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Studying in vivo the effects of new therapeutic approaches
and compounds is necessary after in vitro research and before
clinical trials. To this aim, animal models play an essential
role in providing preclinical validation for efficacy and toxic-
ity testing.

In this frame, during 2020, animal models have been
vital for the current global health priority of coronavirus dis-
ease 2019 caused by severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2). Indeed, neutralizing monoclonal
antibodies derived from convalescence donors have been
tested in Syrian hamsters to demonstrate their in vivo pro-
tective efficacy, opening the avenue to their use as one of
the significant medical countermeasures against SARS-
CoV-2 [1]. Furthermore, transgenic mice that express
human angiotensin-converting enzyme 2 (ACE2) have been
generated and successfully employed to test the effects of
SARS-CoV-2 infection and study its pathogenicity [2].

Although animal models may show certain discrepancies
with human pathophysiology, due to their great potential to
resemble the complexity of the human body, well-established
animal models can also represent invaluable models for the
discovery of novel pathophysiological mechanisms of human
disease. To cite just one example, recent evidence, performed
in an experimental arthritis model used for more than 50
years, has shown that arthritis promotes a central catabolic
state that can be targeted and reversed by activation of hypo-
thalamic AMPK [3]. This might open new therapeutic alterna-
tives to treat rheumatoid arthritis- (RA-) associated metabolic
comorbidities, improving RA-patients overall prognosis.

Animal models have also represented an irreplaceable
ally in outstanding research studies of the last years in the

fight against cancer. Xu et al., using orthotopic tumor
models in mice, demonstrated the efficacy of new personal-
ized nano vaccines based on fluoropolymers for postsurgical
cancer immunotherapy [4]. More recently, subcutaneous
triple-negative breast cancer xenograft mouse models have
been employed to demonstrate in vivo tumor targeting and
antitumor efficacy of aptamer-conjugated nanovectors,
capable of delivering cisplatin specifically to tumor cells [5].

In this special issue, we collected some other interesting
investigations on human pathologies that have been modeled
in animals to get insight into their pathogenesis and therapy.
Among them, using ischemia-reperfusion rats, Żendzian-
Piotrowska et al. [6] demonstrated that Tetrandrine might
reducemyocardial injury by targeting themiR-202-5p/TRPV2
axis. Zhao et al. [7] used well-established rat models of
cerulein-induced acute pancreatitis and streptozotocin-
induced diabetes to study and compare their effect on sphin-
golipid metabolism in the salivary glands. The traumatic brain
injury (TBI) mouse model induced by the weight-drop
method was used in the study by Alqahtani et al. [8] to dem-
onstrate the coadministration of ketamine and perampanel
can reduce inflammation and, consequently, improve the
behavioral function of patients with TBI. Still, in mice, Nori-
Garavand et al. [9] demonstrated the positive effects of sele-
nium on suppression of apoptosis during the vitrification-
thawing process of the ovary, which is used for the preserva-
tion of fertility in humans. A piglet model was instead used
by Cheng et al. [10] to demonstrate that the treatment with
oral administration of resveratrol plays a beneficial role in
hepatic oxidative stress and lipid balance of neonatal fatty liver
diseases associated with intrauterine growth retardation.
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Further studies are required to develop clinically relevant
acute and chronic animal models which reflect the clinical
reality of the various factors and situations that influence
the biological processes of humans (age, disease, comorbidi-
ties, and gender). The closer the model is to humans, the fas-
ter it opens the door to personalized therapies.
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Objective. This study is aimed at investigating the therapeutic effects of tetrandrine (Tet) on myocardial ischemia reperfusion (I/R)
injury and probe into underlying molecular mechanism.Methods. H9C2 cells were divided into hypoxia/oxygenation (H/R) group,
H/R+Tet group, H/R+Tet+negative control (NC) group, and H/R+Tet+miR-202-5p inhibitor group. RT-qPCR was utilized to
monitor miR-202-5p and TRPV2 expression, and TRPV2 protein expression was detected via western blot and
immunohistochemistry in H9C2 cells. Cardiomyocyte apoptosis was evaluated through detection of apoptosis-related markers
and flow cytometry. Furthermore, myocardial enzyme levels were detected by ELISA. Rats were randomly separated into sham
operation group, I/R group, I/R+Tet group (50mg/kg), I/R+Tet+NC group, and I/R+Tet+miR-202-5p inhibitor group. miR-
202-5p and TRPV2 mRNA expression was assessed by RT-qPCR. TRPV2 protein expression was detected through western blot
and immunohistochemistry in myocardial tissues. Apoptotic levels were assessed via apoptosis-related proteins and TUNEL.
Pathological changes were observed by H&E staining. Myocardial infarction size was examined by Evans blue-TCC staining.
Results. Abnormally expressed miR-202-5p as well as TRPV2 was found in H/R H9C2 cells and myocardial tissues of I/R rats,
which was ameliorated following Tet treatment. Tet treatment significantly suppressed H/R- or I/R-induced cardiomyocyte
apoptosis. ELISA results showed that CK-MB and LDH levels were lowered by Tet treatment in H/R H9C2 cells and serum of
I/R rats. H&E staining indicated that Tet reduced myocardial injury in I/R rats. Also, myocardial infarction size was lowered by
Tet treatment. The treatment effects of Tet were altered following cotreatment with miR-202-5p inhibitor. Conclusion. Our
findings revealed that Tet may ameliorate myocardial I/R damage via targeting the miR-202-5p/TRPV2 axis.

1. Introduction

Myocardial ischemia/reperfusion (I/R) is a process when the
blood reperfusion caused by the recovery of blood flow after
myocardial tissue ischemia, which could aggravate myocar-
dial damage and dysfunction, thereby leading to myocardial
infarction and even heart failure [1–3]. I/R injury can induce
cell apoptosis and increase in infarct area. It has been a key
factor that affects the treatment effect of acute myocardial
infarction [4]. Therefore, it is of importance to explore novel
treatment strategies to improve myocardial I/R damage.

MicroRNA (miRNA) is a membrane of the noncoding
RNA family, with about 21 nucleotides in length [5]. miR-

NAs usually target multiple genes. Myocardial I/R injury
involves various miRNAs [6]. It has been emphasized that
miRNAs mediate the regulation of I/R-induced myocardial
damage and dysfunction, which may be myocardial ischemic
disease as a potential therapeutic target [7]. As a member of
the miRNA family, miR-202-5p may participate in regulating
the progression of various cancers. For example, it is related
to breast cancer cell resistance to Adriamycin [8]. Further-
more, it may mediate biological behaviors of thyroid carci-
noma cells [9]. Recently, the protective function of miR-
202-5p against myocardial I/R damage has been reported
via Transient Receptor Potential Cation Channel Subfamily
V Member 2 (TRPV2) [10]. Ca2+ overload as well as
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mitochondrial dysfunction has been found to be stimulating
factors for myocardial I/R injury [11]. TRPV2 is a family
membrane of TRPV channel within and around the cardio-
vascular system [12]. Under pathological conditions, TRPV2
mediates abnormal Ca2+, thereby accelerating the progres-
sion of diseases [13]. It has been considered as a therapeutic
target for cardiovascular diseases [14–16].

Tetrandrine (Tet) is a bisbenzylisoquinoline alkaloid
extracted from Stephania tetrandra S. Moore plant [17]. Tet
possesses a variety of pharmacological effects such as anti-
cancer [18], anti-inflammation [19], and antioxidant stress
[20]. Excessive apoptosis of cardiomyocytes is also the main
cause of myocardial I/R damage [21]. Therefore, antiapopto-
sis therapy could reduce I/R injury and ameliorate cardiac
dysfunction [22]. Cellular and animal experiments have
demonstrated that Tet is effective for treatment of cardiovas-
cular diseases [23]. However, it remains unclear concerning
the effects and underlying molecular mechanism of Tet on
myocardial I/R injury. Thus, a myocardial I/R injury model
was constructed at the cellular and animal levels. We
observed the therapeutic effect of Tet on myocardial I/R
damage and explored its molecular mechanism. Our findings
revealed that Tet could be a new therapeutic drug for myo-
cardial I/R damage.

2. Materials and Methods

2.1. Cell Culture. H9C2 cells were grown in the Dulbecco’s
modified Eagle medium (SH30243.01B; Hyclone, Beijing,
China) containing 10% fetal bovine serum (SH30084.03;
Hyclone) at 37°C and 5% CO2 saturated humidity. These
cells were separated into four groups: control group (without
any treatment), hypoxia/oxygenation (H/R) group (hypoxia
(120min, 95% N2/5% CO2) and reoxygenation (30min,
95% O2/5% CO2)), H/R+tetrandrine (Tet) group (H9C2 cells
were exposed to H/R, followed by treatment with 1.5μmol/L
Tet for 48 h), H/R+Tet+negative control (NC) group (H9C2
cells were exposed to H/R, treated with 1.5μmol/L Tet for
48 h, and transfected NC via Lipofectamine 2000 for 48 h),
and H/R+Tet+miR-202-5p inhibitor group (H9C2 cells were
exposed to H/R, treated with 1.5μmol/L Tet for 48h, and
transfected miR-202-5p inhibitor via Lipofectamine 2000
for 48h).

2.2. Real-Time Quantitative PCR (RT-qPCR). Takara minib-
est universal RNA extraction kit (9767; Takara) was utilized
to extract total RNA from tissues or cells. 1μL RNAwas mea-
sured at OD260 and OD280 with a UV spectrophotometer.
According to the OD260/OD280 ratio, the RNA quality
was estimated. Then, the total RNA was stored at -80°C.
Then, reverse transcription was presented in the following
reverse transcription system: 1μL PrimeScript enzyme mix,
1μL RT primer mix, 4μL 5x PrimeScript buffer, 3.1574μg
RNA, and up to 20μL RNase-free H2O. Primer sequences
were as follows: TRPV2: 5′-CGACGGGCTTCTACAA
ATGG-3′ (forward), 5′-AGGACCGTAACACCACTCAG-
3′ (reverse); GAPDH: 5′-ACTCCCATTCTTCCACCTT
TG-3′ (forward), 5′-CCCTGTTGCTGTAGCCATATT-3′

(reverse); miR-202-5p: 5′-TGCGCTTCCTATGCATATA
CT-3′ (forward), 5′-CAGTGCGTGTCGTGGAGT-3′
(reverse); and U6: 5′-GCTTCGGCAGCACATATACTA
AAAT-3′ (forward), 5′-CGCTTCACGAATTTGCGTGTC
AT-3′ (reverse). The reverse transcription reaction proce-
dure was as follows: 37°C for 15min, 85°C for 5 s and 4°C
hold. RT-qPCR was utilized to quantify the mRNA expres-
sion of target genes by ABI 12K fluorescence RT-qPCR
instrument (ABI, USA).

2.3. Cell Counting Kit-8 (CCK-8) Assay. Cell viability was
determined utilizing CCK-8 detection kit (Dojindo, Shang-
hai, China). The cells in each group were seeded onto 96-
well plates. Each well was treated with 10μL CCK-8 solution
at 37°C for 3-4 h. After adding 10μL stop solution to each
well, the OD450 value was determined with a microplate
reader.

2.4. Flow Cytometry Assay. Cells were plated at 6-well plates
(3 ∗ 105 cells/well) overnight. After different treatments, the
cells were harvested. Apoptotic levels were assessed by apo-
ptosis detection kit (Vazyme, Nanjing, China). After centri-
fugation, 100μL Annexin Binding Buffer was used to
resuspend the cells. The cells were, respectively, processed
by 5μL Annexin FITC and 5μL PI at room temperature in
the dark for 15min. After adding 150μL Annexin Binding
Buffer, apoptosis was detected using a flow cytometer (Cyto-
FLEX S; Beckman, USA).

2.5. Western Blot. Tissues or cells were lysed by RIPA lysis
buffer (P0013B; Beyotime, Beijing) on ice for 30min. Follow-
ing ultrasound in an ice bath for 3min and centrifugation at
12000 rpm at 4°C for 10min, the supernatant was transferred
to a new EP tube. Using the BCA protein quantitative detec-
tion kit (P0009; Beyotime), the protein concentration was
determined. The protein sample was separated through a
polyacrylamide gel. After transferring the membrane, the
sample was sealed in a 5% milk/TBST room at temperature
for 1 h. The PVDF membrane was cocultured with the pri-
mary antibodies against TRPV2 (1 : 1000; BS-10297R; Bioss,
Beijing), caspase3 (1 : 1000; AF7022; AFFINITY, Beijing),
pro-caspase3 (1 : 3000; 19677-1-AP; Proteintech, Wuhan,
China), Bax (1 : 3000; 60267-1-Ig; Proteintech), Bcl-2
(1 : 3000; 12789-1-AP; Proteintech), and GAPDH (60004-1-
Ig; Proteintech) overnight at 4°C. Afterwards, the membrane
was cocultured with the secondary antibody labeled with
horseradish peroxidase (1 : 5000; SA00001-2; Proteintech)
for 1 h at room temperature. The enhanced luminol reagent
and oxidizing reagent were added to the membrane. After
that, the membrane was colored by luminescent reagent
1.5min. The results were observed with the gel imaging
system.

2.6. ELISA. LDH and CK-MD levels were detected in cell cul-
ture fluid and serum samples by lactate dehydrogenase
(LDH) detection kit (A020-2; Jiancheng, Nanjing, China)
and creatine kinetic acid MD isoenzyme (CK-MB) detection
kit (E0061-1; Jiancheng) in line with the manufacturer’s
instructions.
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2.7. Animals. Totally, 25 male Sprague-Dawley rats with 220-
250 g were purchased from Hangzhou Scientific Cloud Bio-
technology Co., Ltd. (China). They were routinely housed
in the Animal Experimental Center for 1 week. This study
gained the approval of the Ethics Committee of The Third
Clinical Institute Affiliated to Wenzhou Medical University
(2018038). Experiments were presented in line with the rec-
ommendations in the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health. All animals
were randomly separated into five groups: sham operation
(control) group, myocardial I/R group, I/R+Tet group
(50mg/kg), I/R+Tet+NC group, and I/R+Tet+miR-202-5p
inhibitor group. After intraperitoneal injection of 1% sodium
pentobarbital (40mg/kg) to anesthetize the rats, the chest
was opened and the left anterior descending (LAD) coronary
artery was ligated for 30min and then perfused for 120min.
The sternotomy was performed to expose the heart, followed
by occlusion of the distal third of the coronary artery for
30min through tightening the ligature. When cyanosis and
protrusions occurred in the ischemic myocardium wall, the
occurrence of ischemia was confirmed. The ligature was then
removed, and the occluded coronary artery was reperfused
for 120min. In time of this period, the ECG confirmed that
the ST segment recovered over 50%. Rats in the sham opera-
tion group received an open chest but did not ligate the cor-
onary arteries. I/R rats were injected 50mg/kg Tet through
the tail vein after reperfusion. Rats in the sham operation
group were injected with the same volume of saline. In the
rats injected with Tet, miR-202-5p inhibitor or NC was
injected through the tail vein 48 h until ligation of the LAD
coronary artery. The rats were euthanized. Then, heart tis-
sues and abdominal aorta blood were harvested. Tissues were
fixed by 4% paraformaldehyde (E672002; Sangon Biotech,
Shanghai, China).

2.8. Hematoxylin-Eosin (H&E) and Evans Blue-TCC
Staining. After deparaffinization and hydration, the paraffin
sections were separately stained by hematoxylin (Protein-
tech) as well as eosin (sigma, USA) for 3min. Following
mounting with neutral gum, images were taken under an
optical microscope (OLYMPUS BX53; Olympus, Japan).
Evans blue dye (Solarbio, Beijing, China) was injected into
the aorta and coronary arteries to demarcate the ischemic
risk or unstained areas of the heart. Following cutting the
whole heart into five slices transversely, the slices were
stained with 2% (w/v) triphenyltetrazolium chloride (TTC;
T8877-25G; Sigma) at 37°C for 15min. Image analysis soft-
ware was used to quantify the infarct volume, risk area vol-
ume, and total heart volume. The percentage of infarct
volume (%) was calculated by comparing to the whole heart.

2.9. Transferase-Mediated dUTP Nick End Labeling (TUNEL)
Staining. Apoptotic levels were evaluated utilizing TUNEL
apoptosis detection kit (ATK00001; AtaGenix, Wuhan).
10U/mL DNase I and 1x DNase I Buffer were added in the
positive control group, and 1x DNase I Buffer was added in
the NC group. The sections were incubated with TUNEL
detection solution in the dark for 60min. Then, the sections
were treated with 0.05μg/μL DAPI solution for 10min at

room temperature and dark. Antifluorescence quenching
mounting tablets were used for mounting. Pictures were
taken under a fluorescence microscope (BX53; Olympus,
Japan). By Image-Pro® Plus (IPP) software, 3 nonrepetitive
and nonoverlapping visual fields were randomly chosen.
The integrated optical density (IOD) values and areas for
each field were determined. The average and standard devia-
tion were calculated for statistical analysis.

2.10. Immunohistochemistry. Briefly, the sections were
blocked with goat serum (C0265; Beyotime) at room temper-
ature for 30min. The sections were cotreated with primary
antibody against TRPV2 (1 : 100; BS-10297R; Bioss) over-
night at 4°C. Horseradish peroxidase-labeled anti-mouse
IgG antibodies (ATPA00025Go; AtaGenix, Wuhan) were
added to the sections and cultured at room temperature for
30min. Then, the sections were colored by DAB for 5-
10min. Nuclei were counterstained with hematoxylin
(B600020; Proteintech) for 3-5min. After dehydration and
transparency, the sections were sealed with neutral gum.

2.11. Statistical Analysis. All statistical analysis was presented
through GraphPad Prism 7.0. Data were presented as the
mean ± standard deviation. The differences between ≥3
groups were compared via one-way analysis of variance. p
value < 0.05 was considered statistically significant.

