was closer to that of salmon [27].
The protein content of T. ilisha (20.7%) is also comparable to
that of salmon (18.8%) [28, 29]. Considering these facts, the
significance of T. ilisha in health and nutrition is comparable
to salmon. Due to its high food and nutritional value, T. ilisha
is a potent species which is being tried for domestication and
aquaculture.

Along with T. ilisha, other fishes like S. longiceps and N.
japonicus are rich sources of both EPA andDHA.The SIFs are
considered as rich sources of micronutrients (vitamins and
minerals); however, in the present investigation, it was found
that the SIFsG. chapra and P. sophore [16] contain fair amount
of DHA and EPA and these fishes can be recommended as
dietary sources of DHA and EPA where other sources are not
available.

5. Conclusion

In conclusion, the present study has generated important
food data on the DHA, EPA, and fatty acid profile of
important food fishes from India.The information generated
is being catalogued in the database (http://www.cifri.res.in/
outreach/). The information generated would be useful in
formulation of dietary guidelines and it could be useful for
a vast majority of population including 1.27 billion from
India alone, which account for 17.5% of the world population.
The species like T. ilisha, S. longiceps, N. japonicus, and A.
testudineus are found to be rich sources of both the𝜔-3 PUFA,
DHA, and EPA and could be regarded as the subcontinental
counterparts of salmon, mackerel, and tuna, the DHA rich
fishes of the western world. Mass awareness campaigns to
popularize these fishes as rich source of DHA are necessary
for harnessing the important therapeutic value of these

fishes in community nutrition and these fishes can also be
prescribed under specific clinical conditions originating due
to DHA and EPA deficiency, thus increasing their utility in
clinical nutrition.
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1-Deoxynojirimycin (DNJ), the main hypoglycemic constituent in mulberry (Morus alba) latex, has been extensively researched.
Although there is considerable interest in the biological effects of DNJ, the roles of 1-deoxynojirimycin (DNJ) in glycometabolism
and energy metabolism in insects have received little attention. In this paper, 1H nuclear magnetic resonance (1H NMR) based
metabonomic was performed to study the effects of the oral supplementation of 0.25% DNJ, 0.5% DNJ, latex, and the mixture
of 0.5% DNJ and latex (1 : 1) on the fat body glycometabolism and energy metabolism of the fourth-instar larvae of Eri silkworms,
Samia cynthia ricini.Metabolic pattern recognition analysis (partial least square-discriminant analysis, PLS-DA) of fat body extracts
indicated that the groups of 0.25% DNJ, 0.5% DNJ, latex, and the mixture of 0.5% DNJ and latex (1 : 1) were significantly different
from the control group. Further, compared to the control group, the metabolites levels of lactate, trehalose, succinate, malate,
and fumarate were remarkably changed in experimental groups, which were involved in glycolysis, hydrolysis of trehalose, and
tricarboxylic acid (TCA) cycle. Our results indicate that DNJ has a positive impact on the reverse energy metabolism of Eri
silkworms and metabonomic analysis based on NMR can be used as a tool to identify potential biomarkers.

1. Introduction

Mulberry (Morus alba) trees have long been cultivated in
China and the leaves have been used to rear the silkworm
Bombyx mori [1]. Mulberry leaves exuding latex contained a
number of traditional Chinese herbal medicines. One of the
main active compounds in mulberry latex is the natural D-
glucose analogue 1-deoxynojirimycin (DNJ) [2, 3]. DNJ has
been reported to have an obvious effect to improve diabetic
conditions by inhibiting the activity of 𝛼-glucosidase and the
absorption of glucose in the intestinal brush border [4, 5].
The 𝛼-glucosidase inhibited competitively by DNJ leads to
the impairment of some types of sugar metabolism and an
increase in insulin sensitivity, preventing sugars from being
hydrolyzed to 𝛼-D-glucose that humans can utilize [6, 7].
Based on this, DNJ inhibits postprandial intestinal glucose
absorption and reduces the levels of blood sugar; thus it
can be used for the treatment of diabetes. In recent years,

increasing attention has been focused on the hypoglycemic
effect of DNJ. However, the effect and regulatory mechanism
of DNJ on glycometabolism of generalist herbivorous insects
have been ignored.

Eri silkworms (Samia cynthia ricini, Saturniidae), with
a short growth cycle, remarkable drug sensitivity, and well-
studied food-related activities, provide a model for connec-
tions between pharmacological action andmetabolism [8, 9].
Fat body is parallel to vertebrate adipose tissue and liver;
it is not only the storage of nutrients but also the central
organ of various substancemetabolism in insects [10]. During
the feeding stages, insects store glycogen and triglycerides as
energy reserves in the fat body [11]. In response to energy
demands, insects release diglycerides and trehalose from
the fat body to hemolymph for utilization [12]. Overall, fat
body has a close physical exchange with the hemolymph
in vivo, which provides the energy for the life of Eri
silkworms.
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In our previous work, we had proved that metabolic
profiles of hemolymph in Eri silkworms after oral adminis-
tration of DNJ, latex, and the mixture of DNJ and latex (1 : 1)
were significantly different compared with the age-matched
controls. In addition, we also confirmed that only latex
caused deaths of Eri silkworm, but not DNJ or the mixture
[13]. However, further understanding of DNJ systematical
regulation on energy metabolism in tissues of Eri silkworm
has not yet been explored. In this study, we performed a
NMR-based metabonomics analysis of the Eri silkworms fat
body, after oral administration of DNJ or mulberry latex.
Given the usefulness of NMR-based metabolomics tech-
nique in evaluating systemic responses to subtle metabolic
perturbation, metabolomics can be used for the biological
evaluation of DNJ as well as the identification of its poten-
tial medicinal properties. The results of this paper will be
conducive to understand regulatory mechanism of DNJ on
glycometabolism and energy metabolism.

2. Materials and Methods

2.1. Insects. In the experiment, Eri silkworms were main-
tained in the laboratory to identify the effects of mulberry
latex and DNJ on non-mulberry-specialist caterpillars. Mul-
berry trees are not the natural host plant of S. cynthia
ricini larvae. S. cynthia ricini larvae have been applied to
detect and assess the levels of plant defense responses to
herbivorous insects [1, 14]. In the experiment, we adopted
newly molted fourth-instar larvae S. cynthia ricini (obtained
from the Sericultural Research Institute of Chinese Academy
of Agricultural Sciences, Zhenjiang, and then maintained in
our laboratory of WenzhouMedical University, Wenzhou) to
evaluate the effects of mulberry latex and DNJ on this herbiv-
orous insect. Hatched larvae were reared on castor oil leaves
ad libitum until the end of the experiments underregulated
temperature (20–25∘C) and humidity.

2.2. Mulberry Latex. In this work, mulberry latex was gath-
ered from the wild plants of Morus alba in the cultivated
garden of Wenzhou Medical University, Wenzhou, China
(28∘N, 120∘E) by directly cutting the petioles. The admin-
istration procedures of mulberry had been approved by
the Institutional Plant Committee and Use Committee of
WenzhouMedicalUniversity (document numberwydw2012-
0083). The latex from this population contained only 0.32 ±
0%ofDNJ and 1,4-dideoxy-1,4-imino-D-ribitol orD-AB1was
not detected in the latex [1]. The latex from the cut petioles
was gathered with test tubes, maintained at 4∘C, and then
used in 12 h.

2.3. Experimental Design and Sample Collection. Firstly, 200
newly molted fourth-instar larvae were randomly selected,
divided into four groups, and then fed with 0.25% DNJ (J&K
Chemicals, Beijing, China), 0.5% DNJ, latex, and the mixture
of 0.5% DNJ and latex (hybrid 1 : 1) at a single dosage of
5 𝜇L. The four groups were, respectively, named the 0.25%
DNJ group, 0.5%DNJ group, latex group, andmixture group.
The other 50 larvae were fed with 5 𝜇L of ultrapure water

(Millipore, Massachusetts, USA) as the control group. After
continuous administration for 2 d, fat body was collected
by dissecting the individual from each group on Day 3
and the whole fat body from 5 individuals were brought
together to form one sample. The collected fat body was
snap-frozen in liquid nitrogen and stored at −80∘C until
use.