3. Results

3.1. Tet Ameliorates the miR-202-5p/TRPV2 Axis in H/R-
Treated H9C2 Cells. In the H/R-treated H9C2 cells, miR-
202-5p expression was detected to be decreased in compari-
son to controls (Figure 1(a)), consistent with a previous study
[10]. Tet treatment distinctly ameliorated H/R-induced sup-
pression of miR-202-5p level, which was reversed after
cotransfection with miR-202-5p inhibitor. The transfection
effects of miR-202-5p inhibitor were assessed in H9C2 cells
by RT-qPCR. The data confirmed that miR-202-5p expres-
sion was distinctly suppressed after transfection of its inhib-
itor compared controls (Figure 1(b)). As a previous study,
TRPV2 has been identified as a direct target of miR-202-5p
in rat cardiomyocytes [10]. Herein, we also found that the
expression of TRPV2 protein was significantly lowered fol-
lowing transfection with miR-202-5p inhibitor in H9C2 cells
(Figures 1(c) and 1(d)). In Figure 1(e), TRPV2 mRNA had a
higher expression in H/R-induced H9C2 cells than controls.
Its mRNA expression was suppressed in H/R H9C2 cells after
treatment with Tet. However, miR-202-5p inhibitor could
reverse the decrease in TRPV2 mRNA expression induced
by Tet in H/R H9C2 cells. Furthermore, we examined the
expression of TRPV2 protein through western blot. Similar
to the RT-qPCR results, TRPV2 protein exhibited a distinctly
higher expression in H/R H9C2 cells compared with controls
(Figures 1(f) and 1(g)). Following treatment with Tet, its
expression was prominently lowered in H/R-induced H9C2
cells, which was elevated through cotransfection with miR-
202-5p inhibitor. Thus, Tet treatment could ameliorate the
miR-202-5p/TRPV2 axis in H/R-induced H9C2 cells.
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Figure 1: Continued.
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3.2. Tet Treatment Suppresses H/R-Induced Apoptosis in
H9C2 Cells through miR-202-5p. We further observed
whether Tet treatment could ameliorate H/R-induced apo-
ptosis in H9C2 cells through miR-202-5p. The expression
of apoptosis-related markers including pro-caspapse3,
cleaved caspase3, Bax, and Bcl-2 was examined by western
blot. There was no significant difference in pro-caspapse3
expression in these groups (Figures 1(f) and 1(h)). The
expression of cleaved caspase3 (Figures 1(f) and 1(i))
and Bax (Figures 1(f) and 1(j)) was both markedly ele-
vated in H/R H9C2 cells, which was improved by Tet
treatment. With cotreatment with Tet and miR-202-5p
inhibitor, cleaved caspase3 and Bax expression was dis-
tinctly higher in H/R H9C2 cells in comparison to those
with Tet treatment. In Figures 1(f) and 1(k), Bcl-2 expres-

sion was significantly decreased in H/R H9C2 cells than
controls, which was ameliorated by Tet treatment. How-
ever, miR-202-5p inhibitor weakened the treatment effects
of Tet on Bcl-2 expression in H/R H9C2 cells. Apoptotic
levels of H9C2 cells were also evaluated via flow cytome-
try. Apoptosis levels of H/R cells were significantly
increased in comparison to controls (Figures 2(a) and
2(b)). Tet treatment could ameliorate H/R-induced apo-
ptosis in H9C2 cells, which was reversed after cotreatment
with miR-202-5p inhibitor. As depicted in CCK-8 assay
results, the cell viability was significantly lowered in H/R-
induced H9C2 cells than controls (Figure 2(c)). Tet treat-
ment improved proliferation of H/R cells. Nevertheless,
following cotreatment with miR-202-5p inhibitor and
Tet, the proliferative capacity of H/R cells was distinctly

0.0

0.5

1.0

1.5

2.0

2.5

Re
la

tiv
e c

le
av

ed
-c

as
pa

se
3

ex
pr

es
sio

n

⁎⁎⁎⁎ ⁎⁎⁎

⁎⁎

Co
nt

ro
l

H
/R

H
/R
+

Te
t

H
/R
+

Te
t+

N
C

H
/R
+

Te
t+

m
iR

-2
02

-5
p 

in
hi

bi
to

r
(i)

0

1

2

3

4

5

Re
la

tiv
e B

ax
 ex

pr
es

sio
n

⁎⁎⁎⁎ ⁎⁎⁎⁎

⁎⁎⁎⁎

Co
nt

ro
l

H
/R

H
/R
+

Te
t

H
/R
+

Te
t+

N
C

H
/R
+

Te
t+

m
iR

-2
02

-5
p 

in
hi

bi
to

r

(j)

0.0

0.5

1.0

1.5

Re
la

tiv
e B

cl
-2

 ex
pr

es
sio

n

⁎⁎⁎⁎

⁎⁎⁎⁎ ⁎⁎⁎⁎

Co
nt

ro
l

H
/R

H
/R
+

Te
t

H
/R
+

Te
t+

N
C

H
/R
+

Te
t

m
iR

-2
02

-5
p 

in
hi

bi
to

r

(k)

Figure 1: Tet ameliorates the miR-202-5p/TRPV2 axis in H/R H9C2 cells. (a) RT-qPCR detecting the expression of miR-202-5p in H/R
H9C2 cells treated with Tet and/or miR-202-5p inhibitor. (b) The transfection of miR-202-5p inhibitor was evaluated in H9C2 cells by
RT-qPCR. (c, d) Western blot showing the protein expression of TRPV2 in H9C2 cells transfected with miR-202-5p inhibitor. (e) RT-
qPCR detecting the mRNA expression of TRPV2 in H/R H9C2 cells treated with Tet and/or miR-202-5p inhibitor. (f–k) Western blot
showing the protein expression of TRPV2, pro-caspase3, cleaved caspase3, Bax, and Bcl-2 in H/R H9C2 cells treated with Tet and/or miR-
202-5p inhibitor. ns: not significant; ∗∗p < 0:01; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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decreased (Figure 2(c)). Thus, Tet treatment could sup-
press H/R-induced cardiomyocyte apoptosis, which could
be partly related to miR-202-5p.

3.3. Tet Ameliorates the miR-202-5p/TRPV2 Pathway in
Myocardial Tissues of I/R Rats. RT-qPCR results exhibited
that miR-202-5p had a lower expression in myocardial
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Figure 2: Tet treatment inhibits H/R-induced cardiomyocyte apoptosis through miR-202-5p. (a) Representative images of flow cytometry
results. (b) Quantitative results of apoptosis levels for H/R H9C2 cells treated with Tet and/or miR-202-5p inhibitor. (c) CCK-8 assay was
presented to assess the cell viability of H/R H9C2 cells treated with Tet and/or miR-202-5p inhibitor. ∗∗∗∗p < 0:0001.
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Figure 3: Tet ameliorates the miR-202-5p/TRPV2 pathway in myocardial tissues of I/R rats. (a, b) RT-qPCR examining the expression of
miR-202-5p as well as TRPV2 in I/R rats treated with Tet and/or miR-202-5p inhibitor. (c–h) Western blot detecting the protein
expression of TRPV2, pro-caspase3, cleaved caspase3, Bax, and Bcl-2 in I/R rats treated with Tet and/or miR-202-5p inhibitor. ∗p < 0:05;
∗∗p < 0:01; ∗∗∗∗p < 0:0001.
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Figure 4: Tet decreases TRPV2 expression in I/R rats via increasing miR-202-5p. (a) Representative images of immunohistochemistry results
for TRPV2 protein in I/R myocardial tissues treated with Tet and/or miR-202-5p inhibitor. Scar bar: 50 and 20 μm. Magnification: ×20 and
×40. (b) The expression of TRPV2 protein was quantified in myocardial tissues of each group. ∗∗p < 0:01; ∗∗∗∗p < 0:0001.
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tissues of I/R rats in comparison to sham operation
(Figure 3(a)). After treatment with 50mg/kg Tet, its expres-
sion was distinctly elevated in myocardial tissues of I/R rats.
However, following cotreatment with Tet and miR-202-5p
inhibitor, its expression was lowered in I/R rats. In
Figure 3(b), TRPV2 mRNA had a higher expression in I/R
myocardial tissues than controls. Following treatment with
Tet, its mRNA expression was reduced in I/R rats. However,
during cotreatment with Tet and miR-202-5p inhibitor,
TRPV2 mRNA expression was elevated in myocardial tissues
of I/R rats compared to those treated with Tet (Figure 3(b)).
Western blot was also presented to examine TRPV2 expres-
sion in myocardial tissues. As shown in Figures 3(c) and
3(d), higher expression of TRPV2 protein was detected in
I/R myocardial tissues than controls. Tet treatment promi-
nently decreased its expression in I/R myocardial tissues,
which was reversed following cotreatment with miR-202-5p
inhibitor. Apoptosis-related proteins were also detected by
western blot. No significant difference in pro-caspase3

expression was found in myocardial tissues in different
groups (Figures 3(c) and 3(e)). The expression of cleaved cas-
pase3 (Figures 3(c) and 3(f)) and Bax (Figures 3(c) and 3(g))
was elevated in I/R myocardial tissues than controls. After
treatment with Tet, their expression was significantly
decreased. However, inhibition of miR-202-5p distinctly aug-
mented cleaved caspase3 and Bax expression in myocardial
tissues of I/R rats treated with Tet. Moreover, Bcl-2 expres-
sion was distinctly lowered in myocardial tissues of I/R rats
than controls, which was improved by Tet treatment
(Figures 3(c) and 3(h)). However, miR-202-5p inhibitor
weakened the effects of Tet on Bcl-2 expression in myocardial
tissues of I/R rats. Taken together, Tet treatment improved
the miR-202-5p/TRPV2 axis in I/R-induced myocardial
damage.

3.4. Tet Decreases TRPV2 Expression in I/R Myocardial
Tissues via Increasing miR-202-5p. Using immunohisto-
chemistry, we examined TRPV2 expression in myocardial
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Figure 5: Tet lowers levels of cardiac marker enzymes in H/R-treated H9C2 cells and I/R rats via miR-202-5p. (a, b) ELISA results showing
the levels of CK-MB and LDH in H/R H9C2 cells treated with Tet and/or miR-202-5p inhibitor. (c, d) ELISA detecting CK-MB and LDH
levels in serum of I/R rats following treatment with Tet and/or miR-202-5p inhibitor. ∗p < 0:05; ∗∗∗p < 0:001; ∗∗∗∗p < 0:0001.
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tissues of each group. As shown in Figures 4(a) and 4(b),
TRPV2 protein had a significantly higher expression in I/R
myocardial tissues compared to controls. Following treat-
ment with Tet, its expression was distinctly suppressed in
I/R myocardial tissues. However, cotreatment of miR-202-
5p inhibitor altered the decrease in TRPV2 expression
induced by Tet in I/R myocardial tissues. Therefore, Tet
could suppress TRPV2 expression in I/R myocardial tissues,
partly related to miR-202-5p activation.

3.5. Tet Lowers Levels of Cardiac Marker Enzymes in H/R
Cardiomyocytes and Serum of I/R Rats via miR-202-5p.
ELISA was carried out to detect the levels of myocardial
enzymes including CK-MB and LDH in H/R H9C2 cells
and serum of I/R rats. In Figures 5(a) and 5(b), CK-MB
and LDH levels were prominently gained in H/R-treated
H9C2 cells. Tet could decrease their levels in H/R H9C2 cells.
However, after inhibiting miR-202-5p, their levels were dis-
tinctly augmented in H/R cardiomyocytes treated with Tet
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Figure 6: H&E staining showing the pathological changes in I/R myocardial tissues after treatment with Tet and/or miR-202-5p inhibitor.
Scar bar: 50 and 20 μm. Magnification: ×20 and ×40.
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(Figures 5(a) and 5(b)). Furthermore, in serum of I/R rats,
CK-MB and LDH levels were both significantly higher than
controls (Figures 5(c) and 5(d)). Tet treatment markedly
decreased their levels in serum of I/R rats. But miR-202-5p
inhibitor reversed their high levels in I/R rats treated with
Tet. Thus, Tet may lower levels of cardiac marker enzymes
in H/R cardiomyocytes as well as serum of I/R rats partly
via activation of miR-202-5p.

3.6. Tet Improves I/R-Induced Myocardial Infarction Size via
miR-202-5p. H&E staining was used to investigate the myo-
cardial damage in each group. As shown in Figure 6, myocar-
dial injury was obvious in I/R-induced rats, which was
distinctly ameliorated following treatment with Tet. How-
ever, myocardial injury was observed for I/R rats treated with
Tet and miR-202-5p inhibitor. Myocardial infarction size
was monitored via Evans blue-TCC staining. In
Figures 7(a) and 7(b), myocardial infarction was obvious in
I/R rats, improved by Tet treatment. miR-202-5p inhibitor
could increase myocardial infarction volume in I/R rats
treated with Tet.

3.7. Tet Decreases I/R-InducedMyocardial Apoptosis via miR-
202-5p. Apoptosis in cardiomyocytes was examined via
TUNEL staining. Our data demonstrated that cardiomyocyte
apoptosis was markedly induced in I/R rats (Figures 8(a) and
8(b)). Following treatment with Tet, cardiomyocyte apopto-
sis was significantly ameliorated in I/R rats. miR-202-5p
inhibitor improved cardiomyocyte apoptotic levels in I/R rats
treated with Tet. Therefore, Tet treatment could reduce I/R-
induced myocardial apoptosis partly via miR-202-5p.

4. Discussion

In this study, Tet could ameliorate cardiomyocyte apoptosis
both in H/R cardiomyocytes cells and I/R rats. After treat-
ment, I/R-induced myocardial infarction size was distinctly
decreased. Previous studies have confirmed the protective
roles of miR-202-5p on H/R cardiomyocytes and I/R myo-
cardial tissues [10]. Hence, in this study, we investigated
whether Tet treatment could increase miR-202-5p expres-
sion, thereby exerting the therapeutic effects on myocardial
I/R damage. As expected, Tet increased miR-202-5p expres-
sion and decreased TRPV2 that was a target of miR-202-5p
in myocardial I/R injury models. However, inhibiting miR-
202-5p weakened the treatment effects of Tet. Thus, Tet
could protect against myocardial I/R damage, which could
have a close relationship with the miR-202-5p/TRPV2 axis.

miRNAs play a considerable part in regulating I/R-
induced myocardial damage, which may be potential thera-
peutic targets for myocardial ischemic diseases [24–26]. Con-
sistent with a previous study, miR-202-5p expression is
lowered in H/R cardiomyocytes as well as I/R myocardial tis-
sues [10]. Overexpression of miR-202-5p could ameliorate
damage in H/R cardiomyocytes and I/R myocardial tissues.
It has been found that miR-202-5p is involved in the regula-
tion of cardiomyocyte autophagy [27]. Combining previous
studies, inhibiting miR-202-5p may promote myocardial
I/R injury. Thus, in this study, there were no miR-202-5p
inhibitor and H/R+miR-202-5p groups. Herein, Tet treat-
ment distinctly increased miR-202-5p expression in H/R car-
diomyocytes as well as I/R myocardial tissues. Confirmed by
dual luciferase report, miR-202-5p could directly bind to the
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Figure 7: Evans blue-TCC staining detecting the myocardial infarction size in I/R rats treated with Tet and/or miR-202-5p inhibitor. (a)
Representative images of Evans blue-TCC staining results. (b) The myocardial infarction size was quantified in each group. ∗∗p < 0:01; ∗∗∗
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3′UTR region of TRPV2 [10]. TRPV2, as a target of miR-
202-5p, is highly expressed in acute myocardial infarction tis-
sues, consistent with our study results [28]. Overexpression
of miR-202-5p could reduce myocardial I/R injury by inhi-
biting TRPV2. Studies have found that inhibiting TRPV2
activity can effectively improve heart function in patients
with heart failure [29]. Tet treatment decreased miR-202-5p
expression in H/R cardiomyocytes as well as I/R myocardial
tissues. Thus, Tet ameliorated myocardial I/R injury, which
may have a relationship with miR-202-5p and TRPV2.

Myocardial I/R damage exhibits a distinct relationship
with cell apoptosis. Inhibition of apoptosis is a promising
treatment strategy for I/R damage [30]. Our results showed
that Tet treatment distinctly suppressed cardiomyocyte apo-
ptosis in H/R-induced cardiomyocytes via flow cytometry.
Moreover, according to TUNEL results, cardiomyocyte apo-
ptosis was markedly ameliorated by Tet treatment in I/R
myocardial tissues. Both in vitro and in vivo, cleaved cas-
pase3 and Bax expression was suppressed and Bcl-2 expres-
sion was activated by Tet treatment. Previously, Tet could
induce apoptosis of different cancer cells. For example, Tet
can induce apoptosis of bladder cancer cells via the
AMPK/mTOR axis [31]. Apoptosis of lung cancer cells is
suppressed by Tet treatment through the VEGF/HIF-
1α/ICAM-1 pathway [32]. Based on these studies, Tet could
be a promising drug for improvement of cardiomyocyte apo-
ptosis in myocardial I/R damage.

It has been verified that Tet can improve cardiac function
and weaken the progression of cardiac hypertrophy [33]. In
H/R-induced cardiomyocytes as well as serum of I/R rats,
Tet treatment significantly decreased the levels of myocardial
enzymes (CK-MB and LDH), indicating the myocardial pro-
tection function was significantly ameliorated by Tet treat-
ment. H&E depicted that I/R-induced myocardial damage
was markedly reduced following treatment with Tet. More
importantly, myocardial infarction was prominently lessened

for I/R rats treated by Tet. Our results revealed that Tet was a
promising drug for treatment of myocardial I/R damage. Tet
elevated miR-202-5p expression both in H/R cardiomyocytes
and I/R myocardial tissues. After inhibiting miR-202-5p, the
treatment effect of Tet on myocardial I/R injury was weak-
ened. Thus, Tet exhibited a protective function against myo-
cardial I/R damage, which could be in relationship with the
miR-202-5p/TRPV2 axis.

5. Conclusion

Taken together, both in H/R cardiomyocytes and I/R rats, Tet
may reduce myocardial I/R damage. Mechanically, Tet acti-
vated the miR-202-5p/TRPV2 pathway, thereby ameliorating
myocardial I/R damage. Thus, Tet could become an underly-
ing novel drug for treating myocardial I/R damage.

Abbreviations

Tet: Tetrandrine
H/R: Hypoxia/oxygenation
NC: Negative control
I/R: Ischemia reperfusion
miRNAs: MicroRNAs
RT-qPCR: Real-time quantitative PCR
CCK-8: Cell Counting Kit-8 assay
LDH: Lactate dehydrogenase
CK-MB: Creatine kinetic acid MD
H&E: Hematoxylin-eosin
TUNEL: Transferase-mediated dUTP nick end labeling.
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Poultries including chickens, ducks, geese, and pigeons are widely used in the biological and medical research in many aspects. The
genetic quality of experimental poultries directly affects the results of the research. In this study, following electrophoresis analysis
and short tandem repeat (STR) scanning, we screened out the microsatellite loci for determining the genetic characteristics of
Chinese experimental chickens, ducks, geese, and pigeons. The panels of loci selected in our research provide a good choice for
genetic monitoring of the population genetic diversity of Chinese native experimental chickens, ducks, geese, and ducks.

1. Introduction

Laboratory animals are important experimental materials for
science research. They play key roles in the investigation of
pathogenesis, diagnosis of diseases, pharmaceutical research,
and other fields [1]. The genetic quality of laboratory animals
directly affects the accuracy, repeatability, and scientificity of
medical biological research results. Genetic monitoring is
one of the effective methods to evaluate population’s genetic
diversity. Through genetic monitoring, whether genetic
mutations and genetic pollution occurred can be analyzed.

Poultry, including chicken, duck, goose, and pigeon, has
become commonly used laboratory animals [2]. They are
easy to reproduce and hatch in vitro. Among them, chickens
are the most widely used poultry in life science research [3,
4]. Ducks, geese, and pigeons also play important roles in

the research of epidemiology, immunology, virology, and
pharmacotoxicology [5–9]. There are many genetic analysis
and quality control methods applied to chickens [10, 11].
However, at present, we find few reports about the genetic
analysis systems and quality control methods of duck, goose,
and pigeon populations, especially in the Chinese native
groups.

Hence, in this study, we screened out the microsatellite
loci with uniform distribution, stable amplification, and rich
polymorphism in experimental chickens, ducks, geese, and
pigeons with different genetic backgrounds [12]. We devel-
oped effective microsatellite marker systems to determine
the genetic diversity of experimental chickens, ducks, geese,
and pigeons, which will lay the foundation for the genetic
quality control of them and promote the application of
experimental poultry.
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2. Materials and Methods

2.1. Animal Sample. Three outbred groups and three haplo-
type groups of experimental chicken were used in this
research: outbred group BWEL-SPF chickens ((SCXK (black)
2017-005)), 40 samples, 37 weeks old, 6 males and 34
females, which has been closed for 20 generations; outbred
group BM chicken (from BWEL chicken lineage (SCXK
(black) 2017-005)), 40 samples, 14 weeks old, 6 males and
34 females; outbred group Beijing oil chickens, 46 samples.
MHC haplotype chickens were bred from the 13th genera-
tion of BWEL chicken, the haplotype was continuously
selected based on the MHC core genes, and the half-sibling
or sibling mating method was used to breed to the 8th
generation [13]. We selected 5 G1 haplotype chickens, 53
weeks old, 1 male and 4 females; 5 G2 haplotype chickens,
93 weeks, 1 male and 4 females; and 5 G7 haplotype chickens,
82 weeks, 1 male and 4 females. The Beijing oil chickens
came from the Institute of Animal Science (IAS), Chinese
Academy of Agricultural Sciences (CAAS). Other samples
were from Harbin Veterinary Research Institute (HVRI),
CAAS. All the samples were blood.

Two outbred groups and four haplotype groups of
experimental duck (bred from Jinding (JD) duck lineage
(SCXK (black) 2017-006)) were selected: outbred group 1,
40 samples, 37 weeks old, 6 males and 34 females; outbred
group JD duck, 40 samples, 37 weeks old, 6 males and 34
females; 10 A haplotype ducks, 53 weeks old, 1 male and 4
females; 10 B haplotype ducks, 53 weeks old, 1 male and 4
females; 10 C haplotype ducks, 53 weeks old, 1 male and 4
females; 10 D haplotype ducks, 53 weeks old, 1 male and 4
females. All the samples are duck muscle tissue and were
from HVRI, CAAS.

We collected two outbred groups of experimental geese:
outbred group Guangdong Wuzong goose, 44 samples, 37
weeks old, 6 males and 34 females; outbred group Yangzhou
goose, 44 samples, 37 weeks old, 6 males and 34 females. All
the samples are goose liver tissue. Guangdong Wuzong geese
were from Southern Medical University, and Yangzhou geese
were from Yangzhou University.

Forty pigeons were randomly selected from two popula-
tions of white king pigeons and silver king pigeons, half male
and half female, with no age limit. All the animals were from
Liujinlong pigeon farms in Beijing. Their heart tissues were
collected.

All breeding is carried out in accordance with Chinese
agricultural standards NY/T 1901. What is more, all experi-
ments followed the 3R principle.

2.2. Microsatellite Locus Selection. By searching PubMed and
using SSR Hunter software to analyze animal gene informa-
tion, we obtained microsatellite loci for further screening.

2.3. DNA Extraction. Phenol-chloroform extraction method
was used to extract DNA from muscle, liver, and heart tissue.
TIANamp Blood DNA Kits (Tiangen, Beijing, China) were
used to extract DNA from chicken blood samples. All DNA
concentrations were diluted to 50ng/μL, stored in -20°C.

2.4. PCR Procedure and Agarose Gel Electrophoresis. The PCR
was performed in a 20μL reaction volume containing 10μL
Dream Taq Green PCR Master Mix (Thermo Fisher Scien-
tific, Massachusetts, MA), 2μL pure water (ddH2O), 10 pmol
each primer, and 50ng of the extracted DNA template. The
PCR protocol was as follows: 94°C for 5min, followed by 35
cycles of 94°C for 30 s, suitable temperature for 30 s, 72°C
for 30 s, and a final extension at 72°C for 5min. Amplified
products were stored at -20°C for further analysis.

Amplified products were electrophoresed on a 2%
agarose gel at 130V, 90min.

2.5. STR Scanning. We performed STR scanning on PCR
amplification products of candidate loci. The forward
primers of candidate microsatellite loci were fluorescent
labelled with FAM, HEX, and TAMRA. The sample genome
was amplified with fluorescent primers, and the amplified
products were scanned by STR through 3730xl DNA
Analyzer (Applied Biosystems, Thermo Fisher Scientific,
Massachusetts, USA). All the STR scanning was performed
by Beijing Tianyi Huiyuan Biotechnology Co., Ltd.

2.6. Data Analysis. GeneMarker V2.2.0 software was used to
analyze the length of amplified fragments from different pop-
ulations at each microsatellite locus. Popgene 3.2 software
was used to analyze the observed number of alleles, effective
number of alleles, Shannon’s information index, and effective
heterozygosity of microsatellite loci. The polymorphic
information content of multiple sites was calculated using
PIC calculation software (PIC_CALC.0.6).

3. Results

3.1. Microsatellite Locus Selection

3.1.1. Preliminary Screening of Microsatellite Loci by PCR.
Firstly, we obtained the microsatellite locus information of
experimental chickens, ducks, geese, and pigeons by search-
ing previous reports on PubMed and using the SSR Hunter
software to analyze the genetic information of different pop-
ulations [14, 15]. We collected 72, 59, 57, and 61 microsatel-
lite loci of experimental chicken, duck, goose, and pigeon,
respectively.

In order to clarify the amplification conditions of the
microsatellite loci and exclude the loci with poor specificity,
we performed temperature gradient PCR and agarose gel
electrophoresis of microsatellite loci. Then, we performed
PCR amplification on the most suitable conditions and sub-
jected the PCR products to agarose gel electrophoresis to
screen out loci with suitable length, good polymorphism in
outbred groups, good monomorphism in haplotypes, and
high specificity. Taking the chicken GGNCAMZO locus
and duck AY264 locus as example, the results are shown in
Figure 1. GGNCAMZO locus is monomorphic in the haplo-
type chicken population, and AY264 locus is polymorphic in
the outbred duck group.

In summary, we selected 37 and 32 microsatellite loci with
good polymorphism in the outbred groups and haplotypes of
chicken, respectively [12, 16, 17]. In addition, 15 and 23 loci
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Figure 2: Results of UU-CliμT47 scan of the experimental pigeons. (a) The STR graph corresponding to the sample of haplotype under
primer UU-CliμT47 shows homozygote with a wave peak of 201 bp. (b) The STR diagram corresponding to the sample of outbred groups
under primer UU-CliμT47 shows heterozygote with two wave peaks of 201 bp and 205 bp, respectively. (c) The STR diagram
corresponding to the sample of outbred groups under primer UU-CliμT47 shows heterozygote with two wave peaks of 201 bp and 209 bp,
respectively.

250bp 250bp

(a)

200bp 200bp

(b)

Figure 1: Results of agarose gel electrophoresis of microsatellite DNA locus GGNCAMZO in experimental chickens and locus AY264 in
experimental ducks. (a) GGNCAMZO in haplotype chicken line G1. (b) AY264 in the outbred group of experimental ducks.
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Table 1: Number of alleles, optimal amplification conditions, and fragment length of 29 alleles for the laboratory chickens.

Loci Primer sequence (5′-3′) Temperature(°C) Allele range Applicable groups

MCW0029
GTGGACACCCATTTGTACCCTATG

63.8 139-188 Outbred group
CATGCAATTCAGGACCGTGCA

ADL0293
GTAATCTAGAAACCCCATCT

53.9 106-120 Outbred group
ACATACCGCAGTCTTTGTTC

ADL0317
AGTTGGTTTCAGCCATCCAT

58.5 177-219 Outbred group
CCCAGAGCACACTGTCACTG

GCT0016
TCCAAGGTTCTCCAGTTC

52.2 111-148 Outbred group
GGCATAAGGATAGCAACAG

ADL0304
GGGGAGGAACTCTGGAAATG

53.9 138-161 Outbred group
CCTCATGCTTCGTGCTTTTT

LEI0074
GACCTGGTCCTGACATGGGTG

58.5 221-243 Outbred group
GTTTGCTGATTAGCCATCGCG

ADL328
CACCCATAGCTGTGACTTTG

53.9 107-120 Outbred group
AAAACCGGAATGTGTAACTG

GGANTECl
GCGGGGCCGTTATCAGAGCA

65.0 139-194 Outbred group
AGTGCAGGGCGCTCCTGGT

LEI094
CAGGATGGCTGTTATGCTTCCA

56.0 176-211 Outbred group
CACAGTGCAGAGTGGTGCGA

MCW0330
TGGACCTCATCAGTCTGACAG

58.5 217-287 Outbred group
AATGTTCTCATAGAGTTCCTGC

LEI0141
CGCATTTGATGCATAACACATG

52.2 221-245 Outbred group
AAGGCAAACTCAGCTGGAACG

MCW0087
ATTTCTGCAGCCAACTTGGAG

58.5 268-289 Outbred group
CTCAGGCAGTTCTCAAGAACA

MCW0347
GCTTCCAGATGAGCTCCATGG

52.0 121-149 Outbred group
CACAGCGCTGCAGCAACTG

ADL176
TTGTGGATTCTGGTGGTAGC

58.5 183-200 Outbred group
TTCTCCCGTAACACTCGTCA

ADL0201
GCTGAGGATTCAGATAAGAC

58.5 111-151 Outbred group
AATGGCYGACGTTTCACAGC

GGNCAMZO
GTCACTAGGTTAGCAGCATG

56.0 234
Outbred group

GCTGGATACAGACCTCGATT Haplotype

GGAVIR
AGAGATGGTGCACGCAACCT

60.7 86-89
Outbred group

CGAGCACTTTCTGGCAGAGA Haplotype

MCW0063
GGCTCCAAAAGCTTGTTCTTAGCT

53.9 116-146
Outbred group

GAAAACCAGTAAAGCTTCTTAC Haplotype

ADL185
CATGGCAGCTGACTCCAGAT

58.5 116-142
Outbred group

AGCGTTACCTGTTCGTTTGC Haplotype

GGMYC
CGAGGCGCTCTGCGAGTTTA

62.4 139-151
Outbred group

TGGGGACCTCTGGCTCTGAC Haplotype

LEI0094
GATCTCACCAGTATGAGCTGC

53.9 250-283
Outbred group

TCTCACACTGTAACACAGTGC Haplotype

GGVITC
AGCCATCATTCAGGGCATCT

58.5 86
Outbred group

GATGTCCTGAGTGATGCTCA Haplotype

ADL0292
CCAAATCAGGCAAAACTTCT

58.5 110-136
Outbred group

AAATGGCCTAAGGATGAGGA Haplotype

GGVITIIG
GGCAGGTTTCTAATGCCTGA

56.0 186-189
Outbred group

CCCATCGTTTCAACTGTATG Haplotype
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were screened in the outbred groups and haplotypes of duck,
respectively [14, 18, 19]. In the outbred groups of goose and
pigeon, 14 and 20 microsatellite loci were chosen [18, 20–
23]. Loci in these panels would be candidate for the final
microsatellite marker evaluation systems.

3.1.2. STR Scanning Analysis. In order to further complete
the microsatellite marker system, we performed STR scan-
ning on the candidate microsatellite DNA loci matched
microsatellite criteria and analyzed the length of the ampli-
fied product at the peak with GeneMarker software (V1.75).
Taking the UU-CliμT47 locus as an example, it showed poly-
morphism in the outbred group of pigeon (Figure 2).

We finally determined that in experimental chickens, 28
loci were selected for genetic monitoring in the outbred
groups and 14 loci for haplotypes. All microsatellite DNA
loci are shown in Table 1. There are 13 common loci.

In experimental duck populations, we chose 25 loci and
15 loci for genetic monitoring in the outbred duck groups
and haplotype groups. There are 12 common loci. Microsat-
ellite loci are shown in Table 2.

14 microsatellite loci with good polymorphism were con-
sidered as microsatellite markers in the outbred group of
goose. Table 3 demonstrates the number of alleles, optimal
amplification conditions, and fragment length of 14 alleles
for the outbred experiment geese.

In the outbred group of pigeon, we finally screened out 16
microsatellite loci with good polymorphism, several alleles,
and typical stutter peaks. All microsatellite locus information
is shown in Table 4.

3.1.3. Analysis of Population Microsatellite Loci.We inputted
the results of STR scanning into Popgene 3.2 to analyze
experimental chicken in the outbred groups and the haplo-
types at 29 loci. In the outbred groups, 28 microsatellite loci
show a high degree of polymorphism, and the average num-
ber of observed alleles is 4.571. The average number of effec-
tive alleles is 3.270, and the average Shannon’s information
index is 1.198 (Table 5). Furthermore, the average effective
heterozygosity is 0.492. The average polymorphism informa-
tion content (PIC) is 0.610. All these data indicate a good
genetic diversity of screening loci in the outbred groups and

large heterozygosity difference among the laboratory experi-
mental chicken populations.

In the other 3 haplotype populations, 14 microsatellite
loci showed monomorphism in each population but showed
different lengths in different haplotype populations. The
average number of observed alleles is 1.571. The average
number of effective alleles, the average Shannon’s informa-
tion index, and the average effective heterozygosity are
1.433, 0.316, and 0.207, respectively (Table 6). The specific
data of each haplotype population is shown in Supplemen-
tary Tables 1–3.

In the outbred group of duck, 25 microsatellite loci show
polymorphism. The average number of observed alleles is
7.520, and the average number of effective alleles in the pop-
ulation is 4.162. The average Shannon’s information index is
1.574, and the average effective heterozygosity is 0.683. The
average PIC is 0.698. These data showed that in the outbred
groups, the genetic diversity of microsatellite DNA loci is bet-
ter, and the genetic diversity of each locus is quite different.
The specific results are shown in Table 7.

In 4 haplotype populations, 15 microsatellite loci show
monomorphism in each population. The average number
of observed alleles is 4.133, the average number of effective
alleles is 2.863, and the average Shannon’s information index
is 1.153, indicating that the genetic diversity of the loci in
these haplotype populations is poor; the average effective het-
erozygosity is 0.500, indicating that the heterozygosity differ-
ence is small and the genetic information of the selected loci
is relatively single. See Table 8 for more detailed information,
and the specific data in each haplotype population is shown
in Supplementary Tables 4–7.

In the outbred colony of experimental goose, 14 loci were
selected. The average number of observed alleles, the average
number of effective alleles, the average Shannon’s informa-
tion index, the average effective heterozygosity, and the PIC
are 4.714, 3.038, 1.195, 0.528, and 0.582, respectively. The
microsatellite loci have large interindividual differences
within the population, and the population has high gene sta-
bility (Table 9).

The selected microsatellite loci all show good polymor-
phism in the experimental outbred pigeon populations. A
total of 16 loci were selected. The average number of
observed alleles is 7.875. The average effective allele number

Table 1: Continued.

Loci Primer sequence (5′-3′) Temperature(°C) Allele range Applicable groups

ADL166
TGCCAGCCCGTAATCATAGG

58.5 131-154
Outbred group

AAGCACCACGACCCAATCTA Haplotype

MCW0014
AAAATATTGGCTCTAGGAACTGTC

58.5 172-195
Outbred group

ACCGGAAATGAAGGTAAGACTAGC Haplotype

GGCYMA
AGCGAGGCGCTCTGCGAGTT

64.6 140-153
Outbred group

GGGCACCTCTGGCTCTGACC Haplotype

MCW0402
ACTGTGCCTAGGACTAGCTG

56.0 141-229
Outbred group

CCTAAGTCTGGGCTCTTCTG Haplotype

STMSGGHU2-1A
CTTAATATGTGTGAGGTGGC

53.9 235-238 Haplotype
GTTCTCACAATTGCATTAGC
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Table 2: Number of alleles, optimal amplification conditions, and fragment length of 28 alleles for the laboratory ducks.

Loci Primer sequence(5′-3′) Temperature (°C) Allele range Applicable groups

CAUD007
ACTTCTCTTGTAGGCATGTCA

60.8 100-190 Outbred group
CACCTGTTGCTCCTGCTGT

CAUD004
TCCACTTGGTAGACCTTGAG

60.8 234-385 Outbred group
TGGGATTCAGTGAGAAGCCT

CAUD023
CACATTAACTACATTTCGGTCT

51.4 163-234 Outbred group
CAGCCAAAGAGTTCAACAGG

CAUD027
AGAAGGCAGGCAAATCAGAG

66.0 70-180 Outbred group
TCCACTCATAAAAACACCCACA

CAUD001
ACAGCTTCAGCAGACTTAGA

55.5 150-247 Outbred group
GCAGAAAGTGTATTAAGGAAG

CAUD031
AGCATCTGGACTTTTTCTGGA

51.4 107-187 Outbred group
CACCCCAGGCTCTGAGATAA

CAUD032
GAAACCAACTGAAAACGGGC

58.1 96-206 Outbred group
CCTCCTGCGTCCCAATAAG

AY314
CTCATTCCAATTCCTCTGTA

50.3 112-329 Outbred group
CAGCATTATTATTTCAGAAGG

CMO211
GGATGTTGCCCCACATATTT

55.0 112-205 Outbred group
TTGCCTTGTTTATGAGCCATT

APH09
GGATGTTGCCCCACATATTT

58.0 134-190 Outbred group
TTGCCTTGTTTATGAGCCATTA

APH11
GGACCTCAGGAAAATCAGTGTA

58.5 183-185 Outbred group
GCAGGCAGAGCAGGAAATA

APL2
GATTCAACCTTAGCTATCAGTCTCC

58.5 115-125 Outbred group
CGCTCTTGGCAAATGTCC

CAUD011
TGCTATCCACCCAATAAGTG

50.3 145-223 Outbred group
CAAAGTTAGCTGGTATCTGC

CAUD006
ATGGTTCTCTGTAGGCAATC

63.5 183-290
Outbred group

TTCTGCTTGGGCTCTTGGA Haplotype

CAUD018
TTAGACAAATGAGGAAATAGTA

50.3 100-180
Outbred group

GTCCAAACTAAATGCAGGC Haplotype

CAUD010
GGATGTGTTTTTCATTATTGAT

50.3 138-200
Outbred group

AGAGGCATAAATACTCAGTG Haplotype

CAUD012
ATTGCCTTTCAGTGGAGTTTC

63.5 182-286
Outbred group

CGGCTCTAAACACATGAATG Haplotype

CAUD014
CACAACTGACGGCACAAAGT

58.1 136-200
Outbred group

CTGAGTTTTTCCCGCCTCTA Haplotype

CAUD034
TACTGCATATCACTAGAGGA

55.5 160-296
Outbred group

TAGGCATACTCGGGTTTAG Haplotype

CAUD035
GTGCCTAACCCTGATGGATG

63.5 174-282
Outbred group

CTTATCAGATGGGGCTCGGA Haplotype

APL579
ATTAGAGCAGGAGTTAGGAGAC

55.0 116-227
Outbred group

GCAAGAAGTGGCTTTTTTC Haplotype

AY258
ATGTCTGAGTCCTCGGAGC

58.1 89-162
Outbred group

ACAATAGATTCCAGATGCTGAA Haplotype

CMO212
CTCCACTAGAACACAGACATT

58.0 186-272
Outbred group

CATCTTTGGCATTTTGAAG Haplotype

CAUD028
TACACCCAAGTTTATTCTGAG

55.5 152-226
Outbred group

ACTCTCCAGGGCACTAGG Haplotype
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is 4.554; the average Shannon’s information index and the
average effective heterozygosity are 1.559 and 0.649. The
average PIC is 0.674 (Table 10).

3.1.4. Population Genetic Structure Analysis. Among the
three outbred chicken groups, the mean number of observed
alleles, the mean number of effective alleles, the mean Shan-

non’s information index, and the mean effective heterozygos-
ity are shown in Table 11. All these data are the highest in the
Beijing oil chicken, indicating the best gene diversity.

In the haplotype chicken populations, the highest mean
observed number of alleles is observed in G7groups. Haplo-
type G7 has the highest mean effective allele number and
the highest mean Shannon’s information index. The mean

Table 2: Continued.

Loci Primer sequence(5′-3′) Temperature (°C) Allele range Applicable groups

CAUD026
ACGTCACATCACCCCACAG

60.8 134-196
Outbred group

CTTTGCCTCTGGTGAGGTTC Haplotype

APH18
TTCTGGCCTGATAGGTATGAG

58.0 178-325 Haplotype
GAATTGGGTGGTTCATACTGT

CAUD002
CTTCGGTGCCTGTCTTAGC

60.8 200-231 Haplotype
AGCTGCCTGGAGAAGGTCT

CAUD005
CTGGGTTTGGTGGAGCATAA

60.8 184-290 Haplotype
TACTGGCTGCTTCATTGCTG

Table 3: Number of alleles, optimal amplification conditions, and fragment length of 14 alleles for the outbred colony laboratory geese.

Loci Primer sequence(5′-3′) Temperature (°C) Allele range

G-Ans17
ACAAATAACTGGTTCTAAGCAC

51.0 111–123
AGAGGACTTCTATTCATAAATA

G-TTUCG1
CCCTGCTGGTATACCTGA

53.0 113-115
GTGTCTACACAACAGC

G-APH13
CAACGAGTGACAATGATAAAA

53.0 163-165
CAATGATCTCACTCCCAATAG

G-Ans02
TTCTGTGCAGGGGCGAGTT

58.0 202–230
AGGGAACCGATCACGACATG

G-Ans07
GACTGAGGAACTACAATTGACT

62.0 236–246
ACAAAGACTACTACTGCCAAG

G-Ans18
GTGTTCTCTGTTTATGATATTAC

56.0 229–237
AACAGAATTTGCTTGAAACTGC

G-Ans25
CACTTATTAATGGCACTTGAAA

62.0 261–277
GTTCTCTTGTCACAACTGGA

G-Hhiμ1b
ATCAAAGGCACAATGTGAAAT

60.0 212–216
AGTAAGGGGGCTTCCACC

G-CKW47
AACTTCTGCACCTAAAAACTGTCA

56.0 213-215
TGCTGAGGTAACAGGAATTAAAA

G-Bcaμ5
AGTGTTTCTTTCATCTCCACAAGC

56.0 197-201
AGACCACAATCGGACCACATATTC

G-Bcaμ7
TAGTTTCTATTTGCACCCAATGGAG

60.0 171-175
CGGTCCTGTCCTTGTGCTGTAA

G-Bcaμ8
CCCAAGACTCACAAAACCAGAAAT

58.0 155-159
ATGAAAGAAGAGTTAAACGTGTGCAA

G-CAUD006
ATGGTTCTCTGTAGGCAATC

56.0 170-210
TTCTGCTTGGGCTCTTGGA

G-APH20
ACCAGCCTAGCAAGCACTGT

53.0 140-150
GAGGCTTTAGGAGAGATTGAAAAA
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effective heterozygosity of haplotype G7 is 0.364. The genetic
heterozygosity of the 3 populations is very low, and the con-
sistency is good (Table 12).

In the two outbred groups of duck, the mean number of
observed alleles, the mean effective number of alleles, the
mean Shannon’s index, and the mean effective heterozygosity
of outbred group 1 are higher than those of outbred group
JD, indicating that outbred group 1 had better diversity.
The results are shown in Table 13. Among the 4 haplotype
populations, the highest mean number of alleles is observed
in haplotype A. Haplotype A has the highest mean Shannon’s
information index. The highest mean effective heterozygosity
in the duck groups is 0.489 in haplotype A (Table 14). The
genetic heterozygosity of 4 populations is in good agreement.