2.4. Preparation of Fat Body Samples and Acquisition of 1H
NMR Spectra. The preparation of the fat body extracts was
based on the previous reference [15]. The frozen tissue was
weighed and ground using an electric homogenizer with ice-
cold methanol (4mL/g) and distilled water (0.85mL/g) at
4∘C and the mixture was vortexed. Chloroform (2mL/g) and
distilled water (2mL/g) were added and mixed again. After
keeping on ice for 15min, the homogenate was centrifuged
at 1,000 g for 15min at 4∘C. The supernatant was extracted
and lyophilized for about 24 h. The metabolite mixture
obtained was then weighed and dissolved in 0.6mL of
99.5%D

2
O for NMR spectroscopy. All 1HNMR experiments

were carried out on a Bruker AVANCE III 600MHz NMR
spectrometer (Bruker, Munich, Germany), with a spectral
width of 12,000Hz. The acquisition time was 2.65 s per scan,
and an additional 10 s relaxation delay was used to ensure
full relaxation. The number of scans was 256. The spectra
were zero-filled to 64K, and an exponential line-broadening
function of 0.3Hz was applied to the free induction decay
prior to Fourier transformation. All spectra were corrected
manually for phase and baseline and referenced to the
chemical shift of the methyl peak of alanine (CH

3
, 1.48 ppm)

using Topspin (v2.1 pl4, Bruker Biospin, Munich, Germany)
[16].

2.5. Data Refinement and Multivariate Pattern Recognition
Analysis. After the spectra were corrected, with the Topspin
2.1 software package, each spectrum was segmented into
different chemical shift regions with the same width of
0.01 ppm, which was equivalent to the region of 𝛿 of 9.5∼
0.5, for multivariate pattern recognition analysis. In the
analysis, the spectra region corresponding to residual peak
from water resonance (5.8–4.6 ppm) was removed to zero.
The data of remaining spectral segments were exported
to Microsoft Excel. Before multivariate analysis, the peaks
should be normalized to the sum of spectrum. Then, the
concentrations of the metabolites were expressed as relative
peak areas. The metabolite data derived from the control and
treatment groups were imported into SIMCA-P 12.0 software
(Umetrics, Umea, Sweden) to perform partial least square-
discriminant analysis (PLS-DA). In order to differentiate the
metabolic profiles obtained with fat body samples of the four
groups, one of the most popular supervised PR methods,
PLS-DA, was adopted to process the data obtained from the
fat body samples. Based on PLS-DA,metabolites which could
differentiate the control group from each treatment group
were identified and integrated. From the integrated data, the
relative intensity of each metabolite was then calculated [17].
Each point indicated an individual spectrum of a sample and
could be differentiated from other points with the first two
principal components, PC1 and PC2. Thus, the data could
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be displayed via plotting with the scores of PC1 and PC2.
In the plots, each point indicated a single NMR spectral
region segment and the metabolites related to differentiating
the groups were exhibited by corresponding loading plots
[18]. A coefficient of variation plots showed the differences
in the metabolites among the groups, which allowed the
interpretation because the loadings resembled NMR spectra.
The loading plots and score plots can complement each
other. The goodness of fit and model validity were tested
and computed by the parameters of 𝑅2 and 𝑄2, where 𝑅2
represented the sum of the square of the entire𝑋 and𝑄2 was
the fraction of cross-validation-explained variation with the
increase of the reliability [19].

2.6. Statistical Analysis. In order to obtain significant dif-
ferences among metabolic changes, we analyzed the nor-
malized integral values with SPSS 13.0 software (SPSS Inc.,
Chicago, USA). Each experimental groupwas comparedwith
the control group, respectively. The independent samples
t-test analysis was performed for comparison of means
in selected signals between two groups. In the statistical
analysis, independent samples t-test was used to analyze the
acquired data. If the p value was calculated to be lower than
0.05, the difference was considered to be statistically signif-
icant. Data were expressed as mean ± standard deviations
(SD).

3. Results and Discussion

3.1. 1H NMR Spectra Analysis of Fat Body. Representative
1H-NMR spectra of fat body extracts obtained from Eri
silkworms in the control and 0.25% DNJ, 0.5% DNJ, latex,
and mixture of 0.5% DNJ and latex group are shown in
Figures 1(a)–1(e). The spectral resonances of the metabo-
lites were assigned according to our published work [18–
21] and the 600MHz library of the Chenomx NMR Suite
7.0 (Chenomx Inc., Edmonton, Canada). To confirm the
assignments made from 1D 1H NMR spectra, some sam-
ples were also examined using 2D 1H–1H COSY spectra
with solvent suppression. Endogenous metabolites, such
as leucine (𝛿0.94), valine (𝛿1.04), lactate (𝛿1.33), alanine
(𝛿1.47), acetate (𝛿1.91), glutamate (𝛿2.35), succinate (𝛿2.4),
glutamine (𝛿2.45), malate (𝛿2.67), phosphocholine (𝛿3.22),
threonine (𝛿4.25), trehalose (𝛿5.19), fumarate (𝛿6.51), tyro-
sine (𝛿6.88), histidine (𝛿7.04), phenylalanine (𝛿7.43), ino-
sine (𝛿8.33), and trigonelline (𝛿9.12) were simultaneously
measured through the 1H-NMR spectra of the fat body
(Table 1).

3.2. Pattern Recognition Analysis of Fat Body. To extract
more details about DNJ-induced changes in the various
metabolic systems and identify the potential metabolic path-
ways associated with the effect, fat body NMR spectra were
segmented and subjected to partial least square-discriminant
analysis (PLS-DA, Figure 2). As shown in Figure 2(a), clear
discrimination along the PC1 directionwas observed between
0.25% DNJ-fed Eri silkworms and 0.5% DNJ groups (𝑅2𝑋 =
0.714, 𝑅2𝑌 = 0.774, and𝑄2 = 0.722); in themeanwhile, these
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Figure 1: Representative 1HNMR spectra of fat body obtained from
control Eri silkworms (a), 0.25% DNJ-fed Eri silkworms (b), 0.5%
DNJ-fed Eri silkworms (c), latex-fed Eri silkworms (d), and mixture
fed Eri silkworms (e).

two groups were almost separated from their age-matched
controls along the PC2 direction, which shows that the cluster
of 0.25% DNJ and 0.5% DNJ groups has diverse features
compared to the control groups. Figure 2(b) illustrates the
corresponding loading plot with color-coded correlation
coefficients (|𝑟|) of metabolites between the DNJ groups and
control groups and shows the variables responsible for the
separation of different groups. The positive regions in the
loading plot corresponded to metabolites that increased in
quantity in the fat body of Eri silkworms, whereas negative
regions amounted to metabolites that decreased in quantity
in the fat body of Eri silkworms. Thus, the corresponding
loading plot (Figure 2(b)) suggests that the separation was
attributed to the variables, including acetate, valine, succi-
nate, leucine, tyrosine, phenylalanine, phosphocholine, and
histidine.

It is further demonstrated by the PLS-DA scores plot
obtained from the fat body extracts of latex, mixture, and the
control groups, where three groups are separated from each
other along the PC1 direction or PC2 direction (Figure 2(c),
𝑅
2
𝑋 = 0.734, 𝑅2𝑌 = 0.903, and 𝑄2 = 0.882). The clear

separation of latex andmixture groups from the age-matched
control suggests that metabolic perturbation occurs in the
latex and mixture Eri silkworms. The corresponding loading
plot (Figure 2(d)) shows that the variables that referred
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Table 1: Metabolite normalized intensity of fat body obtained from newly molted forth-instar larvae control and age-matched experimental
Eri silkworms, S. cynthia ricini.