In the two outbred groups of goose, the mean number of
observed alleles, the mean effective number of alleles, and the
mean Shannon’s index of Guangdong Wuzong goose are

higher than those of Yangzhou goose, indicating that Guang-
dong Wuzong goose has a better diversity (Table 15).

The analysis of the two main experimental pigeon popu-
lations used for scientific research shows that the mean effec-
tive heterozygosity of two populations is 0.647 and 0.651,
respectively. The mean number of observed alleles, the mean
effective number of alleles, and the mean Shannon’s index are
higher in white king pigeons than in silver king pigeons. The
comparison of the data is shown in Table 16.

4. Discussion

Poultries are widely used and are indispensable supporting
conditions for the life sciences and biomedicine industries.
Specific pathogen-free (SPF) chicken embryos are used in
the manufacture and quality control of biological product
[4]; ducks play an important role in the research of avian

Table 4: Number of alleles, optimal amplification conditions, and fragment length of 16 alleles for the outbred colony laboratory pigeons.

Loci Primer sequence(5′-3′) Temperature (°C) Allele range

UU-Cli02
TGGGCAAGGTACACTTTTAGGT

61.0 158-170
CTTTATGCTCCCCCTTGAGAT

UU-Cli06
TTTGAAAAACATGGATTGTGC

56.0 140-145
AATTTGCAGAGGGTGAGTGG

PG5
GTTCTTGGTGTTGCATGGATGC

59.0 262-266
AGTTACGAAATGATTGCCAGAAG

C26L9(1265223)
CAAAGCTGCTGACGTGAATCAA

59.0 467-472
AGAGACGCTCCATGCAAAAG

UU-Cli14
CAGAACGTTTTGTTCTGTTTGG

58.0 265-292
TCTTGCTGCAGTCTTCATCC

C12L1(532572)
GTTGTTTGGCTGAGTGGACG

62.0 126-136
TCAACCAGGGGAATTGGCAG

C12L4(906353)
GCTGCTGTCTTCTTCATTGGG

60.0 210-250
TTAAAACCTCCCGTCTCCCTG

CliμD11
CCAATCCCAAAGAGGATTAT

58.0 78-98
ACTGTCCTATGGCTGAAGTG

C26L10(1404758)
GCTGTCAGGTATCAGCCACAA

59.0 211-226
TCAGACCCACGAAAGCTGTAA

C26L4(568923)
CAACCCCATGTGGGTGAGAC

63.0 357-432
CACCACCACGTGGGACATC

PG4
CCCATCTCCTGCCTGATGC

64.0 136-170
CACAGCAGGATGCTGCCTGC

UU-Cli12
CGCCAGACTGTATTGTGAGC

61.0 231-265
AGCATGGCTGTTCTTTGAGG

CliμT47
ATGTGTGTTTGTGCATGAAG

56.0 183-214
ATGAAAGCCTGTTAGTGGAA

CliμD32
GAGCCATTTCAGTGAGTGACA

60.0 136-158
GTTTGCAGGAGCGTGTAGAGAAGT

UU-Cli07
GCTGCCTGTTACTACCTGAGC

61.0 277-310
CTGGCCATGAAATGAACTCC

C26L1(20390)
AGGAGCCTACACTGGGTTTTC

60.0 250-268
TGTAGCTCTGCAATCAGCCT
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Table 5: Number of alleles, effective alleles, effective heterozygosity, PIC, and Shannon’s index of the outbred colony chicken samples.

Loci Observed number of alleles Effective number of alleles Shannon’s information index Effective heterozygosity PIC

MCW0029 4 2.931 1.209 0.579 0.603

GGNCAMZO 2 1.069 0.146 0.060 0.062

ADL0293 5 3.200 1.311 0.573 0.634

ADL0317 7 5.236 1.768 0.554 0.783

GGAVIR 3 1.916 0.796 0.456 0.408

ADL0201 5 2.103 1.013 0.429 0.482

GCT0016 5 3.042 1.274 0.337 0.618

ADL0304 6 4.641 1.627 0.666 0.751

MCW0402 8 6.042 1.881 0.702 0.813

MCW0063 7 4.319 1.626 0.568 0.736

ADL185 5 3.204 1.359 0.614 0.647

GGMYC 2 1.800 0.637 0.427 0.346

LEI0094 6 3.674 1.468 0.562 0.683

LEI0074 4 3.707 1.348 0.597 0.681

ADL328 3 2.785 1.058 0.526 0.565

GGVITC 1 1.000 0.000 0.000 1.000

GGANTECL 3 2.897 1.080 0.600 0.580

LEI094 6 4.444 1.579 0.690 0.738

MCW0330 4 3.232 1.269 0.577 0.637

LEI0141 4 3.162 1.229 0.341 0.623

ADL0292 3 2.793 1.061 0.475 0.568

GGVITIIG 2 1.965 0.684 0.460 0.371

MCW0087 8 5.930 1.898 0.544 0.810

MCW0347 3 1.948 0.815 0.447 0.419

ADL176 9 4.846 1.858 0.522 0.773

ADL166 5 3.729 1.380 0.574 0.682

MCW0014 5 4.342 1.543 0.592 0.735

GGCYMA 3 1.603 0.632 0.317 0.322

Mean 4.571 3.270 1.198 0.492 0.610

Table 6: Number of alleles, effective alleles, effective heterozygosity, and Shannon’s index of the haplotype chicken samples.

Loci Observed number of alleles Effective number of alleles Shannon’s information index Effective heterozygosity

GGNCAMZO 1 1.000 0.000 0.000

GGAVIR 2 1.923 0.673 0.480

MCW0402 1 1.000 0.000 0.000

MCW0063 1 1.000 0.000 0.000

ADL185 3 2.174 0.898 0.540

GGMYC 1 1.000 0.000 0.000

LEI0094 3 2.778 1.055 0.640

GGVITC 1 1.000 0.000 0.000

ADL0292 2 1.471 0.500 0.320

GGVITIIG 2 2.000 0.693 0.500

ADL166 1 1.000 0.000 0.000

MCW0014 1 1.000 0.000 0.000

GGCYMA 1 1.000 0.000 0.000

STMSGGHU2-1A 2 1.724 0.611 0.420

Mean 1.571 1.434 0.316 0.207
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influenza, fatty liver, duck hepatitis A, and duck hepatitis B
[5–7]; goose blood contains a higher concentration of immu-
noglobulin, which is often used in pharmacology and toxicol-
ogy research [8]; pigeons belong to the class of birds and are
considered as important animal model in avian influenza
research [9]. With the increasing demand for experiment
poultry, people are paying more attention to the genetic
structure analysis and genetic quality control. However, the
current methods of genetic structure analysis and genetic
quality control for experimental poultry animals are
insufficient.

Coat colour gene testing method, biochemical marker
gene testing method, immune marker gene testing method,
and DNA molecular marker method are popular methods
for genetic monitoring. Microsatellite DNA, mitochondrial
DNA (mtDNA), restriction fragment length polymorphism
(PCR-RFLP), single-stranded conformation polymorphism
(PCR-SSCP), and specific gene polymorphisms are com-
monly used DNA molecular marker methods [24–27].
Among them, microsatellite DNA has become valuable tools
for evaluating population genetic diversity due to their
unique virtue.

Microsatellite DNA is characterized by short tandem
repeats (STRs) of 1 to 6 nucleotides in eukaryotic genome
with a random manner [28]. It has rich polymorphism and

Table 7: Number of alleles, effective alleles, effective heterozygosity, PIC, and Shannon’s index of outbred colony duck samples.

Loci Observed number of alleles Effective number of alleles Shannon’s information index Effective heterozygosity PIC

CMO211 8 4.628 1.698 0.764 0.752

CAUD011 9 5.024 1.835 0.799 0.775

CAUD027 9 3.698 1.588 0.654 0.696

APH09 8 4.840 1.728 0.756 0.763

AY314 12 7.285 2.165 0.806 0.848

AY258 9 3.503 1.586 0.700 0.684

CAUD018 4 2.941 1.194 0.640 0.596

CAUD031 8 4.459 1.711 0.730 0.746

CAUD026 7 4.674 1.697 0.750 0.757

CAUD023 7 2.725 1.315 0.584 0.591

CMO212 8 4.154 1.642 0.739 0.724

CAUD006 4 3.333 1.280 0.440 0.645

CAUD004 7 5.556 1.834 0.720 0.798

CAUD001 6 5.000 1.696 0.600 0.772

CAUD034 10 3.943 1.742 0.730 0.723

CAUD007 8 3.894 1.639 0.714 0.713

APL579 7 3.068 1.412 0.635 0.636

CAUD010 6 4.655 1.630 0.768 0.753

CAUD028 5 3.549 1.378 0.541 0.668

CAUD012 7 3.122 1.354 0.652 0.630

CAUD035 10 5.768 1.922 0.759 0.804

CAUD014 9 3.600 1.448 0.696 0.672

CAUD032 14 6.159 2.120 0.797 0.821

APH11 2 1.923 0.673 0.479 0.365

APL2 4 2.556 1.067 0.609 0.529

Mean 7.520 4.162 1.574 0.683 0.698

Table 8: Number of alleles, effective alleles, effective heterozygosity,
and Shannon’s index of haplotype duck samples.

Loci
Observed
number of
alleles

Effective
number of
alleles

Shannon’s
information

index

Effective
heterozygosity

CAUD002 3 2.020 0.857 0.360

CAUD006 4 2.740 1.142 0.540

CAUD018 3 1.802 0.746 0.400

CAUD005 5 3.945 1.490 0.551

APL579 5 2.632 1.205 0.500

APH18 7 4.301 1.655 0.640

CAUD010 3 2.597 1.010 0.420

CAUD028 2 1.980 0.688 0.360

CAUD012 3 2.597 1.010 0.420

CAUD035 4 3.756 1.353 0.605

CAUD014 4 3.509 1.306 0.580

CAUD026 4 2.740 1.142 0.520

CMO212 5 3.774 1.458 0.640

AY258 4 2.353 1.063 0.500

CAUD034 6 2.198 1.164 0.460

Mean 4.133 2.863 1.153 0.500
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Table 9: Number of alleles, effective alleles, effective heterozygosity, PIC, and Shannon’s index of outbred colony goose samples.

Loci Observed number of alleles Effective number of alleles Shannon’s information index Effective heterozygosity PIC

G-Ans17 4 1.843 0.775 0.441 0.388

G-TTUCG1 3 2.255 0.943 0.381 0.494

G-APH13 4 1.605 0.752 0.315 0.352

G-Ans02 8 5.389 1.837 0.749 0.790

G-Ans07 4 3.073 1.220 0.634 0.613

G-Ans18 3 2.208 0.922 0.309 0.481

G-Ans25 4 3.333 1.282 0.629 0.647

G-Hhiμ1b 4 2.965 1.147 0.471 0.594

G-CKW47 4 3.143 1.238 0.573 0.623

G-Bcaμ5 3 2.728 1.051 0.469 0.562

G-Bcaμ7 6 2.731 1.158 0.455 0.562

G-Bcaμ8 7 2.845 1.290 0.635 0.599

G-CAUD006 4 3.704 1.344 0.602 0.680

G-APH20 8 4.713 1.772 0.734 0.761

Mean 4.714 3.038 1.195 0.528 0.582

Table 10: Number of alleles, effective alleles, effective heterozygosity, PIC, and Shannon’s index of outbred colony pigeon samples.

Loci Observed number of alleles Effective number of alleles Shannon’s information index Effective heterozygosity PIC

UU-Cli02 5 3.613 1.374 0.694 0.672

UU-Cli06 4 2.921 1.163 0.383 0.593

PG5 2 1.681 0.595 0.397 0.323

C26L9(1265223) 4 2.576 1.076 0.602 0.533

UU-Cli14 10 5.144 1.923 0.787 0.784

C12L1(532572) 4 2.810 1.118 0.487 0.575

C12L4(906353) 11 6.375 2.052 0.766 0.825

CliμD11 7 4.541 1.682 0.734 0.750

C26L10(1404758) 11 9.118 2.281 0.860 0.880

C26L4(568923) 13 5.854 2.062 0.807 0.812

PG4 10 6.847 2.017 0.767 0.836

UU-Cli12 8 2.825 1.364 0.623 0.599

CliμT47 7 3.492 1.413 0.658 0.666

CliμD32 9 6.695 1.991 0.807 0.833

UU-Cli07 5 1.352 0.592 0.252 0.251

C26L1(20390) 16 7.014 2.244 0.759 0.844

Mean 7.875 4.554 1.559 0.649 0.674

Table 11: Comparison of mean observed allele number, mean effective allele number, mean Shannon’s index, and mean effective
heterozygosity among the outbred colonies of chickens.

Colonies
Mean observed number

of alleles
Mean effective number

of alleles
Mean Shannon’s
information index

Mean effective
heterozygosity

BWEL 2.857 2.024 0.730 0.424

BM 2.857 2.132 0.802 0.485

Beijing oil chicken 4.464 2.821 1.088 0.569
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large genetic information. Microsatellite can be used to dis-
tinguish heterozygous from homozygous because of their
codominant inheritance feature [29]. In previous studies,
microsatellites have been used as biomarkers for monitoring
rodent genetic traits [30, 31]. With the deep understanding of
microsatellites, it plays a more important role in genetic
monitoring for being simple, clear, and stable in operation.
In this research, we screened out microsatellite loci with suit-
able length and high specificity as candidate loci by gel elec-
trophoresis firstly. Then, we performed STR scanning on
these candidate loci. Microsatellite loci with good polymor-
phism, abundant alleles in the outbred groups, and good
monomorphism in the haplotype populations were selected
to form the microsatellite marker system. We analyzed the
average effective allele number, average Shannon’s index,
average effective heterozygosity, and other analytical indices
to estimate genetic variation in different groups.

The mean effective number of alleles is an indicator of
genetic variation and mutation drift balance. In our study,
Beijing oil chicken has the highest mean effective allele

number of three outbred chicken populations; outbred duck
group 1 has higher mean effective allele number than outbred
duck group JD. The outbred goose group Guangdong
Wuzong and outbred pigeon group white king have the high-
est mean number of effective alleles in outbred goose popula-
tions and outbred pigeon populations, respectively. The
higher mean effective number of alleles indicates that the
population can maintain the original gene and avoid new
variations under the pressures from genetic drift and artificial
selection. The results show that Beijing oil chicken, outbred
duck group 1, Guangdong Wuzong goose, and white king
pigeon are the most stable strains in the outbred group of
experiment chicken, duck, goose, and pigeon groups in this
research, respectively.

The mean effective heterozygosity of a population is an
important indicator of population genetic diversity and can
reflect the richness of the detected genes. It is generally
believed that when the mean effective heterozygosity of the
population is less than 0.5, it indicates that the individual dif-
ferences in the population are small and the genetic heterozy-
gosity is low, which does not conform to the genetic
characteristics of an outbred group animal. When the mean
effective heterozygosity of the population is higher than 0.7,
its genetic diversity is high [32].

Hence, we found that the mean effective heterozygosity of
BWEL, BM, and Beijing oil chicken groups is all greater than
0.5, which conforms to the characteristics of the outbred
group. The mean effective heterozygosity of BWEL and BM
chicken groups is nearly 0.5. The average effective heterozy-
gosity of G1, G2, and G7 groups is all less than 0.5. It is also
consistent with the background that BWEL, BM, and Beijing
oil chickens are outbred colonies; Beijing oil chicken has
abundant genetic diversity and high selection potential for
it has the highest mean effective heterozygosity among the
outbred chicken groups in this study. This may be due to
the large population. Duck group 1 and JD duck all have a
mean effective heterozygosity greater than 0.680 which indi-
cates a high genetic diversity. The mean effective heterozy-
gosity of Guangdong Wuzong goose group, silver king
pigeon group, and white king pigeon group is all greater than
0.5 which reflects abundant genetic diversity. The mean
effective heterozygosity of three haplotype chicken groups
and four haplotype duck groups is 0.207 and 0.500, respec-
tively. The result indicates a good consistency in haplotype
chickens and ducks. This may be the result of long-term
full-sib and half-sib reproduction. Chickens and ducks are
more widely used in biological research, and the breeding
standards are stricter, while geese and pigeons are more
useful in agriculture. Haplotype chickens have lower mean
effective heterozygosity than haplotype duck populations,
which is consistent with a longer history of breeding in
experimental chickens.

When measuring the degree of gene variation, PIC is
often used as a variation index. It is generally believed that
when PIC is between 0.25 and 0.5, it is moderately polymor-
phic, and <0.25 shows a low level of polymorphism, when
PIC is greater than 0.5, it means a high level of polymorphism
[33]. In our microsatellite marker system, most of the micro-
satellite sites have a PIC greater than 0.5 that show high

Table 12: Comparison of mean observed allele number, mean
effective allele number, mean Shannon’s index, and mean effective
heterozygosity among the haplotype chickens.

Colonies

Mean
observed
number of
alleles

Mean
effective
number of
alleles

Mean
Shannon’s
information

index

Mean effective
heterozygosity

G1 1.571 1.434 0.316 0.207

G2 1.643 1.409 0.335 0.224

G7 2.000 1.626 0.548 0.364

Table 13: Comparison of mean observed allele number, mean
effective allele number, mean Shannon’s index, and mean effective
heterozygosity among the outbred colonies of ducks.

Colonies

Mean
observed
number of
alleles

Mean
effective
number of
alleles

Mean
Shannon’s
information

index

Mean effective
heterozygosity

1 6.320 3.518 1.410 0.685

JD 5.280 3.466 1.335 0.680

Table 14: Comparison of mean observed allele number, mean
effective allele number, mean Shannon’s index, and mean effective
heterozygosity among the haplotype ducks.

Colonies

Mean
observed
number of
alleles

Mean
effective
number of
alleles

Mean
Shannon’s
information

index

Mean effective
heterozygosity

A 2.400 2.022 0.760 0.489

B 2.333 2.029 0.745 0.484

C 2.400 1.912 0.726 0.459

D 2.333 1.944 0.701 0.442

12 BioMed Research International



polymorphism. All these data prove that our microsatellite
marker system provides rich genetic information, which
can be used as effective genetic markers. In our study, highly
polymorphic microsatellite marker systems showed powerful
markers for quantifying genetic variations within and
between poultry populations. We will collect more samples
to make a more accurate description of genetic structure of
the Chinese experimental chickens, ducks, geese, and pigeons
in the future [34].

5. Conclusions

In conclusion, we identified appropriate microsatellite
marker systems for native experimental chickens, ducks,
geese, and pigeons in China. The combination of loci selected
in our research provides a good choice for genetic monitor-
ing of the quality and the population genetic diversity of
poultry stocks.
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Traumatic brain injury (TBI) is among the most debilitating neurological disorders with inadequate therapeutic options. It affects
all age groups globally leading to post-TBI behavioral challenges and life-long disabilities requiring interventions for these health
issues. In the current study, C57BL/6J mice were induced with TBI through the weight-drop method, and outcomes of acutely
administered ketamine alone and in combination with perampanel were observed. The impact of test drugs was evaluated for
post-TBI behavioral changes by employing the open field test (OFT), Y-maze test, and novel object recognition test (NOR).
After that, isolated plasma and brain homogenates were analyzed for inflammatory modulators, i.e., NF-κB and iNOS, through
ELISA. Moreover, metabolomic studies were carried out to further authenticate the TBI rescuing potential of drugs. The animals
treated with ketamine-perampanel combination demonstrated improved exploratory behavior in OFT (P < 0:05), while
ketamine alone as well as in combination yielded anxiolytic effect (P < 0:05‐0:001) in posttraumatic mice. Similarly, the %
spontaneous alternation and % discrimination index were increased after the administration of ketamine alone (P < 0:05) and
ketamine-perampanel combination (P < 0:01‐0:001) in the Y-maze test and NOR test, respectively. ELISA demonstrated the
reduced central and peripheral expression of NF-κB (P < 0:05) and iNOS (P < 0:01‐0:0001) after ketamine-perampanel
polypharmacy. The TBI-imparted alteration in plasma metabolites was restored by drug combination as evidenced by
metabolomic studies. The outcomes were fruitful with ketamine, but the combination therapy proved more significant in
improving all studied parameters. The benefits of this new investigated polypharmacy might be due to their antiglutamatergic,
antioxidant, and neuroprotective capacity.

1. Introduction

Traumatic brain injury (TBI) is one of the most common
reasons behind neurological impairment that continues to
distress the masses of the population worldwide. The Centre

for Disease Control (CDC) reports that the rate of hospital
visits and deaths due to TBI has been continuously increasing
with time [1]. The affectees belong to different age groups
including children (<5 y), adolescents (16-25 y), and elderly
(>60 y) due to accidental collision with some object during
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falls or traffic-related misfortunes [2]. It can be considered as
the “silent epidemic” due to its contribution towards morbid-
ity and mortality worldwide [3]. The brain insult in TBI
patients is extensively associated with life-long disabilities
as inadequate therapeutic options cannot deal with the array
of consequences. Unfortunately, the rehabilitation of such
disabled patients places a financial burden on affected
families as well as on overall healthcare [4].