𝛿
1H (ppm) Metabolites Metabolism pathway H

2
O 0.25% DNJ 0.5% DNJ Latex Mixture

0.96 Leucine BCAA metabolism 17.71 ± 3.34 26.31 ± 2.98∗∗ 28.35 ± 3.57∗∗ 10.11 ± 1.70∗∗ 13.93 ± 2.06∗∗

1.04 Valine BCAA metabolism 8.91 ± 1.82 13.01 ± 1.18∗∗ 13.58 ± 1.29∗∗ 4.01 ± 0.53∗∗ 6.93 ± 0.59∗

1.32 Lactate Glycolysis 8.09 ± 3.40 6.71 ± 1.18 5.40 ± 1.22∗ 1.92 ± 0.87∗∗ 2.25 ± 1.04∗∗

1.47 Alanine Protein metabolism 26.01 ± 3.42 24.28 ± 2.24 20.93 ± 2.41∗∗ 12.91 ± 1.37∗∗ 19.59 ± 2.13∗∗

1.91 Acetate Fatty acids
𝛽-oxidation 6.44 ± 0.44 5.77 ± 0.36∗∗ 5.29 ± 0.30∗∗ 6.13 ± 0.17 5.64 ± 0.47∗∗

2.35 Glutamate Amino acid
metabolism 33.36 ± 3.23 29.10 ± 1.27∗∗ 27.46 ± 1.35∗∗ 28.02 ± 0.73∗∗ 28.41 ± 2.12∗∗

2.4 Succinate TCA cycle 13.13 ± 1.61 9.64 ± 0.94∗∗ 9.26 ± 0.98∗∗ 5.49 ± 1.20∗∗ 9.44 ± 1.53∗∗

2.45 Glutamine Amino acid
metabolism 26.15 ± 3.16 18.34 ± 1.09∗∗ 19.68 ± 1.33∗∗ 19.00 ± 5.05∗∗ 16.48 ± 0.45∗∗

2.67 Malate TCA cycle 10.39 ± 1.26 9.20 ± 0.58∗ 12.09 ± 0.86∗∗ 4.77 ± 0.77∗∗ 7.24 ± 0.71∗∗

3.22 Phosphocholine Lipid metabolism 33.25 ± 2.51 27.26 ± 2.82∗∗ 25.55 ± 1.05∗∗ 80.21 ± 3.73∗∗ 44.67 ± 7.29∗∗

4.25 Threonine Amino acid
metabolism 6.15 ± 0.42 6.30 ± 0.35 6.54 ± 0.27∗ 4.43 ± 0.30∗∗ 5.27 ± 0.29∗∗

5.19 Trehalose Glycometabolism 13.66 ± 1.91 17.05 ± 1.57∗∗ 16.18 ± 1.66∗∗ 10.05 ± 1.06∗∗ 21.53 ± 2.29∗∗

6.51 Fumarate TCA cycle 2.42 ± 0.38 1.97 ± 0.20∗∗ 2.12 ± 0.31 0.98 ± 0.28∗∗ 1.98 ± 0.26∗∗

6.88 Tyrosine Amino acid
metabolism 3.97 ± 1.15 8.36 ± 1.45∗∗ 10.86 ± 2.17∗∗ 1.58 ± 0.54∗∗ 3.49 ± 0.94

7.06 Histidine Purine metabolism 6.45 ± 0.34 5.34 ± 0.30∗∗ 5.19 ± 0.37∗∗ 9.79 ± 0.18∗∗ 6.53 ± 0.49
7.43 Phenylalanine Protein metabolism 2.96 ± 0.72 6.16 ± 0.76∗∗ 6.03 ± 1.10∗∗ 1.28 ± 0.16∗∗ 1.59 ± 0.18∗∗

8.33 Inosine Nucleic acid
metabolism 0.24 ± 0.06 0.20 ± 0.03∗ 0.15 ± 0.02∗∗ 0.31 ± 0.13 0.30 ± 0.13

Values are expressed as mean ± SD.
∗
𝑝 < 0.05 and ∗∗𝑝 < 0.01 indicate significant differences compared to the control group.

to phosphocholine, malate, alanine, threonine, valine, and
histidine were the most responsible for the separation.

3.3. Changes in Metabolite and Metabolomics Study. NMR is
a powerful approach for studying tissue energy metabolism
and glycometabolism and it has been previously used to
investigate the changes in tissue extracts metabolism of
various diseases, such as encephalopathies, nephropathy, and
intestinal cancer [22–24]. In the present study, changes in
the concentrations of fat body metabolites in Eri silkworms
subjected to feed H

2
O, 0.25%DNJ, 0.5%DNJ, latex, andmix-

ture by ex vivo 1HNMR spectroscopy were comprehensively
reported. Obvious metabolic perturbations of biochemicals
were observed, including some important products of gly-
cometabolism and energymetabolism.DNJ-induced changes
in the concentrations of metabolites exhibited notable fea-
tures at 0.25% DNJ, 0.5% DNJ, latex, and mixture groups,
respectively. Based on previous research, the metabolites
altered and related pathways that appear to be regulated by
DNJ may represent potential metabolic biomarkers for ther-
apeutic targets and provide clues to elucidate the molecular
mechanism of the agent acting on diabetes [5, 25–27]. In this
paper, Table 1 shows the relative integral levels of metabolites
in fat body samples from experimental and control Eri silk-
worms, S. cynthia ricini. The trend of the metabolic changes
obtained by quantitative statistical analyses is in agreement

with those indicated by the PLS-DA loading plots shown in
Figure 2. Figure 3 illustrates the altered metabolic pathways
in fat body of Eri silkworms after oral administration of
0.25% DNJ and 0.5% DNJ based on the KEGG database
(http://www.genome.jp/kegg/pathway.html).

Glycometabolism is essential for physiological balance
of living organisms. In insects, trehalose is the major sugar
and metabolic source of energy in the hemolymph and the
hydrolysis of trehalose in two glycosidically linked glucose
units is catalyzed by trehalase that is found in every insect
tissue [28]. In the study, increased levels of trehalose related
to the glycometabolism were observed in fat body of 0.25%
DNJ, 0.5% DNJ, and mixture fed Eri silkworms. This finding
suggested that the utilizable pathways of trehalose were
inhibited by the potency of DNJ.

TCA cycle is the most effective way to get energy through
carbohydrates or other substances oxidation in organisms.
Its central importance to many biochemical pathways sug-
gests that it is the hinge of carbohydrate, fat, and pro-
tein metabolism [29, 30]. In our work, decreased levels of
succinate, malate, and fumarate related to TCA cycle were
observed in fat body extracts of Eri silkworms in 0.25% DNJ,
0.5% DNJ, latex, and mixture groups. DNJ has been reported
to be effective against hyperglycemia and lipid peroxidation
in diabetics [31]. In the meanwhile, DNJ has a powerful effect
on suppressing the virus and tumour activity, such as HIV,
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Figure 2: PLS-DA score plots (a) based on 1HNMR spectra of fat body fromEri silkworms of 0.25%DNJ group, 0.5%DNJ group, and control
group (𝑅2𝑋 = 0.714; 𝑅2𝑌 = 0.774; 𝑄2 = 0.722; black square: control group, red circle: 0.25% DNJ group, and blue triangle: 0.5% DNJ group)
and coefficient-coded loading plots (b). PLS-DA score plots (c) based on 1H NMR spectra of fat body from Eri silkworms of latex group,
mixture group, and control group (𝑅2𝑋 = 0.734; 𝑅2𝑌 = 0.903; 𝑄2 = 0.882; black square: control group, blue triangle: mixture group, and red
circle: latex group) and coefficient-coded loading plots (d).