Several studies through animal models have demon-
strated the deleterious impact of TBI on quality of life due
to deteriorated reasoning and learning capabilities [5]. The
pathophysiology of TBI can be divided into primary and sec-
ondary phases [6]. The primary phase comprises the direct
mechanical injury to the brain that damages the cellular
membranes, subcellular structures, and blood vessels thus
altering cerebral blood flow due to hemorrhage and increased
cell death due to ischemia [7]. These events lead to the activa-
tion of immune cells residing in the brain, i.e., microglia and
astrocytes causing further initiation of inflammation through
cytokines and chemotaxis [8].

Nitric oxide (NO) is an inflammatory product that takes
part in secondary TBI [9] as well as in the recovery phase
[10]. Its detrimental or beneficial role is decided by the site
[11], quantity [12], and time [13] of its production. It is syn-
thesized by three isoforms of NOS among which a Ca+2-inde-
pendent type, inducible nitric oxide synthase (iNOS), is not
expressed in the brain under normal circumstances. How-
ever, any kind of stimuli, i.e., inflammation, injury, or hyp-
oxia, causes the activation of iNOS in neurons and glial
cells. In response to certain proinflammatory cytokines,
overexpression of iNOS is seen in vascular smooth muscle
cells and stimulated macrophages [14] resulting in increased
production of NO which causes increased leukocyte accumu-
lation in the brain from 4h to 7 days of TBI [15]. Gene
expression of iNOS requires activation of the transcriptional
factor NF-κB [16] which plays a role in inflammation and
immunity in the CNS. The previously reported studies
demonstrate that inhibition of NF-κB signaling cause
reduced inflammation and enhanced neuroprotection in
animal models of TBI [17, 18]. Besides these, stimulated
microglia cause damage to oligodendrocytes and neurons
via expression of iNOS [19]. Various clinical and experi-
mental studies have observed elevated NO levels and over-
expression of iNOS in TBI [20]. Furthermore, inhibition of
iNOS also resulted in significantly improved clinical out-
comes thus suggesting the neuroprotective role of iNOS
inhibition after TBI [21].

Another offender of TBI is glutamate, a principal excit-
atory neurotransmitter in the brain, which [22] plays a cru-
cial role in the pathophysiology of brain trauma during the
second phase [23]. Studies have revealed that the raised glu-
tamate levels in humans facing TBI may persist for days or
weeks in certain parts of the brain [24]. Increased levels of
glutamate after brain trauma cause excitotoxicity resulting
in neuronal damage and death and if not regulated can lead
to long-term cognitive decline and motor dysfunction [25].
Mostly, the excitatory neurotransmission in the brain is facil-
itated by AMPA and NMDA receptors and their altered
expression is seen in pathological signaling happening during

various disease states including TBI [26]. Hence, targeting
these receptors can be a therapeutic option for management
of brain trauma. Perampanel, marketed as Fycompa, is a
noncompetitive antagonist of AMPA receptor [27] and has
demonstrated the neuroprotective role in controlled cortical
impact model of TBI due to anti-inflammatory and antioxi-
dant potential [26]. Besides this, antagonism of AMPA
receptor has been reported to improve cognition and
behaviors in rats with TBI [28].

NMDA receptors have been targeted by numerous anes-
thetic agents, including ketamine. Antagonism of NMDA
receptor by ketamine has also been postulated to exert neuro-
protection in TBI [29]. Ketamine is also reported to inhibit
NO synthesis thus exerting vasoconstrictive impact resulting
in hemodynamic stability [30]. It has also shown to affect
hippocampal cell proliferation after TBI leading to neurogen-
esis which led to better learning and behavior in mice with
TBI [31].

In this recent study, we examined the therapeutic out-
comes of coadministration of perampanel and ketamine in
the management of TBI as it has never been addressed previ-
ously. Some behavioral experiments were also employed to
examine the role of polypharmacy on the cognitive deficit
in the mouse model of weight-drop TBI, whereas their
impact on local and systemic inflammation was estimated
through their effect on iNOS and NF-κB levels. The scientific
findings were further evaluated through metabolomics of the
animal plasma. We hypothesized the beneficial outcomes by
combination therapy of perampanel-ketamine on local and
systemic inflammation as well as on behavioral adversity seen
in TBI.

2. Materials and Methods

2.1. Animal. Healthy male C57BL/6J mice of 8-10 weeks (24-
28 g) were utilized in this study. The animals were housed in
standardized maintenance conditions, i.e., 12 h L/D cycle,
25°C temperature, and provided with free excess of water
and a standard mouse chow. The whole animal study was
carried out after ethical permission granted by the Research
Ethics Committee (REC), King Saud University, KSA,
through reference no. KSU-SE-19-51.

2.2. Animal Grouping and Experimental Design. 44 animals
were randomly divided into five groups (n = 8/9) comprising
TBI animals treated with vehicle only (Group I), TBI animals
treated with ketamine only (Group II), TBI animals treated to
a combination of ketamine and perampanel treatment
(Group III), sham animals were given vehicle only (Group
IV), and sham animals treated with ketamine and perampa-
nel (Group V).

On the 1st day, animals were brought to the experimental
room and acclimatized to this new environment for a few
hours. Later, they were induced with brain injury by the
weight drop method followed by group-wise-specific treat-
ments after 30 minutes of the injury.

Animals of the vehicle-treated group were treated with
normal saline only while ketamine (40mg/kg, i.p.) and per-
ampanel (4mg/kg, p.o.) were given to the aforementioned
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groups. The doses of drugs and routes of administration were
decided on the basis of previously reported studies related to
ketamine [32, 33] and perampanel [34, 35].

On the 2nd day, after 24 h of TBI induction and subse-
quent treatments, the general locomotor activity was exam-
ined through the open field test. Afterward, the Y-maze and
novel object recognition tests were performed on the 3rd

and 4th day, respectively, to assess their learning and mem-
ory. Immediately after the completion of the behavioral test
on the 4th day, blood and brain samples were collected from
randomly chosen animals. The blood samples were utilized
for plasma estimation of NF-κB and iNOS to check the
impact of test drugs on systemic inflammation, while the
brain homogenates were prepared to investigate the role of
ketamine and perampanel on local inflammatory response
after TBI (Figure 1).

2.3. Materials. Perampanel (Fycompa, 8mg) and ketamine
(Tekam, 10mg/ml) were purchased from Eisai Co., Ltd.
and Hikma Pharmaceuticals, respectively. Methoxyamine
hydrochloride, pyridine, N,O-Bis(trimethylsilyl)trifluoroace-
tamide (BSTFA), and chlorotrimethylsilane (TMCS) were
purchased from Sigma-Aldrich, St. Louis, MO, USA. Hexane
and methanol were purchased from BDH VWR Interna-
tional Ltd. Poole, BH 15 1TD, England. Deionized water
was obtained with Milli-RO and Milli-Q Plus instrumenta-
tion from Millipore, Billerica, MA, USA.

2.4. Induction of Brain Injury. Inducing brain trauma by the
weight-drop method is well known for imitating human
closed-head injury [36]. Thus, we employed this model of
TBI in which severity of trauma can be controlled by adjust-
ing the mass of weight and height from which it falls. The
model utilized a weight-drop device that causes focal blunt
trauma to one side of the unprotected skull. This results in
damage to BBB and initiation of the neuroinflammatory
cascade which collectively yields neurological deficit and
behavioral impairment.

Initially, mice were exposed to isoflurane vapors (2-4
minutes) for anesthesia. The head of the animal was posi-
tioned on a platform under the device to direct the trauma
from the left anterior frontal area at the same distance
between the eye and the ear. A metallic mass of 30 g was
guided through a hollow tube to fall freely on the targeted
point from a height of 80 cm [37].

2.5. Behavioral Studies

2.5.1. Open Field Test. The open field test is widely employed
to evaluate the general exploratory activity in mice as they
instinctively try to explore the open areas [38]. The test was
conducted in a square-shaped (16″ × 16″) glass apparatus
equipped with infrared sensors and perimeter. Mice were
placed in this chamber and were allowed to acclimatize for
20min to this environment. Afterward, their locomotion
was recorded for 10 minutes to evaluate the total distance
traveled and their preference for open areas of apparatus
was evaluated to estimate the TBI-induced anxiety behavior
in mice.

2.6. Behavioral Tests for Memory and Learning

2.6.1. Y-Maze Test. In the Y-maze test, the animal’s cognitive
capacity is evaluated by monitoring its willingness to visit a
new arm of maze and remembering the previously visited
arm [39]. The test apparatus comprises three closed arms
(35 cm × 5 cm × 10 cm) designed closely at 120°. The mice
were placed separately in the center of the maze facing one
of three arms (A, B, and C) keeping the apparatus cleaned
with 70% alcohol after each animal’s trial. The individual
mouse was allowed to explore the maze for 5 minutes, and
the sequence of the arm visits (ABC, BAC, CAB, etc.) was
recorded to calculate the % spontaneous alternation behav-
ior. An increased %SAP is an indication of better cognition
and memory in rodents.

% spontaneous alternation was calculated by the
following formula [40]:

%Spontaneous alternation %SAPð Þ
=

Number of alternations
Total arm entries − 2

� �
× 100:

ð1Þ

2.6.2. Novel Object Recognition Test. This test is based on
characteristics of the rodent to explore new environments
and is extensively acknowledged to estimate their cognitive
function. The animal with efficient memory recognizes the
previously explored familiar object and expresses a spontane-
ous tendency to discover the new one. The test was con-
ducted in a transparent acrylic glass box (16″ × 16″) in
which animals were tested individually. Initially, each mouse
was given 5 minutes to get familiar with the environment.
After that, in the training phase, two geometrically identical
objects were placed in the test box and the mouse was
allowed to discover them for 10min by touching and smell-
ing them. Later, one of these two objects was replaced by a
novel object of a different shape in test trial. The time spent
with novel and familiar objects was recorded for 5 minutes
to calculate the discrimination index:

Discrimination index

= Timewith novel object − Timewith familiar object
Timewith novel object + Timewith familiar object

� �
:

ð2Þ

2.7. Blood Collection for Plasma Analysis. Soon after comple-
tion of the novel object recognition test, the blood of ran-
domly taken animal (n = 3 per group) was collected in
clean glass tubes through cardiac puncture. The blood sam-
ples were centrifuged at 3,000 rpm (800g) for 10min to
separate the plasma to be analyzed which was stored at
-80°C till further analysis [41].

Plasma levels of iNOS and NF-κB were assessed through
the commercially available ELISA kits and developed accord-
ing to the manufacturer’s protocols (iNOS ELISA Kit Cat.
No. R6663, TSZELISA, Biotang Lab Supplier, USA; NF-κB
ELISA Kit Cat. No. 85-86081-11, Thermo Fisher Scientific,
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USA) for assessment of TBI and test treatment on their
systemic expression.

2.8. Preparation of Brain Homogenate. After anesthetiza-
tion with isoflurane, the brains of randomly selected ani-
mals (n = 3 per group) were dissected out and stored at
8°C in normal saline. 0.5 g of the brain was homogenized
in 5ml of phosphate buffer (pH 7.4) through centrifugation
at 12,000g for 15-20 minutes maintaining the low tempera-
ture of the mixture [42]. The resulting homogenized solution
was evaluated through ELISA for any fluctuation in brain
levels of inflammatory modulators, i.e., NF-κB and iNOS,
after traumatic brain injury and the impact of test drugs on
these TBI-induced consequences.

2.9. Metabolomic Analysis. Metabolomic analysis was done
with slight modifications in the method described [43]. The
plasma samples were thawed at room temperature and
vortex for 2min. 100μl of this sample was put in the
Eppendorf tube and 300μl of methanol and 100μl of Milli-
Q water were added. Vortex again for 2min and centrifuge
for 10,000 rpm for 10min at 4°C. From the supernatant solu-
tion, pipette out 200μl of sample and transfer it to a GC-MS
vial. Purge the solution with nitrogen air to completely dry
the vial. After this process, methoxylation was carried out
at room temperature by adding 100μl of methoxyamine
hydrochloride in pyridine solution (15mgml−1). The mix-
ture was vortexed for 10min and put the sample for half an
hour at room temperature. In the second step, the methoxy-
lated sample underwent a derivatization reaction by using
100μl of BSTFA/TMCS (99/1, v/v) and vortexed again for
10min and kept for 2 hours at 50°C to complete the derivatiz-
ing reaction. 1μl of the derivatized sample was injected into
the system with the split mode (split ratio 1 : 20).

A PerkinElmer model Clarus 600T combined with a sin-
gle quadrupole mass spectrometer was used for GC-MS anal-
ysis. The chromatographic column was an Elite 5MS column
(30m × 0:25mm × 0:25μm film thickness), with high-purity
helium as the gas carrier, at a flow rate of 1ml/min. The injec-
tor temperature was 280°C and it was equipped with a split-
less injector at 20 : 1. The temperature was set initially to
40°C (held for 2min), was increased to 150°C at 10°Cmin−1

(held for 2min), and then increased further to 300°C at
10°Cmin−1 (held for 2min). The MS ion source temperature
was 220°C, and inlet line temperature was at 240°C. The scan
range was set at 40 to 600 mass ranges at 70 eV electron
energy and the solvent delay of 7min. Finally, unknown
compounds were identified by comparing the spectra with
that of the NIST 2005 (National Institute of Standard and
Technology Library) and Wiley 2006 Library. The total time
required for analyzing a single sample was 32 minutes.

2.10. Statistical Analysis. Data were analyzed through one-
way ANOVA using GraphPad Prism 9 Software Inc. (La
Jolla, CA, USA) followed by Sidek’s or Dunnett’s post hoc
test. All arithmetic values were expressed as the mean ± SD
considering P < 0:05 as statistically significant. Metabolomic
data were analyzed via two-way ANOVA data that were
presented as the mean ± SEM.

3. Results

3.1. Behavioral Analysis

3.1.1. Effect of Administration of Ketamine Alone and in
Combination with Perampanel on General Exploration and
Anxiety after Traumatic Brain Injury. Animals with trau-
matic brain injury demonstrated lesser exploration of test
apparatus than healthy mice (P < 0:01) and to those healthy

Weight-drop method induced TBI 30 min

Ketamine i.p.

Perampanel p.o
1st day

2nd day

3rd day

4th day

Open field test

Y-maze test

Novel object recognition test Blood and brain samples collection

Plasma separation for ELISA

Brain homogenate for ELISA

Metabolomic studies

Figure 1: Experimental design depicting day-wise behavioral studies with subsequent in vitro analysis.
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Figure 2: Comparison of total distance traveled (a), time spent in peripheral zone (b), time spent in central zone (c), and tracings of general
exploratory behavior (d) among different groups in the open field test. ∗∗P < 0:01 and ∗∗∗∗P < 0:0001 show comparisons b/w TBI mice with
healthy ones receiving vehicle only. #P < 0:05, ##P < 0:01, and ####P < 0:0001 show comparisons b/w TBI mice with healthy ones exposed to
ketamine-perampanel combination. aP < 0:05 shows comparison b/w TBI mice with the TBI mice treated with ketamine only. bP < 0:05 and
bbbbP < 0:0001 show comparisons b/w TBI mice with TBI mice treated with ketamine-perampanel combination. All data are expressed as the
mean ± SD (n = 8/9 animals per group).
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mice treated with KET+PER (P < 0:05) revealing the brain
trauma-induced motionlessness in animals (Figure 2(d)).
However, the administration of KET+PER reversed these
outcomes as total distance traveled was notably increased
(P < 0:05) than TBI mice. However, the administration of
ketamine did not yield significant outcomes on exploration
(Figure 2(a)).

However, TBI caused animals to act anxiously as they
displayed partialities towards marginal areas of the field
and spent more time their (P < 0:0001) than the central zone
(P < 0:01). Interestingly, the anxiety was reduced through the
administration of ketamine as animals spent more time in the
central (P < 0:05) and less time in peripheral (P < 0:05) zones
of test apparatus. The outcomes were even more pronounced
on the administration of KET+PER as the animals were
unafraid and preferred center zone (P < 0:001) over the
peripheral zone as compared to TBI mice (Figures 2(b) and
2(c)).

3.1.2. Effect of Administration of Ketamine Alone and in
Combination with Perampanel on TBI-Induced Cognitive
Deficit in the Y-Maze Test. The Y-maze test was employed
to evaluate the influence of investigational drugs on cognitive
decline in TBI mice. The mice were not capable enough of
recalling the previously visited arm of maze due to neuronal
damage resulting from physical injury to the brain. The exper-
imental outcomes demonstrated memory scarcity as evident
from reduced alternation behavior (P < 0:0001) than both
groups of healthy mice. This cognitive deficit was improved
when animals were treated with ketamine (P < 0:05) and
ketamine-perampanel combination (P < 0:01) showing that
the treatments led to improved spatial remembrance as they

significantly reversed the intellectual impairment in mice
resulting from TBI (Figure 3).

3.1.3. Effect of Administration of Ketamine Alone and in
Combination with Perampanel on TBI-Induced Cognitive
Deficit in the Novel Object Recognition Test. This test was
used to evaluate the memory of mice exposed to brain trauma
and the impact of investigational treatments on their behavior.
The mice with TBI revealed poor intellect as they could not
retain the memory of the familiar object and exhibited lower
discrimination index as compared to vehicle-treated (P <
0:001) and ketamine-perampanel-treated (P < 0:05) healthy
mice. This cognitive deficit was significantly improved on
exposure to ketamine (P < 0:05) and ketamine-perampanel
combination (P < 0:05) as animals retained the familiarity of
previously explored objects and preferred the novel one
(Figure 4).

3.2. Effect of Administration of Ketamine Alone and in
Combination with Perampanel on Plasma Levels of NF-κB
and iNOS after Traumatic Brain Injury. Plasma levels of
NF-κB were estimated to check the impact of test drugs on
this proinflammatory mediator as it acts as a cofactor in tran-
scription and signaling pathways in systemic inflammation
after some injury. In the current study, ELISA exposed the
elevated levels of NF-κB after TBI as compared to healthy
animals (P < 0:01) and to those healthy mice treated with
ketamine-perampanel combination (P < 0:01). These TBI-
elevated plasma concentrations of NF-κB were reduced sig-
nificantly in mice treated with ketamine (P < 0:05) and with
ketamine-perampanel combination (P < 0:05) (Figure 5(a)).
Similarly, plasma levels of iNOS were also increased in TBI
mice (P < 0:0001) as brain injury is also known to increase
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the inflammatory NO in distant organs as well as to yield fur-
ther complications after initial injury. However, the adminis-
tration of ketamine reversed (P < 0:001) these detrimental
outcomes of TBI (Figure 5(b)) and the parallel result was seen
in animals treated with ketamine-perampanel combination
(P < 0:0001).

3.3. Effect of Administration of Ketamine Alone and in
Combination with Perampanel on Concentration of NF-κB
and iNOS in the Brain after Traumatic Brain Injury. ELISA
revealed the raised levels of NF-κB in the brain after a trau-

matic injury as compared to healthy brains (P < 0:05), and
these detrimental outcomes were resolved after treatment
with ketamine alone (P < 0:05) and in combination with
perampanel (P < 0:05) (Figure 6(a)).

Likewise, iNOS expression was also enhanced in the
brains of the TBI group as compared to the brains dissected
from healthy mice receiving no treatment (P < 0:0001) and
receiving ketamine-perampanel (P < 0:001). This elevated
expression of iNOS was normalized when TBI mice were
treated with ketamine (P < 0:01) and ketamine-perampanel
combination (P < 0:01) (Figure 6(b)).
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Figure 5: Comparison of plasma levels of NF-κB (a) and iNOS (b) among differently treated groups through ELISA. ∗∗P < 0:01 and ∗∗∗∗P
< 0:0001 show comparisons b/w TBI mice with healthy ones receiving vehicle only. ##P < 0:01 and ####P < 0:0001 show comparisons b/w
TBI mice with healthy ones exposed to ketamine-perampanel. aP < 0:05 and aaaaP < 0:0001 show comparison b/w TBI mice with the TBI
mice treated with ketamine only. bP < 0:05 and bbbbP < 0:0001 show comparisons b/w TBI mice with TBI mice treated with ketamine-
perampanel combination. All data are expressed as the mean ± SD (n = 3 animals per group).
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Figure 6: Evaluation of concentration of NF-κB (a) and iNOS (b) in the brains of differently treated groups after traumatic brain injury.
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3.4. Outcomes of Administration Combination Therapy on
with Perampanel on Metabolomics. The plasma metabolomic
profile was assessed to further explore the effect of our treat-
ment on TBI. Thirty metabolites were found (Figure 7(a)),
which are linked to various pathways including galactose
metabolism, biosynthesis of unsaturated fatty acids, amino
sugar, and nucleotide sugar metabolism. To assess the differ-
ences between our groups, two-way ANOVA was performed
to statistically identify the differences between our groups.
Among these thirty, five metabolites were significantly chan-
ged among groups including hydantoic acid, 11-eicosenoic
acid, hexadecanoic acid, trans-9-octadecanoic acid, and lino-
leic acid revealing uniqueness in its metabolomic profile of
each group. However, linoleic acid was the one that got sig-
nificantly increased after TBI and this outcome was promi-
nently neutralized by combination therapy (Figure 7(b))
suggesting its role in the findings of our study.