HBV, and melanoma cell [32–34]. Mulberry leaves exuding
latex are highly toxic to S. cynthia ricini; latex plays key roles
in defense against herbivorous insect except Bombyxmori [1].
The decrease in the relative intermediates concentrations of
TCA cycle might be caused by the systemic stress generated
under the physiological effects ofDNJ and latex. It was known
that thesemetabolites were intermediates of energy synthesis;
as a result, decrease in the metabolites might induce less
production of ATP [19]. In physiological conditions, tissues
and cells obtain energy from the aerobic oxidation of sugar.
Because aerobicmetabolism of sugar is themost effective way
to gain ATP in organisms, as its primary way, TCA cycle
generates 24 ATP by one glucose molecule [35, 36]. Our
results suggested that pathways of the TCA cycle and aerobic
metabolism were impaired after oral administration of DNJ,
latex, and mixture.

In addition, two additional glycolysis-related products,
lactate and alanine, were observed decreasing in fat body
after feeding 0.5% DNJ, latex, and mixture. As two of
branched-chain amino acids (BCAAs), leucine and valine
were enhanced in the 0.25% DNJ or 0.5% DNJ group but

were reversed in the latex and mixture groups. Compared to
the control, excretions of acetate, glutamate, phosphocholine,
threonine, histidine, and inosine were markedly decreased
in the DNJ groups, which were related to fatty acids 𝛽-
oxidation, protein, lipid, purine, nucleic acid, and amino acid
metabolism.

4. Conclusion

Wedemonstrated thatmetabonomicmethods based onNMR
could provide a useful tool for exploring biomarkers to
elucidate pharmacological action discovered in biological
chemistry. Our results indicated that DNJ impairs energy
metabolism in body fat tissue of Eri silkworn. DNJ is a
single-ingredient antidiabetic medicine due to bioactivity of
regulating glycometabolism.
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Roe protein hydrolysateswere reported to have antioxidant property but the anticancer effectswere less addressed, especially for oral
cancer. In this study, we firstly used the ultrafiltrated roe hydrolysates (URH) derived fromgiant grouper (Epinephelus lanceolatus) to
evaluate the impact of URHon proliferation against oral cancer cells.We found that URHdose-responsively reduced cell viability of
two oral cancer cells (Ca9-22 andCAL 27) in terms of ATP assay. Using flow cytometry, URH-induced apoptosis of Ca9-22 cells was
validated by morphological features of apoptosis, sub-G1 accumulation, and annexin V staining in dose-responsive manners. URH
also induced oxidative stress in Ca9-22 cells in terms of reactive oxygen species (ROS)/superoxide generations and mitochondrial
depolarization. Taken together, these data suggest that URH is a potential natural product for antioral cancer therapy.

1. Introduction

Oral cancer is the sixth most common cancer in the world
[1, 2]. Although some oral tumormarkers had been identified
for detection [3], the oral cancer riskwas unable to be reduced
due to its nontherapeutic function. Oral carcinogenesis is
a complex and long-term multifocal process [4]. Therefore,
the drugs with chemoprevention are still needed for antioral
cancer therapy.

Fish protein hydrolysates from cobia (Rachycentron
canadum) [5, 6], tilapia (Oreochromis spp.) [7], grass carp
(Ctenopharyngodon idellus) [8], fresh water carp (Catla catla)
[9], and other species [10] exhibited the antioxidant prop-
erty. Furthermore, the roe protein hydrolysates from defat-
ted skipjack (Katsuwonous pelamis) [11], Channa striatus,
Labeo rohita [12], Cyprinus carpio, and Epinephelus tauvina
[13] had been found to possess the antioxidant property.
These antioxidant properties may have the health promoting
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effects, such as anti-inflammation and antibacterial [14, 15].
However, the anticancer effect of roe protein hydrolysates-
derived antioxidants may have different properties and is less
addressed.

Drugs and natural products with the antioxidant effects
also reported to inhibit cancer cell proliferation. For example,
the grape seed extracts [16], red algal methanol extract [17,
18], and red algal ethanol extract [19] had been reported
to be antiproliferative to oral cancer cells. Accordingly, the
possible antiproliferative effect of roe protein hydrolysates is
warranted for further investigation.

Recently, the protein hydrolysates of fish [20, 21], marine
[22, 23], and plant [24] sources have been applied to cancer
therapy study. For example, fish protein hydrolysates were
found to inhibit proliferation of human breast cancer (MCF-
7/6 and MDA-MB-231) cells [20]. Fractions from loach
protein hydrolysates prepared by papain digestion have been
reported to have the antioxidant and antiproliferative activ-
ities against colon (Caco-2) cancer cells [21]. Antioxidant
and antiproliferative activities also have been reported in
protein hydrolysate of blood clam (Tegillarca granosa) muscle
against prostate, lung, and cervical cancer cells [22], bioactive
peptides from enzymatic hydrolysate of oyster (Saccostrea
cucullata) against colon cancer cells [23], and bioactive
peptides from chickpea (Cicer arietinum L.) against breast
cancer cells [24]. However, the performance of these protein
hydrolysates in oral cancer cells remains unclear.

Giant grouper is the largest specie of groupers in Taiwan.
The diameter of a fresh roe is from 2 to 3mm. Due to its fast
growth and high price, giant grouper currently is regarded as
a favorite species for marine culture in Taiwan [25]. However,
during the massive seed production, a large number of roes
have been collected because they failed to hatch. To make the
use of the protein byproduct, the enzymatic hydrolysis can be
implemented to enhance the bioactivities of the roe protein
hydrolysates.

Therefore, the subject of this study is to examine the
possible antiproliferative function of fish roe hydrolysates
of giant grouper (Epinephelus lanceolatus) against oral can-
cer cells and explore its detailed mechanisms in terms of
cell viability, cell cycle analysis, apoptosis, reactive oxygen
species (ROS)/superoxide generations, and mitochondrial
membrane potential.

2. Materials and Methods

2.1. Preparation of Defatted Roe. Fresh fish roes of giant
groupers (E. lanceolatus) were obtained from farm ponds
in Pingtung, Taiwan, during July 2013. The samples were
placed in ice and transported to the Department of Seafood
Science, Kaohsiung Marine University, within 1 h. The whole
roes were cleaned using cool water (4∘C) and homogenized
in a cool room. The homogenized roes were then freeze-
dried. Afterward, lipids of the dried roe powders were
extracted as described previously [26]. In brief, each 100 g
freeze-dried homogenized roes were added to 300mL hexane
for 2 h fat extraction. This procedure was repeated three
times. Moreover, the solvents were evaporated by vacuum
concentration. The defatted roe protein samples were then

freeze-dried. The defatted roe powders were kept in sealed
polyethylene bag and then placed at −40∘C until use.

2.2. Preparation of Roe Protein Hydrolysate. Roe protein
hydrolysate (RPH) was prepared from defatted grouper
roe powder using Protease N (Amano Pharmaceutical Co.,
Nagoya, Japan).The defatted sample (5 g drymatter) was sus-
pended in a 250mL of pH 8 phosphate buffer. The hydrolysis
reaction was initiated by the ratio of Protease N/roe sample
at 1 : 100 (w/w solid matter). The reaction was conducted at
pH 8 and 50∘C for 9 h. The enzymatic hydrolysis was ended
by heating the mixtures at 90∘C for 10 min to inactivate the
protease activity. The solution containing hydrolysate was
centrifuged at 5000 g for 10min at 4∘C (05PR-22 centrifuge,
Hitachi, Tokyo, Japan). Then, the supernatants were desalted
and lyophilized to dried RPH for storage at −40∘C.

2.3. Preparation of Ultrafiltrates from RPH through Centrifu-
gal Ultrafiltration Filters. The lyophilized RPH (obtained
from 9 h Protease N hydrolysis) was subsequently dissolved
in deionized distilled water. The solution containing RHP
was processed through centrifugal ultrafiltration (UF) filters
(Millipore, Bedford, MA, USA) as described previously [5].
RPH solution (12mL) was first passed through a centrifu-
gal filter with 10 kDa MWCO and then its permeate was
passed through the UF membranes with 5 kDa MWCO.
The permeates (ultrafiltrated roe hydrolysates, URH) with
molecular size below 5 kDa were obtained. The URH filtrate
was lyophilized and stored at −40∘C until use.

2.4. Amino Acid Analysis of URH. TheURHwere hydrolyzed
with 6NHCl at 110∘C for 24 h under vacuum.The amino acid
analysis was performed using the Pico-Tag system (Waters,
Milford, MA) as described [27].

2.5. Cell Cultures. Two human oral cancer cell lines (Ca9-22
and CAL 27) were available from the Japanese Collection of
Research Bioresources (JCRB) Cell Bank (National Institute
of Biomedical Innovation, Osaka, Japan) and the American
Type Culture Collection (ATCC; Virginia, USA), respectively
[28]. Cells were maintained in DMEM/F12 (3 : 2) medium
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (Gibco), 100U/mL penicillin, 100 𝜇g/mL
streptomycin, and 0.03% glutamine under the humidified
incubator at 37∘C with 5% CO

2
.

2.6. Cell Viability. URH was dissolved in culture medium
for cell treatment. Cells were plated at 4000 cells/well in
96-well plates. After plating overnight, cells were treated
with URH at indicated concentrations (0, 0.25, 0.5, 0.75,
1, 1.5, 2, and 2.5mg/mL) for 24 h. Then, cellular ATP level
was analyzed by the ATP-lite Luminescence ATP Detection
Assay System (PerkinElmer Life Sciences, Boston, MA, USA)
according to themanufacturer’s instructions [29]. Finally, the
luminescence was detected using a microplate luminometer
(CentroPRO LB 962; Berthold, ND, USA).

2.7. Cell Cycle Distribution. Cellular DNA was detected by
propidium iodide (PI) (Sigma, St. Louis, MO, USA) [30].
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In brief, 3 × 105 cells per well in 6-well plates were plated
overnight. Cells were treated with 0, 0.5, 1, 1.5, 2, and
2.5mg/mL of URH for 24 h. After harvest, cells were washed
with PBS and fixed overnight with 70% ethanol. Finally, the
cells were resuspended in 50𝜇g/mL PI in PBS for 30min
at 37∘C in darkness. Cell cycle distribution was determined
by a flow cytometer (BD Accuri� C6; Becton-Dickinson,
Mansfield, MA, USA) and a BD Accuri C6 Software (version
1.0.264).

2.8. Apoptosis by Annexin V/PI. The apoptosis-like (sub-G1)
status was further examined by annexin V (Strong Biotect
Corporation, Taipei, Taiwan)/PI as described [31]. In brief,
3×10

5 cells per well in 6-well plates were plated for 24 h. Cells
were treated with the indicated concentrations of URH for
24 h. After drug treatment, cells were incubated with 100𝜇L
binding buffer containing 2 𝜇L of annexin-V-fluorescein
isothiocyanate (FITC) stock (0.25 𝜇g/𝜇L) and 2𝜇L of PI stock
(1mg/mL) for 30min. Finally, it was suspended with 400 𝜇L
PBS for analysis by a flow cytometer (BD Accuri C6) and its
software.

2.9. Intracellular ROS. The fluorescent dye 2,7-dichlorod-
ihydrofluorescein diacetate (DCFH-DA) was used to detect
ROS [19]. 3 × 105 cells per well in 6-well plates in 2mL
mediumwere plated for 24 h. Cells were treatedwith different
concentrations of URH for 6 h. After PBS washing, 100 nM
DCFH-DA in PBS was added to cells in 6-well plates
under an incubator for 30min. After harvest, PBS washing,
and centrifugation, cells were resuspended in 1mL PBS for
analysis by a flow cytometer (BD Accuri C6) and its software.

2.10. Intracellular Superoxide. MitoSOX�Redmitochondrial
superoxide indicator (Molecular Probes, Invitrogen, Eugene,
OR, USA) was reported to be the fluorescent dye for mito-
chondrial superoxide [32]. Assessing mitochondrial redox
status has been detected by flow cytometric methods [33].
With a slight modification, 3 × 105 cells per well in 6-
well plates in 2mL medium were plated for 24 h. Cells
were treated with different concentrations of URH for 1 h.
Subsequently, 5 𝜇M MitoSOX was added to cells in 6-well
plates under an incubator for 10min. After harvest, PBS
washing, and centrifugation, cells were resuspended in 1mL
PBS for analysis by a flow cytometer (BD Accuri C6) and its
software.

2.11. Mitochondrial Membrane Potential (MMP). MitoP-
robe� DiOC

2
(3) assay kit (Invitrogen, Eugene, OR, USA)

was used to measure MMP as described previously [34].
Briefly, 3 × 105 cells in 2mL medium per well in 6-well plate
were plated and incubated for 24 h. Cells were treated with
URH treatment for 24 h. Subsequently, 50 nM DiOC

2
(3) was

added per well under an incubator for 30min. After harvest,
cells were resuspended in 1mL PBS for analysis by a flow
cytometer (BD Accuri C6) and its software.

2.12. Statistical Analysis. The significance of differences was
evaluated by Student’s t-test in SigmaPlot 10 software (Systat
Software Inc., San Jose, CA, USA). All data were compared
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Figure 1: Cell viabilities of two URH-treated oral cancer cells. Oral
cancer (Ca9-22 andCAL 27) cells were treated with 0, 0.5, 0.75, 1, 1.5,
2, and 2.5mg/mL of URH for 24 h incubation. The cell viability was
measured by the ATP assay. Data, means ± SDs (𝑛 = 6). ∗𝑝 < 0.05;
∗∗

𝑝

< 0.001 against control.

with controls. ∗ and ∗∗, respectively, indicate 𝑝 < 0.05 and
𝑝 < 0.001 against control.

3. Results

3.1. Amino Acid Composition of URH. As shown in Table 1,
the amino acid composition of URH indicates that URH
was composed of full kind of amino acids after purification
processes.

3.2. Antiproliferation of URH. With the cell viability (%)
in terms of ATP content measurement (Figure 1), two oral
cancer cells (Ca9-22 and CAL 27) at indicated concentrations
of URH were dose-responsively decreased (𝑝 < 0.05–0.001
compared to the control). The IC

50
values of URH at 24 h

treatment for oral cancer Ca9-22 cells were 0.85mg/mL and
IC
50
value was undetectable for CAL 27 cells.

3.3. Morphology Change of URH. The cell morphology of
URH-treated oral cancer Ca9-22 cells was shown in Figure 2.
The morphological features of apoptosis, including apoptotic
bodies and shrinkage of the cells, appeared at higher concen-
tration of URH.

3.4. Cell Cycle Disturbance of URH. As shown in Figure 3(a),
the flow cytometry-based cell cycle distribution patterns
of URH-treated oral cancer Ca9-22 cells were displayed.
After URH treatment (Figure 3(b)), the sub-G1 (%) of URH-
treated (0–2.5mg/mL) Ca9-22 cells were dose-responsively
increased (𝑝 < 0.001). In contrast, the G0/G1, S, and G2/M
(%) of URH-treated Ca9-22 cells were dose-responsively
decreased (𝑝 < 0.05–0.001).
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Figure 2: Cell morphology of URH-treated oral cancer Ca9-22 cells. Cells were treated with 0, 0.5, 0.75, 1, 1.5, 2, and 2.5mg/mL of URH for
24 h incubation. Cell images were captured at 100x magnification.

Table 1: Amino acid composition∗ of URH.

Amino acid (%)
Asp + Asn 9.79
Glu + Gln 12.76
Ser 7.11
Gly 7.84
His 1.71
Arg 3.45
Thr 5.55
Ala 11.29
Pro 8.21
Tyr 2.49
Val 6.57
Met 1.67
Cys 0.31
Ile 4.79
Leu 7.58
Phe 2.66
Lys 6.21
∗Data are the mean values of duplicate determinations expressed as mil-
ligram of amino acid per 100mg of URH.

3.5. Annexin V/PI-Based Apoptosis of URH. To further
examine the role of apoptosis, the flow cytometry-based
annexin V/PI patterns of URH-treated oral cancer Ca9-22
cells were performed (Figure 4(a)). As shown in Figure 4(b),
the annexin V-positive intensities (%) for URH-treated (0–
2.5mg/mL) Ca9-22 cells were dose-responsively increased
(𝑝 < 0.05–0.001).