4. Discussion

Traumatic brain injury affects millions of people every year
through continual disabilities and mortalities in almost all
age groups from all over the world [44]. Epidemiological esti-
mations predict that TBI-resulted ceaseless debilitation rate
will leave the other ailment-imparted incapacities behind in
the coming decade [45]. Unfortunately, the current advance-
ment in trauma research through the collaboration of multi-

disciplinary professionals is still insufficient to handle this
challenge and TBI continues to be a major burden on global
health and patient’s income.

After any physical damage to the brain, the gradual path-
ophysiological fluctuations take place continuously resulting
in reduced blood flow and oxygenation of brain tissues lead-
ing to BBB damage and edema [46]. The second phase of
damage causes more worsening of neurological function
and may start after minutes or weeks to primary injury. Var-
ious pathways that play a role in this biphasic damage are the
excessive release of glutamate, generation of free radicals due
to mitochondrial dysfunction, and neuroinflammation due
to local and systemic immunoactivation [47].

The amino acid glutamate is released at up to half of syn-
apses in the brain and is known as the main excitatory neuro-
transmitter in the CNS which can act as excitotoxin as of
NMDA and AMPA receptors can result into neuronal dam-
age. Currently, glutamatergic storming is accepted to play a
critical role in grading the severity of TBI [23]. Ketamine
attenuates this excitotoxicity by exhibiting the noncompeti-
tively antagonizing NMDA receptor. Furthermore, it also
improves cerebral vascular flow at subanesthetic doses and
addresses the root cause of excitotoxicity [48]. Ketamine also
causes inhibition of neurotoxic NR2B-comprising NMDA
receptors and this plays a friendly role in neuronal regenera-
tion [49]. On the other side, perampanel rescues the tissue
from damage by antagonizing the AMPA-induced increases
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Figure 7: Plasma metabolomic analysis. A heat map shows thirty identified plasma metabolites (a) and differences in plasma concentrations
of linoleic acid (b). The statistically significant changed metabolites were labeled bold on the heat map (a). All data are expressed as the
mean ± SEM (n = 3‐4). Outcomes of all groups were compared with the No TBI group which is assumed 100%, and comparative statistical
significance ∗P < 0:05 was compared with the TBI group. Two-way ANOVA analysis of normalized values (as percentage of the No TBI
group). ∗P < 0:05 and ∗∗P < 0:01 (Supplementary Raw Data).
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in intracellular Ca2+ which plays a role in glutamatergic
storming [50]. It also plays anti-inflammatory action by sup-
pressing the expression of TNF-α and IL-1β (proinflamma-
tory cytokines) and enhancing the expression IL-10 and
TGF-β1 (anti-inflammatory cytokines) [26]. These might
be the mechanisms through which the ketamine and peram-
panel reversed the deteriorating effects of TBI.

The brain is highly susceptible to oxidative stress due to
its high content of polyunsaturated lipids. As physical trauma
results in impaired circulation and oxygenation of the brain,
there is an increased generation of ROS including nitric
oxide and superoxide [51]. Peroxynitrite is another strong
oxidant generated due to the reaction of nitric acid with
superoxide and causes further impairment in cerebral vascu-
lar function after TBI [52]. This process depletes the natural
antioxidants and peroxidation of lipid membrane and dis-
ruption of mitochondrial electron transport system results
in necrosis and apoptosis. The Nrf2 pathway has been known
as a cellular defense mechanism against oxidative stress that
works by upregulating the phase II enzymes [53]. Ketamine
administration after TBI exerts a neuroprotective role by
combating the oxidative stress through a significant increase
in Nrf2 expression [33]. Additionally, a study has reported
the beneficial effect of perampanel through inhibition of
lipid peroxidation and preservation of endogenous antioxi-
dant reservoirs that work to inhibit TBI-induced oxidative
stress [26].

Local tissue injury can provoke the inflammation
through iNOS expression in cells of vascular smooth muscles
[54] as well as in brain immune cells and endothelial cells at
BBB [55]. The macrophages expressing iNOS can play a role
in the activation of inflammatory events leading to dysfunc-
tion of the blood-brain barrier, and these consequences con-
tribute to the second phase of TBI [56]. The regulation of
iNOS takes place at the transcriptional level, and the pro-
moter region of iNOS gene contains various binding sites
for transcriptional factors including NF-κB [57]. In our
study, treatment of TBI mice with ketamine and ketamine-
perampanel combination demonstrated a significant reduc-
tion in local and systemic expression of NF-κB and iNOS.
This might be due to the antioxidant potential of ketamine
[33] and perampanel [26] as oxidative stress plays a crucial
role in the activation of NF-κB in different cell types [57].

Though a range of behavioral changes is seen as post-
TBI difficulties, impaired cognition and deteriorated learn-
ing are commonest consequences [58]. In the present study,
the TBI mice exhibited impaired memory by demonstrating
reduced alternation behavior in the Y-maze and poor object
identification in the novel object recognition test. However,
these outcomes were improved by ketamine and ketamine-
perampanel combination. Similarly, the animal testing
through the open field test revealed that TBI mice stayed
stationary and anxious with less exploration of field and
avoidance of open areas of apparatus. Treatment with
ketamine-perampanel combination improved the TBI-
deteriorated behavior, and animals showed improved learn-
ing and fearlessness.

Various studies have reported the association of
increased ROS and anxiety [59, 60]. Oxidative stress also

results in cognitive decline as seen in the normal aging
process too [61]. Ketamine and perampanel drugs impart
an inhibitory effect on NF-κB leading to reduced iNOS
expression [62]. These antioxidant influences of test drugs
can be the mechanism through which they improved out-
comes in the behavioral tests. Besides this, ketamine is known
to alter hippocampal cell proliferation as NMDARs play a
role in modulating neurogenesis after TBI [31]. Additionally,
perampanel is also reported to exert the cognition-boosting
effect by reduced neuronal apoptosis [26].

Linoleic acid is one of the major polyunsaturated fatty
acids (PUFA) in mammals which acts as a substrate for
lipoxygenase [63], and the lipid mediators produced are
reported to implicate BBB damage, activation of inflamma-
tory reactions, and dysregulated cerebral flow [64]. It can
be nonenzymatically autoxidized to its hydroperoxides that
work as a source of massive oxidation damaging reactions
in the biological systems [65]. GC/MS-based nontargeted
metabolomics conducted on separated plasma revealed
the elevated level of linoleic acid after acute TBI as previ-
ously reported as well [43]. Linoleic acid is the part of
membrane phospholipids [66] and its elevated levels were
reduced by ketamine-perampanel combination illustrating
their role to reduce the damage to the cellular membrane
either through combating the excitotoxicity or exerting
an antioxidant effect.

5. Conclusion

In the present study, the administration of a subanesthetic
dose of ketamine alone and in combination with perampanel
showed retrieval from a post-TBI behavioral deficit in
C57BL/6J mice. The TBI-resulted overexpression of local
and systemic inflammatory modulators, NF-κB and iNOS,
was positively regulated by test drug combination as well as
ketamine alone. Furthermore, metabolomic studies also sup-
ported the neuroprotective impact of therapy as the reversal
of metabolic changes was observed. These beneficial out-
comes might go through antagonizing the glutamatergic
storming or through suppressing the local as well as systemic
expression of NF-κB and iNOS. The study unveiled the res-
cuing effect of the NMDA receptor antagonist, ketamine,
on TBI, and the outcomes were even much improved by
combining it with the AMPA receptor antagonist, perampa-
nel. This newly investigated polypharmacy could be used as a
therapeutic approach in the management of traumatic brain
injury.
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Introduction. Freezing of ovarian tissue is used for preservation of fertility. The freezing-thawing process is accompanied by
oxidative stress and induction of apoptosis. Apoptosis is a complex process that has been studied in animal models. The present
study was aimed at investigating the effect of selenium on suppression of apoptosis during vitrification-thawing process of mice
ovary via studying expression of apoptosis-related genes, and also, we aimed to design statistical models for the roles of single
genes and gene-gene interactions in suppression of apoptosis. Methods. A total of 10 right ovary samples from 10 mice were
randomly divided into two groups of selenium treatment (at dose 5μg/ml sodium selenite, through adding to the media) and
control group. Vitrification-thawing process was done according to the existed protocols. Real-time PCR was used for gene
expression study. The apoptosis gene profile included P53, Bax, Fas, and Bcl-2. General linear model was applied to study single
gene associations and gene-gene interactions. Results. From the studied genes, P53 showed a significant downregulation in the
selenium group in comparison to the control group (ΔΔCT = 1:96; P = 0:013; relative expression ðREÞ = 0:28). Bcl-2 showed a
significant upregulation in the selenium group in comparison to the control group (ΔΔCT = −2:49; P < 0:001; RE = 3:49). No
significant result was found for other genes. According to the multiple models, Bcl-2 showed a protective single gene association
(beta = −0:33; P = 0:032), and Fas ∗ Bcl-2 interaction was significantly positive (beta = 0:19; P = 0:036). Conclusion. Addition of
selenium to cryomedia of vitrification-thawing process could reduce the apoptosis induced by freezing-thawing stress in mice
ovary via downregulation of P53 and upregulation of Bcl-2 at transcription level. Multivariable statistical models should be
performed in future researches to study biological systems.

1. Introduction

1.1. Background. Some women need to preserve their fertility
for their future life. The most important reason for the neces-
sity of fertility preservation is cancer [1]. During chemother-
apy and radiotherapy, ovaries may be affected by chemical
and physical cytotoxic agents [2]. To solve this problem,
freezing of ovarian samples was suggested [3]. Other than
ovarian samples, sperms and spermatogonial stem cells are
also frozen. There are usually two freezing methods consist

of slow freezing (conventional cryopreservation) and rapid
freezing (vitrification or rapid cryopreservation). Freezing-
thawing process is associated with oxidative stress and cell
damage. Therefore, using additive antioxidants in cellular
or tissue preservation media has been suggested [4].

Selenium is a biological trace element plays a key role in
human metabolism. Selenium is used for synthesis of seleno-
proteins in the liver. This element performs its function as a
component of antioxidant enzymes [5]. Other than nutri-
tional values, selenium has an important role in human
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immune system [6]. Because of the antioxidant effects of sele-
nium, it is widely used in the studies of the animal models of
oxidative stress [7].

Apoptosis is a kind of programmed cell death which is
usually a physiological phenomenon. However, if the micro-
environment of the cells is not suitable, a pathologic apopto-
sis may occur [8]. Freezing-thawing damage is an example of
this unsuitable environmental condition [9]. So far, many
animal studies have been designed to model induction of
apoptosis. For instance, chemotherapeutic agents are used
for induction apoptosis in animal models [10]. In a rabbit
osteoarthritis model, transaction of anterior cruciate liga-
ment was applied for induction of apoptosis in chondrocytes
[11]. Other than in vivo studies, animal cells and tissues are
used in vitro for apoptosis modeling. Freezing-thawing pro-
cess is a common method for induction of apoptosis in a
practical condition [12, 13]. Nevertheless, the exact mecha-
nism of apoptosis induction and apoptosis suppression by
antioxidants is not completely understood.

1.2. Objectives. Since there was a gap in evidence on the role
of supplementation of nutritional elements to cryomedia of
ovarian freezing-thawing process, this study was aimed at
evaluating the role of selenium supplementation on reduc-
tion of apoptosis after vitrification of mice ovarian tissue
through study of apoptosis-related genes including P53,
Bax, Bcl-2, and Fas. In addition, a statistical modeling was
designed to study the roles of single genes and gene-gene
interactions in suppression of apoptosis. Our aims were both
basic and practical.

2. Material and Methods

2.1. Study Design.An experimental study was conducted with
in vitro design. This study consisted of cellular media pro-
cessing and gene expression assay.

2.2. Animals and Study Groups.A total of 10 balb/c mice aged
6-8 weeks were bought from an animal laboratory of Lore-
stan University of Medical Sciences, Khorramabad, Lorestan
Province, West of Iran. After approving the study protocol by
the ethics committee of Lorestan University of Medical Sci-
ences (registration number: IR.LUMS.REC.1397.195), the
animals were imported to the study according to ethical
guidelines for working with laboratory animal. All the ani-
mals were kept at standard condition of light, temperature,
moisture, and nutrition. Pseudopregnancy was induced using
a vaginal swab. The animals were sacrificed with cervical dis-
location. The corpses were kept in supine position and fixed,
and the abdominal hair was shaved. In a sterile condition,
midline excision was conducted from xiphoid to pubis, and
then, peritoneum was excised, and abdominal viscera were
removed. The right ovaries were removed by surgical pans
and knife for the study. The extra tissues around the ovaries
were removed under a stereomicroscope. The ovarian parti-
cles were kept in Dulbecco’s modified eagle medium
(DMEM) culture environment with 10% fetal bovine serum
(FBS). The samples were randomly divided into two groups:
selenium group and control group.

2.3. Sample Processing. Ethylene glycol ficoll sucrose (EGFS)
media was used for vitrification process according to a proto-
col mentioned by Chang et al. [14]. EGFS solution was pre-
pared in a DMEM solvent containing of 40% ethylene
glycol, 30% ficoll 70, and 0.5 mole sucrose. For the selenium
group, 5μg/ml sodium selenite was added to EGFS solution
[15]. Then, the EGFS was filtered with a 0.45μmmillipore fil-
ter and kept at -20°C. After preparation of the solutions EGFS
and EGFS+Se, the ovarian samples were added to the solu-
tions, and after dehydration, they were put in the cryovials.
The dehydration process took about 5 minutes. The cryovials
were put on nitrogen vapor for 30 seconds, and then, they
were put at temperature -196°C in liquid nitrogen. For thaw-
ing process (rapid method), serial concentrations of sucrose
solution were used as 1, 0.5, and 0.25 mole per one litter of
DMEM, and the forth step was pure DMEM. The hydration
process took about 5 minutes. After hydration process, the
ovarian samples were kept in DMEM with 10% FBS, under
CO2 incubator at temperature 37°C for 24 hours. During this
period, the samples were washed for some times. Finally, the
ovarian samples were subjected for RNA extraction and gene
expression study.

2.4. Molecular Assay. Total RNA was extracted using a
column-based RNA extraction kit (Yektatajhiz Azma, Iran).
About 20-30mg of each ovarian tissue was used. The
extracted RNA was preserved in an RNAse free elution solu-
tion. A NanoDrop spectrophotometer was used to read the
concentrations. Then, the extracted RNA was kept at -70°C.
cDNA was synthesized with oligo dT primers using cDNA
synthesis kit (Sina Clone, Iran). Primers were designed with
help of NCBI database (Table 1). GAPDH was used as inter-
nal control. Gene expression was studied via real-time poly-
merase chain reaction (real-time PCR). SYBR green master
mix was used for amplification of the genes. The amplifica-
tion process was observed and documented in Rotor Gene
program. Each gene of each sample was run for 3 times,
and then, the best results were chosen for analysis according
to the melting curves and reaction efficiencies.

2.5. Data Analysis. Amounts of CTs were calculated based on
takeoff and amplification cycles at the exponential phase.
Reaction efficiencies were obtained from REST2009 pro-
gram. ΔCT amounts were calculated via CT of target gene
minus CT of reference gene. ΔΔCT amounts were also calcu-
lated in which one ΔCT was for the treated group and the
other ΔCT was for the control group. Relative expression
(RE) was calculated with Pfaffl’s efficiency calibrated method
in which each ΔCT was defined as CT of sample minus CT
of control for each gene (equation (1)) [16]. RE was also cal-
culated for comparison of apoptosis stimulating genes with
Bcl-2 apoptosis inhibitory gene. For statistical analysis, inde-
pendent t-test was used for comparison of -ΔCTs between
the groups, and one sample t-test was used for comparison
of -ΔΔCTs with zero (as the null hypothesis). In order to
adjust the associations of the target genes and their interac-
tions with Bcl-2 gene, a general linear model was used, and
beta coefficient with 95% confidence interval (CI) was
reported. All the analyses were done before computing RE.
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Heat map was used to cluster the individual sample data. All
the mathematical and statistical process was performed in
the R 3.6.3 software (R foundation for statistical computing,
Austria) [17].

RE =
Etarget
� �−ΔCT sample−controlð Þ

Ereferenceð Þ−ΔCT sample−controlð Þ
, ð1Þ

where E = 2Efficiency ð%Þ:

3. Results

After extraction of RNA, the concentration of RNA was
obtained at range 69.60-79.40 ng/μl. Using 1μl of cDNA
and 1μl of 10 pmol primers resulted in successful amplifica-
tion with one melting peak at a suitable temperature. From
the repetitive reactions, those with better reaction efficiencies
were selected. REs were calculated based on ΔCT(sample-con-

trol) amounts adjusted with the efficiencies while statistical
analyses (and calculation of P values) were done based on
ΔCT(target-reference) and ΔΔCT amounts (Tables 2 and 3).
Our sample size had about 79% power to detect at least two
amplification cycle differences with standard deviation of
one cycle at the point of 5% type one error.

Among the four target genes, P53 showed a significant
downregulation (P = 0:013; RE = 0:28), and Bcl-2 showed a
significant upregulation (P < 0:001; RE = 3:49) in the treated
group. The results of Bax and Fas were nonsignificant and
inconclusive (Table 2) (Figures 1 and 2). In order to assay
overall status of apoptosis with a gene expression approach,
expression of target genes per Bcl-2 was studied. All the target
genes showed downregulation in comparison to Bcl-2 antia-
poptotic gene that the most downregulation was for P53
(RE = 0:08) followed by Bax (RE = 0:25) and Fas (RE = 0:30)
(Table 3) (Figure 3). Clustering of the individual samples
showed similar results in the samples, except for sample 5 of
the selenium group which was clustered in the cluster of the
control group. Clustering of the genes showed that in condi-
tion of apoptosis, Bcl-2 had more expression followed by
P53, Fas, and Bax, of course without considering better effi-
ciency of P53 in our study (Figure 4).

The general linear model was used to reach a per se asso-
ciation of each gene without the confounding effect of other

genes. Accordingly, each unit of increase in ΔCT (i.e., down-
regulation up to two folds) for Bcl-2 was independently asso-
ciated with about 33% reduction in the probability of being in
the selenium-treated group (beta = −0:33; P = 0:032). No sig-
nificant association was found for other genes (Table 4,
model 1) (Figure 5, model 1). Since Bcl-2 had a better per
se association and also was the only antiapoptotic gene, its
interactions with the other target genes were also imported
to the model. Accordingly, Fas ∗ Bcl-2 interaction was posi-
tive (beta = 0:19; P = 0:036). No significant result was
obtained for interactions Bax ∗ Bcl-2 and P53 ∗ Bcl-2. Inter-
estingly, among the single genes, the association of Fas
became significant (beta = −0:81; P = 0:045), and Bcl-2 lost
its significance (Table 4, model 2) (Figure 5, model 2). Fur-
ther addition of other possible interactions to the model
resulted in loss of significance or software error due to low
number of observations (data not shown).

4. Discussion

4.1. Interpretation. The aim of this study was to investigate
mRNA expression profile of apoptosis-related genes in an
animal tissue model of apoptosis induction by vitrification.
This study consisted of the profile response to selenium
administration as an antioxidant and investigation of gene-
gene interactions in the mentioned profile. The practical
aim was to reach a model for fertility preservation in condi-
tions of different human pathologies such as cancers in
young women.