3.6. ROSGeneration ofURH. Since some apoptosis-inducible
drugs were associated with ROS generation [35–38], the role
of oxidative stress inURH-treated Ca9-22 cells was examined
in terms of ROS detection. As shown in Figure 5(a), the
flow cytometry-based ROS staining patterns of URH-treated
Ca9-22 cells at 6 h incubation were displayed. As shown in
Figure 5(b), the relative ROS-positive intensities (%) ofURH-
treated (0–2mg/mL) Ca9-22 cells were dose-responsively
induced (𝑝 < 0.05–0.001).

3.7. Superoxide Generation of URH. The role of oxidative
stress in URH-treated Ca9-22 cells was examined in terms
of superoxide detection. As shown in Figure 6(a), the flow
cytometry-based superoxide staining (MitoSOX) patterns
of URH-treated (0–2.5mg/mL) Ca9-22 cells at 1 h incu-
bation were displayed. As shown in Figure 6(b), the rela-
tive MitoSOX-positive intensities (%) of URH-treated (0–
2.5mg/mL) Ca9-22 cells were dose-responsively induced
(𝑝 < 0.05–0.001).

3.8. MMP of URH. The role of oxidative stress in URH-
treated Ca9-22 cells was also examined in terms of MMP by
flow cytometry. As shown in Figure 7(a), the MMP staining
patterns of URH-treated Ca9-22 cells at 24 h incubation
were displayed. As shown in Figure 7(b), the MMP-positive
intensities (%) of URH-treated (0–2.5mg/mL) Ca9-22 cells
were dose-responsively decreased (𝑝 < 0.001) (Figure 7(b)).

4. Discussion

Fish protein hydrolysates were well-known for the antiox-
idant property. Although most studies of fish protein
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Figure 3: The cell cycle changes of URH-treated oral cancer Ca9-22 cells. Cells were treated with 0, 0.5, 1, 1.5, 2, and 2.5mg/mL of URH for
24 h. (a) Representative cell cycle distribution patterns of flow cytometry of URH-treated Ca9-22 cells. The cell cycle phases were labeled in
each panel. (b) Quantification analysis for the cell cycle phases in Figure 3(a). Data, mean ± SD (𝑛 = 3). ∗𝑝 < 0.05 and ∗∗𝑝 < 0.001 against
control.

hydrolysates had been reported, the possible anticancer
effect was less addressed. In current study, we chose the
Epinephelus lanceolatus-derived roe hydrolysates (URH) and
validated their antiproliferative effect against oral cancer
cells. We found that URH induced antiproliferation, sub-G1
accumulation, apoptosis, ROS generation, andmitochondrial
depolarization of oral cancer cells.

In the current study, the fish roe protein hydrolysates-
derivedURH is the ultrafiltration fractionwith lowmolecular
weights (MW) (<5 kDa) and it showed that the IC

50
values at

24 h treatment for oral cancer Ca9-22 cells were 0.85mg/mL
in terms of ATP assay.The IC

30
(70% viability) values of URH

at 24 h treatment for oral cancer Ca9-22 and CAL 27 cells
were 0.5 and 1.5mg/mL, respectively. Similarly, the muscle
tissue-derived loach (Misgurnus anguillicaudatus) protein

hydrolysates (LPH) prepared by papain digestion displayed
differential antiproliferative activities against breast, colon,
and liver cancer cells for different ultrafiltration fractions
with different MW ranges [21]. Based on MTS assay, the IC

50

values of LPH-III (MW ranging from 3 to 5 kDa) at 96 h
treatment were 33, 15, and 22mg/mL for breast (MCF-7),
colon (Caco-2), and liver (HepG2) cancer cells, respectively.
IC
50

values of LPH-IV (MW ranging from <3 kDa) at 96 h
treatment were 16, 10, and 13mg/mL for MCF-7, Caco-2,
and HepG2 cancer cells, respectively. Accordingly, the LPH
fractions with the low MW ranging from <5 kDa (LPH-III
and LPH-IV) have detectable IC

50
values at 96 h treatment.

In contrast, the IC
50

values of the LPH fractions with the
high MW (5–10 and >10 kDa) were undetectable. Therefore,
antiproliferative activities against cancer cells may be varied



6 BioMed Research International

10
5

10
6

10
4

Annexin V
10

5
10

6
10

4

Annexin V
10

5
10

6
10

4

Annexin V

10
3

10
4

10
5

10
6

PI

10
3

10
4

10
5

10
6

PI

10
3

10
4

10
5

10
6

PI

10
3

10
4

10
5

10
6

PI

10
3

10
4

10
5

10
6

PI
10

3

10
4

10
5

10
6

PI

10
5

10
6

10
4

Annexin V
10

5
10

6
10

4

Annexin V
10

5
10

6
10

4

Annexin V

2.5mg/mL

0.5mg/mL 1mg/mL

1.5mg/mL 2mg/mL

0mg/mL

(a)

∗∗

∗∗

∗∗

∗∗

∗∗

0.5 1.0 1.5 2.0 2.50.0
URH (mg/mL)

0

5

10

15

20

Ap
op

to
tic

 ce
lls

 (%
)

(b)

Figure 4: AnnexinV/PI-based apoptosis ofURH-treated oral cancerCa9-22 cells. Ca9-22 cells were treatedwith 0, 0.5, 1, 1.5, 2, and 2.5mg/mL
of URH for 24 h. (a) Representative results of flow cytometry-based annexin V/PI double staining of URH-treated Ca9-22 cells. Annexin V
(+)/PI (+) and annexin V (+)/PI (−) were calculated as the apoptosis (+) in each panel. (b) Quantification analysis of apoptosis for URH-
treated Ca9-22 cells in Figure 4(a). Data, mean ± SD (𝑛 = 3). ∗∗𝑝 < 0.001 against control.
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Figure 5: ROS generation of URH-treated oral cancer Ca9-22 cells. Cells were treated with 0, 0.5, 1, 1.5, and 2mg/mL of URH for 6 h. (a)
Representative ROS patterns of flow cytometry for URH-treated Ca9-22 cells. In each panel, the right side labeled with (+)% indicates the
ROS-positive region. (b) Quantification analysis of relative ROS intensity in Figure 5(a). Data, mean ± SD (𝑛 = 3). ∗𝑝 < 0.05 and ∗∗𝑝 < 0.001
against control.
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Figure 6: Superoxide generation of URH-treated oral cancer Ca9-22 cells. (a) Ca9-22 cells treated with 0, 0.5, 1, 1.5, 2, and 2.5mg/mL of
URH for 1 h were stained with MitoSOX dye. The right side labeled with (+)% indicates the MitoSOX-positive region in each panel. (b)
Quantification analysis of relative MitoSOX (+) fluorescent intensity (%). Data, mean ± SD (𝑛 = 3). ∗∗𝑝 < 0.001 against control.
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Figure 7: MMP change of URH-treated oral cancer Ca9-22 cells. Cells were treated with 0, 0.5, 1, 1.5, 2, and 2.5mg/mL of URH for 24 h. (a)
Representative MMP patterns of flow cytometry for URH-treated Ca9-22 cells. In each panel, the horizontal line labeled with (+)% in the
right side indicates the MMP-positive region. (b) Quantification analysis of MMP intensity ((+)%) in Figure 7(a). Data, mean ± SD (𝑛 = 3).
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with different ultrafiltration fractions with different MW
ranges. Low MW protein hydrolysates seem to be more
potential to anticancer cell proliferation.

The antiproliferative effect of several hydrolysates from
different parts of the marine species had been reported in
other cancer types such as breast [20], colon, and liver [39]
cancers. For example, peptide-rich fish hydrolysates, derived
from fresh filleting by-products or headed and gutted by-
catches of blue whiting, exerted a significant antiproliferative
activity at 1mg/mL for 72 h treatment with growth inhibition
of 22.3–26.3% on breast cancer MCF-7/6 cells and 13.5–
29.8% on breast cancer MDA-MB-231 cells using MTS assay
[20]. Because these protein hydrolysate studies mentioned
above were derived from different parts and species of fishes
and they were treated with different incubation times, it
was suitable to compare their drug sensitivity between each
other. In general, our experiment was performed in shorter
treatment time and displayed the lower IC

50
values of fish

protein hydrolysates (URH) in inhibiting proliferation of oral
cancer cells. It is also possible that drug sensitivity of fish
protein hydrolysates in anticancer cell effect may be cancer
cell-type dependent. Moreover, it was warranted for further
investigation that the fish protein hydrolysates from roe and
other parts may have different potentials for antiproliferation
of oral cancer cells.

Protein hydrolysates from many species were reported to
have the antioxidant property [5–13].The dual roles of antiox-
idants can explain why protein hydrolysates with antioxidant
property also display anticancer effect [40]. Oxidative stress
had been reviewed to regulate the endoplasmic reticulum
stress [41], autophagy [42], and apoptosis [43], leading to
cell death. For exogenous antioxidants, it may behave like
the double-edged swords in cellular redox state; that is, it
is protective at physiologic doses but it is harmful at high
doses [40]. In current study, we provided evidence for the
apoptosis effect of URH in oral cancer Ca9-22 cells, such
as sub-G1 accumulation and annexin V/PI staining (Figures
3 and 4), which were coupled with high ROS, superoxide
generations, and mitochondrial depolarization; that is, the
correlation values (𝑅2) are 0.8435, 0.6294, and 0.6782 for ROS
(+), mitoSOX (+), and MMP (−) versus apoptosis (annexin
V (+)), respectively, although the effect of lower doses of
URHwas not examined in our study. Similarly, the grape seed
extract (GSE) displayed the normal proliferation at low doses
but demonstrated the antiproliferation for oral cancer cells at
high doses [16]. Moreover, GSE at high doses displayed high
ROS generation andmitochondrial depolarization than those
of the low doses [16]. Therefore, the differential oxidative
stress may partly contribute the dual roles of antioxidants.

5. Conclusion

URH is the ultrafiltration fraction of fish roe protein
hydrolysates with low MW. In current study, we firstly
demonstrated that URH can inhibit cell proliferation of two
oral cancer cells (Ca9-22 and CAL 27). URH also induced the
characters of apoptosis of oral cancer cells such as apoptotic
morphology change, sub-G1 accumulation, and annexin
V/PI positive expression. This antiproliferative mechanism

includes the ROS and superoxide generations and mito-
chondrial depolarization.Therefore, these results suggest that
URH has an apoptosis-based anticancer potential for oral
cancer therapy.

Competing Interests

The authors declare no competing interests.

Acknowledgments

This work was supported by funds of the Ministry of
Science and Technology (MOST 104-2320-B-037-013-MY3),
the National Kaohsiung Marine University Research Project
(NKMU-9910286), Kaohsiung Medical University “Aim for
the Top Universities Grant, no. KMU-TP104PR02,” the
National SunYat-senUniversity-KMU Joint Research Project
(no. NSYSU-KMU 105-p002), the Kaohsiung Municipal Ta-
Tung Hospital (kmtth-104-003), the Health and Welfare
Surcharge of Tobacco Products, the Ministry of Health and
Welfare, Taiwan, Republic of China (MOHW105-TDU-B-
212-134005), and ChiMei-KMU Joint Project (104CM-KMU-
02).

References

[1] S. Warnakulasuriya, “Global epidemiology of oral and oropha-
ryngeal cancer,” Oral Oncology, vol. 45, no. 4-5, pp. 309–316,
2009.

[2] P. E. Petersen, “Oral cancer prevention and control—the
approach of the World Health Organization,” Oral Oncology,
vol. 45, no. 4-5, pp. 454–460, 2009.

[3] C.-Y. Yen, C.-Y. Huang,M.-F. Hou et al., “Evaluating the perfor-
mance of fibronectin 1 (FN1), integrin𝛼4𝛽1 (ITGA4), syndecan-
2 (SDC2), and glycoprotein CD44 as the potential biomarkers
of oral squamous cell carcinoma (OSCC),” Biomarkers, vol. 18,
no. 1, pp. 63–72, 2013.

[4] T. Tanaka, M. Tanaka, and T. Tanaka, “Oral carcinogenesis
and oral cancer chemoprevention: a review,” Pathology Research
International, vol. 2011, Article ID 431246, 10 pages, 2011.

[5] J.-I. Yang, H.-Y. Ho, Y.-J. Chu, and C.-J. Chow, “Characteristic
and antioxidant activity of retorted gelatin hydrolysates from
cobia (Rachycentron canadum) skin,” Food Chemistry, vol. 110,
no. 1, pp. 128–136, 2008.

[6] J.-I. Yang, W.-S. Liang, C.-J. Chow, and K. J. Siebert, “Process
for the production of tilapia retorted skin gelatin hydrolysates
with optimized antioxidative properties,” Process Biochemistry,
vol. 44, no. 10, pp. 1152–1157, 2009.

[7] C.-J. Chow and J.-I. Yang, “The effect of process variables
for production of cobia (Rachycentron canadum) skin gelatin
hydrolysates with antioxidant properties,” Journal of Food Bio-
chemistry, vol. 35, no. 3, pp. 715–734, 2008.

[8] X. Li, Y. Luo, H. Shen, and J. You, “Antioxidant activities
and functional properties of grass carp (Ctenopharyngodon
idellus) protein hydrolysates,” Journal of the Science of Food and
Agriculture, vol. 92, no. 2, pp. 292–298, 2012.

[9] K. Elavarasan, V. Naveen Kumar, and B. A. Shamasun-
dar, “Antioxidant and functional properties of fish protein
hydrolysates from fresh water carp (Catla catla) as influenced



BioMed Research International 11

by the nature of enzyme,” Journal of Food Processing and
Preservation, vol. 38, no. 3, pp. 1207–1214, 2014.

[10] M. Chalamaiah, B. Dinesh Kumar, R. Hemalatha, and T.
Jyothirmayi, “Fish protein hydrolysates: proximate composi-
tion, amino acid composition, antioxidant activities and appli-
cations: a review,” FoodChemistry, vol. 135, no. 4, pp. 3020–3038,
2012.

[11] K. Balaswamy, P. G. Prabhakara Rao, G. Narsing Rao, and T.
Jyothirmayi, “Functional properties of roe protein hydrolysates
from Catla catla,” Electronic Journal of Environmental, Agricul-
tural, and Food Chemistry, vol. 10, pp. 2139–2147, 2011.

[12] N. R. Galla, P. R. Pamidighantam, S. Akula, and B. Karakala,
“Functional properties and in vitro antioxidant activity of roe
protein hydrolysates of Channa striatus and Labeo rohita,” Food
Chemistry, vol. 135, no. 3, pp. 1479–1484, 2012.

[13] G. N. Rao, “Physico-chemical, functional and antioxidant
properties of roe protein concentrates from Cyprinus carpio
and Epinephelus tauvina,” Journal of Food and Pharmaceutical
Sciences, vol. 2, no. 1, pp. 15–22, 2014.

[14] J.-C. Lee, M.-F. Hou, H.-W. Huang et al., “Marine algal natu-
ral products with anti-oxidative, anti-inflammatory, and anti-
cancer properties,” Cancer Cell International, vol. 13, article 55,
2013.

[15] L. Najafian andA. S. Babji, “A review of fish-derived antioxidant
and antimicrobial peptides: their production, assessment, and
applications,” Peptides, vol. 33, no. 1, pp. 178–185, 2012.

[16] C.-Y. Yen, M.-F. Hou, Z.-W. Yang et al., “Concentration effects
of grape seed extracts in anti-oral cancer cells involving dif-
ferential apoptosis, oxidative stress, and DNA damage,” BMC
Complementary and Alternative Medicine, vol. 15, article 94,
2015.