Among the investigated genes, changes in the expression
of P53 and Bcl-2 were statistically significant. Other than sta-
tistical analysis based on the number of PCR cycles (i.e., ΔCT
and ΔΔCT), efficiency calibrated method approved the asso-
ciations of P53 and Bcl-2 (95% CIs of their REs had a remark-
able distance from RE = 1 as a null hypothesis). In addition,
proportions of P53/Bcl-2, Bax/Bcl-2, and Fas/Bcl-2 mRNA
expression were downregulated in the treated group as a
manifestation of the general status of apoptosis at transcrip-
tion level. It demonstrated that in biological systems, propor-
tions of the levels of biomarkers might be more important
than the pure levels to perform their biological functions.

Multivariable and multivariate analyses are a way for a
better discovery and interpretation of biological systems.
According to the heat map, the individual samples were

Table 1: Primer sequences for amplification of cDNA.

Gene Primer sequence (5′-3′) Product length (bp)

GAPDH
Forward: CAATGTGTCCGTCGTGGATCT
Reverse: GTCCTCAGTGTAGCCCAAGATG

208

P53
Forward: GTTTCCTCTTGGGCTTAGGG
Reverse: CTTCTGTACGGCGGTCTCTC

255

Bax
Forward: CGAGCTGATCAGAACCATCA
Reverse: GAAAAATGCCTTTCCCCTTC

277

Fas
Forward: GAGAATTGCTGAAGACATGACAATCC
Reverse: GTAGTTTTCACTCCAGACATTGTCC

314

Bcl-2
Forward: TAAGCTGTCACAGAGGGGCT
Reverse: TGAAGAGTTCCTCCACCACC

344
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clustered in their real groups except one sample of the sele-
nium group that was clustered as the final branch of the con-
trol group. The clustering of the genes demonstrated that
even in condition of apoptosis Bcl-2 had further expression
and in response to antiapoptotic agents its interval with apo-
ptotic genes is increased. According to the general linear
models, only Bcl-2 had an independent association with the
groups of study (in favor of being in the control group, i.e.,
antiapoptotic effect). After adjusting the model with the
interactions of Bcl-2, the only significant associations were
for Fas (in favor of being in the control group, i.e., antiapop-
totic effect) and Fas ∗ Bcl-2 interaction (positive interaction,
i.e., they help each other for upregulation). It showed that

either Fas had a secret effect on upregulation of Bcl-2, or its
secret upregulation was due to a compensatory effect in
response to Bcl-2 upregulation. It was worth noting that the
interaction P53 ∗ Bcl-2 did not have significant interaction
in spite of their significant ratio of expression.

P53 is a tumor suppressor gene involved in both intrinsic
and extrinsic pathways of apoptosis. Therefore, downregula-
tion of P53 is associated with reduction in apoptosis [18, 19].
Bcl-2 is an antiapoptotic protein, and therefore, upregulation
of Bcl-2 is associated with suppression of apoptosis [20]. Pro-
portion of Bax/Bcl-2 is a widely used marker to study apopto-
sis. Downregulation of this proportion at transcriptome level
may indicate downregulation of apoptosis. Das et al. (2007)

Table 2: Expressions of the target genes (selenium group vs. control group).

Gene ΔΔCT (95% CI) One sample P Two sample P Efficiency RE (95% CI)

GAPDH Reference 0.702

P53 1.96 (0.69, 3.22) 0.013∗ 0.013∗ 0.921 0.28 (0.16, 0.47)

Bax 0.22 (-0.66, 1.11) 0.530 0.622 0.728 0.88 (0.78, 1.00)

Fas -0.11 (-1.56, 1.33) 0.838 0.875 0.707 1.06 (0.68, 1.63)

Bcl-2 -2.49 (-3.09, -1.89) <0.001∗∗∗ <0.001∗∗∗ 0.734 3.49 (3.22, 3.78)
∗Significant at 0.05. ∗∗∗Significant at 0.001. CIs of RE were computed using RE formula on lower and upper bounds of ΔCT (sample-control for each gene
separately).

Table 3: Expression of the target genes/Bcl-2 (selenium group vs. control group).

Gene ΔΔCT (95% CI) One sample P Efficiency RE (95% CI)

GAPDH Reference 0.702

Bcl-2 Reference 0.734

P53 4.45 (2.78, 6.11) 0.002∗∗ 0.921 0.08 (0.05, 0.12)

Bax 2.71 (1.97, 3.44) <0.001∗∗∗ 0.728 0.25 (0.24, 0.26)

Fas 2.37 (0.61, 4.14) 0.020∗ 0.707 0.30 (0.21, 0.43)
∗Significant at 0.05. ∗∗Significant at 0.01. ∗∗∗Significant at 0.001.

P53

P = 0.013⁎
Bax Fas Bcl–2

P < 0.001⁎⁎⁎
P = 0.875

P = 0.622

Se Cont Se Cont Se Cont Se Cont

–4

–6

–8

–10

–12

–14

–16

–
Δ

CT

Figure 1: Gene expression comparison in selenium (Se) and control (Cont) groups (independent t-test).
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and Ghiasi et al. (2016) used this ratio via real-time PCR to
detect apoptosis [21, 22]. However, in our study, the mRNA
ratio P53/Bcl-2was more dominant, and the significant inter-
action was for Fas ∗ Bcl-2.

In general, our study showed an antiapoptotic effect for
selenium. The antiapoptotic effect of selenium may be
resulted from its antioxidant effects [23]. A controversial
hypothesis is that anticancer effect of selenium is through
induction of apoptosis [6]. In fact, selenium participates in
DNA repair, and it is resulted from helping antioxidant
enzymes [24].

4.2. Previous Literature. Agrawal et al. (2006) reported that
during freezing-thawing process reactive oxygen species
(ROS) were increased and induced apoptosis [25]. It has been
shown that the effect of ROS on induction of apoptosis is
mainly through activation of P53 [26]. Since in the present
study P53 was downregulated, it seems that protective effect

of selenium may be due to its antioxidant effects. Rimon
et al. (2005) believed that apoptosis is the final response of
cell to inappropriate conditions, and therefore, apoptosis
study is a suitable tool in stressful conditions of freezing pro-
tocols [27].

A lot of researches have been performed on freezing
media of ovary and sperm samples. Slaweta et al. (1988)
had studied the relationship between selenium content of
bull semen with sperm motility after freezing-thawing dam-
age. They found that lower selenium content was associated
with lower sperm motility [28]. Dorostkar et al. (2012) stud-
ied the effect of selenium additive on sperm characteristics in
water buffaloes before and after freezing, and they reached a
better sperm quality [29]. Rezaeian et al. (2016) studied the
effects of selenium (at dose 5μg/ml) on human sperm
parameters after freezing-thawing process. They found a bet-
ter sperm quality and suggested selenium supplementation
for use in laboratories of infertility clinics [15]. Although
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–
ΔΔ

CT

P53 Bax Fas Bcl-2

P = 0.013⁎

P = 0.530

P = 0.838

P < 0.001⁎⁎⁎

Figure 2: Gene expression of the target genes if the treated group calibrated with the control group (one sample t-test).
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–3
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–
Δ
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P = 0.002⁎⁎
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P = 0.020⁎

P53/Bcl–2 (Se vs. Cont) Bax/Bcl–2 (Se vs. Cont) Fas vs Bcl–2 (Se vs. Cont)

Figure 3: Gene expression of the target genes per expression Bcl-2 in the treated group calibrated with the control group (one sample t-test).
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there were many studies on the role of selenium in male
reproduction system, there was not a study on the role of
selenium supplementation in freezing-thawing process of
ovary samples via studying apoptosis-related genes. It was
the novelty of our study in comparison to the literature. Boz-
kurt et al. (2012) had found a protective effect for selenium
on ischemia reperfusion injury in rat ovary via studying oxi-
dative stress indices [30]. Brito et al. (2013) showed protec-
tive effects of selenium in combination with vitamin E on

ovarian samples of monkey via investigating expression of
superoxide dismutase 1 gene [31]. In general, protective
effect of selenium has been observed in many studies like
our study.

4.3. Limitations. Lack of study at proteomic level was the
most important limitation of our study. Also, frozen oocytes
should be studied in future. Although our sample size had an
approximately suitable power for univariable analyses like
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Figure 4: Clustering gene expression in individual samples. (a) -ΔCTs in selenium (Se) and control (Cont) groups. (b) -ΔΔCTs in each treated
sample.

Table 4: General linear model for multiple adjustment of the associations of the genes with being the treated group.

Model/covariate Beta coefficient (95%, CI) Wald test P Residual SE R-squared

Model 1

0.268 0.856

P53 0.01 (-0.28, 0.31) 0.913

Bax 0.06 (-0.29, 0.42) 0.672

Fas 0.06 (-0.20, 0.31) 0.598

Bcl-2 -0.33 (-0.62, -0.04) 0.032∗

Intercept 0.32 (-6.37, 7.01)

Model 2

0.111 0.990

P53 0.10 (-0.60, 0.79) 0.601

Bax 0.64 (-0.92, 2.21) 0.218

Fas -0.81 (-1.58, -0.05) 0.045∗

Bcl-2 -0.91 (-6.80, 4.96) 0.570

Fas∗Bcl-2 0.19 (0.03, 0.34) 0.036∗

P53∗Bcl-2 -0.01 (-0.14, 0.11) 0.646

Bax∗Bcl-2 -0.10 (-0.45, 0.25) 0.342

Intercept 1.10 (-23.37, 25.57)
∗Significant at 0.05 (it is also the interaction sign in the first column). SE: standard error.
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other animal studies, our multiple models needed further
observations to study all the possible interactions with
enough power. However, our models were fit (low residual
standard error) for individual predictions.

5. Conclusion

Addition of selenium at dose 5μg/ml of sodium selenite to
cryomedia of vitrification-thawing process could reduce the
apoptosis induced by freezing-thawing stress in mice ovary.
This effect was thrown downregulation of P53 and upregula-
tion of Bcl-2 at transcription level. According to the multiple
models, Bcl-2 showed a protective single gene association,
and Fas ∗ Bcl-2 interaction was significantly positive. This
study can be performed on human ovary samples in the
patients who are candidate for wedge sample or whole ovary
freezing regarding ethical and legal issues. Multivariable sta-
tistical models should be performed in future researches to
study biological systems.
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Aim. To investigate the different effects on osteolysis between commercial pure Ti particles and TiAl6V4 particles obtained from
prosthesis of patients with aseptic loosening. Method. Scanning electron microscope, energy dispersive X-ray spectrometry, and
X-ray diffraction were used for the size test, chemical composition test, and phase analysis of two kinds of Ti particles.
Microcomputed tomography (micro-CT) and 3-dimensional reconstruction analysis were applied to analyze the bone loss
quantitatively and radiologically. Hematoxylin-eosin (HE) staining and tartrate-resistant acid phosphatase (TRAP) staining were
used to assess the histologic difference. Result. TiAl6V4 particles were constituted by FeO, Al45V7, and Al3Ti while pure Ti
particles were constituted by Ti, Ti3O, and C4H7NO3. Similar particle size of nanoscale was detected of two Ti particles. A
TiAl6V4 osteolysis model had more severe bone loss when scanned with micro-CT and assessed by quantitative analysis.
TiAl6V4 also presented deeper and wider calvarial bone loss in HE staining and more activated osteoclasts in TRAP staining.
Conclusion. A mouse calvarial model is the most effective animal model for the primary in vivo research of aseptic loosening.
Compared with commercial Ti particles, TiAl6V4 particles derived from prosthesis of an aseptic loosening patient had more
severe bone loss and more activated osteoclast, which was more consistent with pathogenesis of aseptic loosening in vivo, had
high success rate of establishment of a model, and was more desired in animal modeling.

1. Introduction

Total joint replacement (TJR) is a highly successful proce-
dure to manage the pain and disability resulted from osteoar-
thritis and fractures, and there are about 1.5 million TJR
procedures performed worldwide each year [1]. Aseptic loos-
ening is the most common long-term cause of TJR failure,
but the underlying mechanism is still unclear [2]. The release
of biomaterial wear particles from prosthesis, which caused
inflammatory response in bone microenvironment, is a
recognized pathogenesis [3]. Since it takes long time of
follow-up to detect aseptic loosening in clinical cases, more
studies focus on cellular and tissue mechanisms, in which
valid in vivo models are urgently needed.

A series of animal models have been used for studying the
biology of aseptic osteolysis, including sheep, dogs, and rab-
bits [4]. However, a mouse model is most widely used, owing
to its low cost of maintenance and diverse options in immune
and genetic features [5]. Three mouse models are now avail-
able, including the air pouch model, the calvarial model, and
intramedullary implant models [5]. Due to the ability to test
the host response in an orthotopic bone site, the rapidity in
developing osteolysis, the availability of quantified images
of bone loss, and the relatively low cost, the calvarial model
is the most widely used for the study of particle-induced
osteolysis [5].

Titanium (Ti), chrome-cobalt (Cr-Co), and polymethyl-
methacrylate (PMMA) particles are most commonly used
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in the studies of aseptic loosening [6]. Those particles are
usually commercially available, which are different from the
wear particles released from prosthesis in patients with asep-
tic loosening. Therefore, we compared the different effects on
osteolysis between commercial pure Ti particles and TiAl6V4
particles obtained from the prosthesis of patients with aseptic
loosening in the present study.

2. Methods

2.1. Preparation of Particles. TiAl6V4 particles were obtained
from the prosthesis of patients with aseptic loosening. The
TiAl6V4 prosthesis was placed in a fabricated high-
vacuum three-electrode direct current under 10-3 Pa vacuum,
0.04MPa argon and hydrogen 3 : 2 (v/v), and 650A cathode
current (Figure 1) [7]. The pure Ti particles were commer-
cially available from the LINK Company. The particles were
suspended in phosphate-buffered saline (PBS) at a concen-
tration of 50mg/mL as a stock solution.

2.2. Scanning Electron Microscope and Chemical Composition
Test. The TiAl6V4 and pure Ti particles were first put into a
vacuum drying oven (DZF-6012) at 133Pa and 80°C for 12 h.
After dehydration, the particle samples were adhered on the
conductive adhesive, which were pasted on the tin plate.
The samples were scanned by a field emission scanning elec-
tron microscope (Carl Zeiss AG, Merlin, Germany), and the
images were obtained by assorted software. Chemical com-
position of tested particles was characterized by assorted
energy dispersive X-ray spectrometry.

2.3. X-Ray Diffraction. The TiAl6V4 and pure Ti particles
were sent to the Medical Device Research and Testing Center
of South China University of Technology for phase analysis
via X-ray diffraction (Malvern Panalytical, Empyrean, UK).

2.4. Murine Calvarial Osteolysis Model. The murine calvarial
osteolysis model is widely used to study the pathogenesis of
aseptic loosening. Six-week-old C57BL/J6 mice (6 mice for
each group) were first anesthetized and placed in a prone
position. Then, the skin of the cranium was incised along

the line between the two eyes and ears, and the cranial peri-
osteum was removed by sharp dissection. 50μL of metal
particle (TiAl6V4 and pure Ti) suspension (50mg/mL, in
PBS) was embedded in the middle of the calvarias. 50μL
of PBS was applied as a sham group. After 2 weeks, all the
mice were sacrificed, and the calvarias were harvested for
further experiments. The research protocol was approved
by the ethics committee of Guangdong Provincial People’s
Hospital, China.

2.5. Microcomputed Tomography (micro-CT) and 3-
Dimensional Reconstruction Analysis. The calvarial caps of
PIO murine models were analyzed by micro-CT scanning
(SkyScan, Belgium) as previously reported [8]. 550mA and
45 kV of X-ray energy and 18mm resolution were set in the
scanning. Quantitative analysis was performed in region
around the midline after 3-dimensional reconstruction by
assorted software. The analysis parameters included bone
mineral density (BMD), bone volume/total volume (BV/TV),
total porosity percentage, trabecular number (Tb.N), trabec-
ular thickness (Tb.Th), and trabecular separation/spacing
(Tb.Sp).

2.6. Histologic Staining. The calvarias of PIO murine models
were first decalcified in 15% EDTA-PBS solution and then
embedded in paraffin and sliced in the midline area where
particle deposits. Hematoxylin-eosin (HE) staining (Beyo-
time, C0105, China) was used to observe overall pathological
characteristics. Tartrate-resistant acid phosphatase (TRAP)
staining (Sigma, 387A, USA) was used to detect osteoclasts
activation. All the histologic staining was photographed with
a light microscope (Nikon, C2+, Tokyo, Japan).

2.7. Statistical Analysis. All the data was analyzed by the
SPSS22.0 software (SPSS, Chicago, IL) and were presented
as the mean ± standard error of the means. The differences
between different groups were analyzed by the Brown-
Forsythe test. P < 0:05 was considered as a significant
difference.

(a) (b)

Figure 1: The prosthesis of patients with aseptic loosening (a) and TiAl6V4 particles (b) obtained from it.
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3. Results

3.1. The Difference of Physical Characteristics between
TiAl6V4 and Pure Ti Particles. The size of metal particles
appeared ranging between 54.79 nm and 153.82 nm for
TiAl6V4 particles and 53.14nm to 159.44nm for pure Ti par-
ticles from scanning electron microscope images (Figure 2).
The chemical compositions of TiAl6V4 and pure Ti particles
are shown in Table 1. When analyzed with X-ray diffraction,
the main phases of TiAl6V4 particles were constituted by
FeO, Al45V7, and Al3Ti while pure Ti particles were consti-
tuted by Ti, Ti3O, and C4H7NO3 (Figure 3).

3.2. Radiologic Difference between Two Ti Particle-Induced
Calvarial Osteolysis Models. As shown from both 3-
dimensional reconstruction images and representative coro-
nal photographs at the cross-section of micro-CT scanning,
significant bone loss was observed in both the TiAl6V4 and
pure Ti groups when compared with the sham group
(Figure 4). However, the TiAl6V4 group had more severe

bone loss compared with the pure Ti group. Further quanti-
tative analysis also revealed significant reduction of BMD,
BV/TV, and Tb.Th and increase of total porosity and Tb.Sp
in the TiAl6V4 group when compared with the pure Ti group
(Figure 5).

3.3. Histologic Characteristics of Two Ti Particle-Induced
Calvarial Osteolyses. To further investigate the histologic dif-
ference of two osteolysis models, HE staining was applied. As
shown in Figure 6, the TiAl6V4 particle-induced osteolysis
model exhibited deeper and wider calvarial bone loss when
compared with the pure Ti model. Furthermore, the osteo-
clasts were more activated in the TiAl6V4 group when stain-
ing with TRAP (Figure 7).

4. Discussion

The data from the present study revealed that compared with
the commercial pure Ti osteolysis model, the TiAl6V4 osteo-
lysis model had more severe bone loss when scanned with

54.79 nm

108.64 nm

153.82 nm

100 nm

(a)

53.14 nm

83.56 nm

159.44 nm

100 nm

(b)

Figure 2: Scanning electron microscope of two Ti particles: (a) TiAl6V4 particles and (b) pure Ti particles.

Table 1: Chemical composition of TiAl6V4 and pure Ti particles.

Element
TiAl6V4 Pure Ti

Normalized mass (%) Atomic percent (%) Normalized mass (%) Atomic percent (%)

Ti 28.70 9.78 67.52 37.64

C 57.84 78.57 10.39 23.11

N – – 10.97 20.90

O 10.22 10.42 10.83 18.07

Si 0.03 0.02 0.29 0.27

Al 0.73 0.44 — —

V 1.92 0.62 — —

Co 0.55 0.15 — —
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micro-CT and significant reduction of BMD, BV/TV, and
Tb.Th and increase of total porosity and Tb.Sp after further
quantitative analysis. Regarding histologic characteristics,
TiAl6V4 also presented deeper and wider calvarial bone loss
in HE staining and more activated osteoclasts in TRAP
staining.

Wear particle-induced aseptic loosening is considered
the main cause of long-term failure in TJR, which leads to
surgical revision and huge economic burden in public health.
In this regard, thorough understanding of pathophysiology
of aseptic loosening is vital for therapeutic development,
and appropriate animal models are essential for the
researches. A series of animals have been used for this
purpose, including dogs, sheep, rabbits, and mice. In a
large animal model (including dogs and sheep), total hip
arthroplasty is usually applied, and different kinds of alloy

femoral component are implanted. The animals were
allowed full ambulation postoperatively and sacrificed after
26-52 weeks [9, 10]. For the rabbit model, both total hip
arthroplasty and drug test chamber, which are implanted
at the level of the cortex in the proximal medial tibial
metaphysis and connected with a diffusion pump, were
used [11]. By simulating the TJR procedure on animal
models, the behavior of the implant in the host is able
to be understood globally. However, since the high cost
of maintenance, long term in modelling, and difficulties
in therapeutic interventions, they are not the most used
animal models for primary in vivo research [5]. A mouse
model, owing to its low cost of maintenance, short term
in modelling, and the facility to reach sufficient numbers
of subjects to strengthen statistical results, is the most
effective alternative [12].
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Figure 3: X-ray diffraction of two Ti particles: (a) TiAl6V4 particles and (b) pure Ti particles.