[17] C.-C. Yeh, C.-N. Tseng, J.-I. Yang et al., “Antiproliferation and
induction of apoptosis in Ca9-22 oral cancer cells by ethanolic
extract of Gracilaria tenuistipitata,”Molecules, vol. 17, no. 9, pp.
10916–10927, 2012.

[18] Y.-H. Yen, A. A. Farooqi, K.-T. Li et al., “Methanolic extracts of
Solieria robusta inhibits proliferation of oral cancer Ca9-22 cells
via apoptosis and oxidative stress,”Molecules, vol. 19, no. 11, pp.
18721–18732, 2014.

[19] C.-C. Yeh, J.-I. Yang, J.-C. Lee et al., “Anti-proliferative effect of
methanolic extract of Gracilaria tenuistipitata on oral cancer
cells involves apoptosis, DNA damage, and oxidative stress,”
BMC Complementary and Alternative Medicine, vol. 12, article
142, 2012.

[20] L. Picot, S. Bordenave, S.Didelot et al., “Antiproliferative activity
of fish protein hydrolysates on human breast cancer cell lines,”
Process Biochemistry, vol. 41, no. 5, pp. 1217–1222, 2006.

[21] L. You, M. Zhao, R. H. Liu, and J. M. Regenstein, “Antioxidant
and antiproliferative activities of loach (Misgurnus anguilli-
caudatus) peptides prepared by papain digestion,” Journal of
Agricultural and Food Chemistry, vol. 59, no. 14, pp. 7948–7953,
2011.

[22] C.-F. Chi, F.-Y. Hu, B. Wang, T. Li, and G.-F. Ding, “Antioxidant
and anticancer peptides from the protein hydrolysate of blood
clam (Tegillarca granosa) muscle,” Journal of Functional Foods,
vol. 15, pp. 301–313, 2015.

[23] S. Umayaparvathi, S. Meenakshi, V. Vimalraj, M. Arumugam,
G. Sivagami, and T. Balasubramanian, “Antioxidant activity
and anticancer effect of bioactive peptide from enzymatic
hydrolysate of oyster (Saccostrea cucullata),” Biomedicine &
Preventive Nutrition, vol. 4, no. 3, pp. 343–353, 2014.

[24] Z. H. Xue, H. C. Wen, L. J. Y. Zhai et al., “Antioxidant activity
and anti-proliferative effect of a bioactive peptide from chickpea
(Cicer arietinum L.),” Food Research International, vol. 77, pp.
75–81, 2015.

[25] J.-R. Hseu, P.-P. Hwang, and Y.-Y. Ting, “Morphometric model
and laboratory analysis of intracohort cannibalism in giant
grouper Epinephelus lanceolatus fry,” Fisheries Science, vol. 70,
no. 3, pp. 482–486, 2004.

[26] E. G. Bligh and W. J. Dyer, “A rapid method of total lipid
extraction and purification,” Canadian Journal of Biochemistry
and Physiology, vol. 37, no. 8, pp. 911–917, 1959.

[27] K. Sato, Y. Tsukamasa, C. Imai, K. Ohtsuki, Y. Shimizu, and
M. Kawabata, “Improved method for identification and deter-
mination of 𝜀-(𝛾-glutamyl)-lysine cross-link in protein using
proteolytic digestion and derivatization with phenyl isothio-
cyanate followed by high performance liquid chromatography
separation,” Journal of Agricultural and Food Chemistry, vol. 40,
pp. 806–810, 1992.

[28] L. Jiang, N. Ji, Y. Zhou et al., “CAL 27 is an oral adenosquamous
carcinoma cell line,” Oral Oncology, vol. 45, no. 11, pp. e204–
e207, 2009.

[29] J. Wei, J. L. Stebbins, S. Kitada et al., “An optically pure
apogossypolone derivative as potent pan-active inhibitor of
anti-apoptotic Bcl-2 family proteins,” Frontiers in Oncology, vol.
1, article 28, 2011.

[30] B.-H. Chen, H.-W. Chang, H.-M. Huang et al., “(-)-Anonaine
induces DNA damage and inhibits growth and migration of
human lung carcinomaH1299 cells,” Journal of Agricultural and
Food Chemistry, vol. 59, no. 6, pp. 2284–2290, 2011.

[31] C.-C. Chiu, P.-L. Liu, K.-J. Huang et al., “Goniothalamin
inhibits growth of human lung cancer cells through DNA
damage, apoptosis, and reduced migration ability,” Journal of
Agricultural and Food Chemistry, vol. 59, no. 8, pp. 4288–4293,
2011.

[32] P. Mukhopadhyay, M. Rajesh, K. Yoshihiro, G. Haskó, and
P. Pacher, “Simple quantitative detection of mitochondrial
superoxide production in live cells,”Biochemical andBiophysical
Research Communications, vol. 358, no. 1, pp. 203–208, 2007.

[33] R. Li, N. Jen, F. Yu, and T. K. Hsiai, “Assessing mitochondrial
redox status by flow cytometric methods: vascular response to
fluid shear stress,” Current Protocols in Cytometry, chapter 9,
unit 9.37, 2011.

[34] C.-Y. Yen, C.-C. Chiu, R.-W. Haung et al., “Antiprolifera-
tive effects of goniothalamin on Ca9-22 oral cancer cells
through apoptosis, DNAdamage andROS induction,”Mutation
Research/Genetic Toxicology and Environmental Mutagenesis,
vol. 747, no. 2, pp. 253–258, 2012.

[35] C.-Y. Yen, M.-H. Lin, S.-Y. Liu et al., “Arecoline-mediated inhi-
bition ofAMP-activated protein kinase through reactive oxygen
species is required for apoptosis induction,” Oral Oncology, vol.
47, no. 5, pp. 345–351, 2011.

[36] M. H. Han, C. Park, C.-Y. Jin et al., “Apoptosis induction of
human bladder cancer cells by sanguinarine through reac-
tive oxygen species-mediated up-regulation of early growth
response gene-1,” PLoS ONE, vol. 8, no. 5, Article ID e63425,
2013.

[37] L. Raj, T. Ide, A. U. Gurkar et al., “Selective killing of cancer
cells by a small molecule targeting the stress response to ROS,”
Nature, vol. 475, no. 7355, pp. 231–234, 2011.



12 BioMed Research International

[38] H. Ding, C. Han, D. Guo et al., “Selective induction of apoptosis
of human oral cancer cell lines by avocado extracts via a ROS-
mediated mechanism,” Nutrition and Cancer, vol. 61, no. 3, pp.
348–356, 2009.

[39] A. Kannan, N. S. Hettiarachchy, M. Marshall, S. Raghavan,
and H. Kristinsson, “Shrimp shell peptide hydrolysates inhibit
human cancer cell proliferation,” Journal of the Science of Food
and Agriculture, vol. 91, no. 10, pp. 1920–1924, 2011.

[40] J. Bouayed and T. Bohn, “Exogenous antioxidants—double-
edged swords in cellular redox state: health beneficial effects
at physiologic doses versus deleterious effects at high doses,”
OxidativeMedicine and Cellular Longevity, vol. 3, no. 4, pp. 228–
237, 2010.

[41] A. A. Farooqi, K.-T. Li, S. Fayyaz et al., “Anticancer drugs for
the modulation of endoplasmic reticulum stress and oxidative
stress,” Tumor Biology, vol. 36, no. 8, pp. 5743–5752, 2015.

[42] A. A. Farooqi, S. Fayyaz, M.-F. Hou, K.-T. Li, J.-Y. Tang, and H.-
W. Chang, “Reactive oxygen species and autophagymodulation
in non-marine drugs and marine drugs,”Marine Drugs, vol. 12,
no. 11, pp. 5408–5424, 2014.

[43] J. M. Matés, J. A. Segura, F. J. Alonso, and J. Márquez,
“Oxidative stress in apoptosis and cancer: an update,” Archives
of Toxicology, vol. 86, no. 11, pp. 1649–1665, 2012.