Pure TiTiAl6V4Sham

5 mm 5 mm 5 mm

5 mm 5 mm 5 mm

Figure 4: Microcomputed tomography with 3-dimensional reconstruction of calvarial caps from the murine osteolysis model induced by PBS
(sham), TiAl6V4, and pure Ti particles. Three-dimensional reconstruction images appear in the first row, and the white horizontal line
indicates the location of cross-sectional image in the second row.
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Two main mouse methods are mostly used for wear
particle-induced osteolysis, namely, air pouch and calvarial
models. In the air pouch model, subcutaneous space, which
is called as the air pouch, is first established. Then, wear par-
ticles (including metal and polymeric biomaterial) are intro-
duced in the air pouch, as well as implantation of the bone
tissue [13]. This model is mainly served as an initial proof
of concept in the targeting of anti-inflammatory or antire-
sorptive events related to particle-induced osteolysis [5].
However, since the bone implantation is nonvascular and
has no biological activity, it is difficult to assess the direct
interactions between particles and the bone tissue. The cal-
varial osteolysis model has several superiorities over the air
pouch model. First, the calvarium is vascular, and the parti-
cles are exposed to the calvaria directly, which makes it pos-
sible to assess interactions between wear particles and bone

homeostasis [14, 15]. Second, micro-CT or histologic stain-
ing can be used to quantitatively assess the bone loss, both
radiologically and biologically [16]. Third, transgenic and
gene knockout mice can be used to investigate the relation-
ship between wear particles and bone loss [17, 18].

Previous studies often focus on the methods of modeling;
the sources of wear particles are seldom investigated. In the
present study, we explored the difference of different sources
of particles, including commercially purchased and derived
from prosthesis of aseptic loosening. Our data shown that
the TiAl6V4 model had deeper and wider calvarial bone loss
and more activated osteoclast when compared with 0the
commercial pure Ti model, in spite of similar particle size
of nanoscale. The TiAl6V4 particles derived from Ti prosthe-
sis of aseptic loosening patient had more complicated com-
ponents when compared with commercial one, which may
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Figure 5: Quantitative analysis of osteolysis in calvarial caps from murine osteolysis model induced by PBS (sham), TiAl6V4, and pure Ti
particles: (a) bone mineral density (BMD); (b) bone volume/total volume (BV/TV); (c) total porosity percentage; (d) trabecular number
(Tb.N); (e) trabecular thickness (Tb.Th); (f) trabecular separation/spacing (Tb.Sp).
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account for the different biological response of calvarial
osteolysis model in part. Aluminum had toxicity on bone
metabolism, including collagen synthesis and matrix miner-
alization [19]. The application of aluminum also reduced
elastic modulus and stress, indicators of bone material intrin-
sic properties [20]. The exposure of metal ions (including
titanium, aluminum, and vanadium) led to a reduction in cell
viability, higher rates of early apoptosis, and upregulated
expression of inflammatory cytokines and RANKL in osteo-
blasts [21]. Our previous study used TiAl6V4 and Cr-Co par-
ticles derived from the prosthesis of aseptic loosening patient
for the osteolysis model and found novel mechanisms and

potential treatment of aseptic loosening, such as Sirtuin
1-mediated protein acetylation [8, 22], autophagy [16],
and hydrogen sulfide [23]. The biological responses of dif-
ferent sources of wear particles need further investigation.

In conclusion, aseptic loosening is the most common
long-term cause of TJR failure, in which cellular and tissue
mechanisms are not clear and valid in vivo models are
urgently needed. A mouse calvarial model is the most effec-
tive animal model for the primary in vivo research of aseptic
loosening. Compared with commercial Ti particles, TiAl6V4
particles derived from prosthesis of an aseptic loosening
patient had more severe bone loss and more activated osteo-
clast, which was more consistent with pathogenesis of aseptic
loosening in vivo, had high success rate of establishment of
model, and was more desired in animal modeling.
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Acute pancreatic injury can be related to both parenchymal (responsible for exocrine functions) and islet (mainly β-cells,
responsible for endocrine functions) damage. During embryonic development, both the salivary glands and the pancreas
originate from the foregut, which explains many of the observed histological and functional similarities between these two
organs. The relationship between several diseases of the pancreas and salivary glands, resulting from morphological and
functional similarities, is well established. Sphingolipids constitute a class of biologically active molecules involved in numerous
physiological and pathological processes, including acute pancreatitis (AP) and diabetes mellitus. However, the effect of AP on
sphingolipid metabolism in the salivary glands remains uncertain. In the presented study, we examined the effect of AP and
type 1 diabetes mellitus on sphingolipid metabolism in the salivary glands of rats. We demonstrated that acute pancreatic injury,
related to both exocrine and endocrine functions, affects the metabolism of sphingolipids in the parotid, but not submandibular,
salivary glands.

1. Introduction

The salivary glands of mammals are exocrine glands, the
main function of which is saliva production. Both in humans
and rodents, three pairs of macroscopic glands—parotid,
submandibular, and sublingual—have been described [1].
Interestingly, during embryonic development, both the sali-
vary glands and the pancreas originate from the foregut,
which explains many of the observed histological and func-
tional similarities between these two organs [2, 3]. The secre-
tory end pieces of the salivary glands as well as the pancreas
are the acini which produce and secrete saliva or pancreatic
juice and bicarbonates into the ductal system of each gland
[4]. The second resemblance between the described organs
is the secretion of the digestive enzyme α-amylase in both

the pancreas and the salivary glands [5]. In addition to exo-
crine function, the pancreas also serves as an endocrine
gland, stabilizing the blood glucose level by the release of
insulin, a hormone produced by beta-cells (β-cells) in the
islets of Langerhans.

Acute pancreatic injury can be related to both parenchy-
mal (responsible for exocrine functions) and islet (mainly β-
cells, responsible for endocrine functions) damage. In the
presence of the former, the disease called acute pancreatitis
(AP) is one of the most common gastrointestinal disorders.
The reported annual incidence of AP ranges from 4.9 to 35
cases per 100,000 people [6]. Pancreatic inflammation
activates a cytokine cascade, which often leads to the devel-
opment of systemic inflammatory response syndrome (SIRS)
[7]. A prolonged duration of SIRS increases the risk of
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multiorgan dysfunction syndrome (MODS), a condition
associated with a high mortality rate of up to 39% [8].

It has been observed that AP tends to coincide with type 1
diabetes mellitus (T1DM). It was estimated that up to 40–
60% of patients with severe AP develop T1DM [9]. On the
other hand, the risk of AP increases in only 1% of T1DM
patients [9]. The presented data indicate a strong relationship
between AP and T1DM considering the common pathogen-
esis of these diseases. However, the pathogenesis of AP and
T1DM has not been thoroughly explained. It is believed that
one of its possible factors may be alterations in sphingolipid
metabolism, which has been recently proven in both human
and animal models [10, 11].

Sphingolipids (Figure 1) constitute a class of biologically
active molecules with a well-established involvement in
numerous physiological and pathological processes [12, 13].
Ceramide, which is a central molecule and the main messen-
ger of the sphingomyelin signaling pathway, is a lipid particle
able to stimulate and regulate the activities of numerous
enzymes [13–15]. To name just a few, (1) an overaccretion
of ceramide has been shown to activate PP2A (protein
phosphatase 2A), which impairs the insulin signaling path-
way by dephosphorylation of threonine and serine molecules
in PKB (protein kinase B) [16, 17], and (2) it is postulated
that ceramide activates JNKs (c-Jun N-terminal kinases)
and IKK (inducer of κ kinase), i.e., the enzymes playing a
pivotal role in response to stress stimuli and development
of inflammation [18].

Intracellular ceramide primarily originates from the de
novo synthesis pathway or follows hydrolysis of sphingo-
myelin [19]. The activation of the sphingomyelin signaling
pathway was proven to be involved in the regulation of cell
differentiation, proliferation, or even necrosis as well as
programmed cell death (apoptosis) [17, 20]. On the other
hand, ceramide downstream metabolite sphingosine-1-
phosphate (S1P) presents the antagonizing effect on
ceramide, forcing it to inhibit cell proliferation, apoptosis,
and angiogenesis [14].

Recently, several studies concerning salivary gland lipid
metabolism in the course of metabolic diseases have been
performed. First of all, Matczuk et al. [21] observed that insu-
lin resistance resulting from a chronic high-fat diet evokes
the accumulation of triacylglycerides accompanied by a
reduced phospholipid level in the salivary glands of rats
[21]. Similar disturbances in lipid metabolism in the salivary
glands of rats were observed in the course of streptozotocin-
induced diabetes [22]. It was evidenced that the aforemen-
tioned changes led directly to salivary gland atrophy and
progressive malfunction of the organ. Finally, in the study
published by Garbowska et al. [23], activation of the sphingo-
myelin signaling pathway was observed in the salivary glands
of rats in the course of type 1 diabetes induced by streptozo-
tocin. The authors cited above also demonstrated inhibited
sphingomyelin signal transduction in the salivary glands of
rats subjected to chronic high-fat diet feeding [23]. However,
the effect of AP on sphingolipid metabolism in the salivary
glands remains unclear. To fulfill this gap of knowledge,
we conducted an animal study on cerulein-induced AP
and streptozotocin-induced type 1 diabetes to assess the

sphingolipid metabolism in the parotid and submandibular
salivary glands.

2. Materials and Methods

2.1. Protocol of the Experiment. The implemented experi-
mental procedures were approved by the Local Ethical
Committee for Animal Experiments of the Medical
University of Bialystok. The studies were performed on the
male Wistar rats obtained from a licensed breeder (age = 6
weeks, weight = 190 – 240 g). The rats were obtained from
the MUB’s Center for Experimental Medicine—certified by
the Polish official agencies (https://www.umb.edu.pl/o_
uczelni/centrum_medycyny_doswiadczalnej). The rodents
were provided with the following conditions: stable tempera-
ture (21–22°C) and humidity and a 12/12 h light-dark cycle.
All rats had unrestricted access to food and water. At the
beginning of the experiment, the animals were randomly
divided into 3 study groups:

(1) Control (C) (n = 10)
(2) Acute pancreatitis (AP) (n = 10)
(3) Streptozotocin-induced diabetes (T1DM) (n = 10)

The rats assigned to the AP (acute pancreatic) group
received cerulein (Sigma-Aldrich) at a dose of 50μg/kg of
body weight, diluted in 1mL of saline solution and adminis-
trated in two intraperitoneal injections with 1-hour interval
in accordance with the previously described method [11].
The occurrence of AP was then confirmed by assessing
serum amylase and lipase activities 24 hours after the
cerulein injections.

The animals from the T1DM (type 1 diabetes mellitus)
group received streptozotocin (Sigma-Aldrich) dissolved in
citrate buffer, pH5.4, at a dose of 60mg/kg of body weight,
administrated in an intraperitoneal injection according to
the previously described method [15]. The injection was per-
formed upon an overnight fasting 2 days prior to the planned
final day of the experiment. The development of type 1 diabe-
tes was then confirmed by measuring fasting glucose level 48
hours after streptozotocin administration.

The animals assigned to group C received intraperitone-
ally 1mL of saline solution serving as a placebo.

At the end of the study (48 hours after the cerulein or
streptozotocin injection), all rats were anesthetized after
overnight fasting by an intraperitoneal pentobarbital injec-
tion at a dose of 80mg/kg body weight and then sacrificed.
The samples of both the parotid (PSG) and submandibular
(SMSG) salivary glands were excised, immediately frozen
between aluminum clamps, precooled in liquid nitrogen,
and stored at -80°C until further assays. Blood samples
taken from the abdominal aorta were stored at -80°C until
further analyses.

2.2. Serum Analyses. The activities of serum amylase and
lipase as well as the concentration of serum C-reactive
protein (CRP) were measured using commercially available
laboratory kits (Abbott, USA). The serum glucose level was
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evaluated with Accu-Chek blood glucose meter (Bayer,
Germany). Serum insulin concentration was measured using
the chemiluminescence method with a commercial kit
(Abbott, USA).

2.3. Concentration of Sphingomyelin (SM) in the Salivary
Glands. At the beginning of the procedure, tissue samples
were pulverized in a precooled aluminum mortar and trans-
ferred to tubes containing a solution of methanol and antiox-
idant (0.01% butylated hydroxytoluene). Then, lipid
fractions were isolated in accordance with the method
described in the work by Łukaszuk et al. [24]. Sphingomyelin
was extracted using thin-layer chromatography (TLC). The
gel bands were scraped off the plates upon examining their
reference to the standards and transferred into tubes contain-
ing pentadecanoic acid used as an internal standard. After
transmethylation, fatty acid components of sphingomyelin
were analyzed using gas-liquid chromatography (GLC). The
Hewlett-Packard 5890 Series II system equipped with a
double flame-ionization detector and Agilent CP-Sil 88
capillary column was implemented. Total sphingomyelin
concentration was expressed as the sum of individual fatty
acid species (in nM/g of the tissue).

2.4. Concentration of Ceramide (Cer) in the Salivary Glands.
Ceramide content in the salivary glands was assessed using

the method described by Garbowska et al. [23]. Briefly, a
small portion of the chloroform phase was transferred to a
fresh tube containing C17 sphingosine (Avanti Polar Lipids,
UK) used as an internal standard. The organic phase contain-
ing ceramide was then hydrolyzed at 90°C for 60 minutes in
the solution of 1M KOH in 90% methanol. The obtained
sphingosine was subsequently analyzed using the high-
performance liquid chromatography (HPLC) technique. N-
Palmitoylsphingosine (Avanti Polar Lipids, UK) was applied
as a standard for the preparation of the calibration curve. The
assessed amount of ceramide was adjusted with respect to the
level of free sphingosine in the sample.

2.5. Concentrations of Sphinganine (SFA), Sphinganine-1-
Phosphate (SFA1P), Sphingosine (SFO), and Sphingosine-1-
Phosphate (S1P) in the Salivary Glands. The concentrations
of the abovementioned sphingolipids were measured in
accordance with the method described by Min et al. [25].
At the beginning of the procedure, prior to the homogeniza-
tion and ultrasonication of the samples, internal standards
(C17 sphingosine and C17 sphingosine-1-phosphate)
(Avanti Polar Lipids, UK) were added. Sphingoid bases were
converted to their o-phthalaldehyde derivatives and then
examined with a HPLC system (ProStar, Varian, Inc., USA)
equipped with a fluorescence detector and reversed-phase
C18 column (Varian, Inc., OmniSpher 5, 4:6 × 150mm).
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Sphingosine-1-phosphate

Sphingomyelin

Serine +
palmitoyl CoA
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Ceramide
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O 6
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Figure 1: Schematic representation of the sphingomyelin signaling pathway. SPT: serine palmitoyl transferase; 3-KR: 3-ketosphinganine
reductase; CS: ceramide synthase; DD: dihydroceramide desaturase; S1PP: sphingosine-1-phosphae phosphatase; SMS: sphingomyelin
synthase; SMase: sphingomyelinase.
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2.6. Statistical Analysis. The results were presented as mean
± standard deviation (SD). Statistical differences between
the groups (n = 10) were assessed using ANOVA with a sub-
sequent post hoc test (Tukey HSD). Statistical significance
was assumed at the level p < 0:05.

3. Results

3.1. Activities of Serum Amylase and Lipase: Concentrations
of Serum C-Reactive Protein, Glucose, and Insulin (Table 1).
Rats from group AP were characterized by significantly
intensified activities of amylase and lipase compared to both
groups C (+1.47 fold and +5.67 fold, respectively, p < 0:05)
and T1DM (+1.64 fold and ~5 fold, respectively, p < 0:05).
In group AP, serum CRP content was elevated in comparison
with groups C (+10 fold, p < 0:05) and T1DM (+7.26 fold, p
< 0:05). Furthermore, we noticed a significant increase in
serum glucose in the T1DM group compared to both groups
C (+4.1 fold, p < 0:05) and AP (+3.55 fold, p < 0:05). On the
other hand, markedly decreased serum insulin concentration
(below the detection level) was observed in T1DM rats com-
pared to both groups C (p < 0:05) and AP (p < 0:05).

3.2. Concentration of Sphingomyelin in the Salivary Glands
(Tables 2 and 3). In both the submandibular and parotid sal-
ivary glands, there were no differences in SM content
between groups C and AP. However, a significant decrease
in SM was noticed in group T1DM compared to C (-28%
and -26% for submandibular and parotid salivary glands,
respectively, p < 0:05) as well as in T1DM compared to AP
(-29% and -24% for the submandibular and parotid salivary
glands, respectively, p < 0:05).

3.3. Concentration of Ceramide in the Salivary Glands
(Tables 2 and 3). In the SMSG, no significant differences in
ceramide concentrations between any of the examined
groups were observed. However, T1DM rats were character-
ized by a dramatic reduction in ceramide content in PSG
compared to both groups C (-84%, p < 0:05) and AP (-89%,
p < 0:05).

3.4. Concentration of Sphingosine in the Salivary Glands
(Tables 2 and 3). There were no significant differences in
SFO contents in SMSG of groups C and AP. However, in
T1DM rats, we noted an increased SFO level in comparison
with group C (+33%, p < 0:05). In PSG, the concentrations
of SFO were considerably elevated in both groups AP
(+26%, p < 0:05) and T1DM (+23%, p < 0:05) compared to
group C.

3.5. Concentration of Sphinganine in the Salivary Glands
(Tables 2 and 3). In the SMSG, there were no differences in
sphinganine concentration between groups C and AP.
However, we noticed a significant reduction in SFA content
in SMSG of T1DM rats compared to group C (-48%,
p < 0:05). In PSG, we observed a considerable increase of
SFA content in both groups AP (+62%, p < 0:05) and
T1DM (+138%, p < 0:05) compared to group C.

3.6. Concentration of Sphingosine-1-Phosphate in the Salivary
Glands (Tables 2 and 3). No differences in S1P concentration
in SMSG between groups C and AP were observed. However,
rats from the T1DM group were characterized by a signifi-
cant reduction in the S1P level compared to both groups C
(-43%, p < 0:05) and AP (-30%, p < 0:05). In PSG of T1DM
rats, the concentration of S1P was considerably elevated
compared to both groups C (+53%, p < 0:05) and AP
(+24%, p < 0:05). In PSG, S1P content was markedly
decreased in AP rats (-47%, p < 0:05) compared to group C.

3.7. Concentration of Sphinganine-1-Phosphate in the
Salivary Glands (Tables 2 and 3). There were no differences
in SFA1P content in SMSG between groups C and AP.
However, in T1DM rats, we observed a significantly reduced
level of SFA1P compared to both groups C (-38%, p < 0:05)
and AP (-50%, p < 0:05). On the other hand, SFA1P concen-
tration in PSG was markedly elevated in both AP (+70%,
p < 0:05) and T1DM (+30%, p < 0:05) groups compared to
group C.

4. Discussion

Our study investigates the relationship between the salivary
gland sphingolipid signaling pathway in acute pancreatitis
and streptozotocin-induced experimental diabetes. The pan-
creas and salivary glands have a similar anatomical structure
as a consequence of their analogous embryonic development.
It has been demonstrated that both the pancreas and the sal-
ivary glands are formed as a result of a controlled sequence of
epithelial-mesenchymal mutual interactions. Moreover, both
these types of glands serve a comparable function: they pro-
duce fluid rich in bicarbonates containing digestive enzymes
and other ingredients to be delivered into the gut [26].

The relationship between several pancreatic and salivary
gland diseases, resulting from morphological and functional
similarities between these organs, is well established. First,
it was demonstrated by Kamisawa et al. [26] that chronic
pancreatitis of various etiologies frequently impairs the secre-
tory function of the salivary glands, resulting in hyposaliva-
tion [26]. What is more, autoimmune diseases, such as
autoimmune pancreatitis or IgG4-related disease, lead to
progressive fibrosis and functional disturbances in both the

Table 1: Effect of acute pancreatic injury on changes in amylase and
lipase activities, C-reactive protein, glucose, and insulin
concentrations in serum (mean ± SD).

Parameter C AP DMt1

Amylase (IU) 1148 ± 73 2831 ± 387∗ 1072 ± 54
Lipase (IU) 98 ± 17 654 ± 275∗ 110 ± 29
CRP (mg/L) 7:6 ± 3:2 84:3 ± 18:2∗ 10:2 ± 4:8
Glucose (mg/dL) 103:2 ± 17 115:4 ± 28 525 ± 46∗#

Insulin level (µU/mL) 4:8 ± 1:2 4:4 ± 2:6 nd

C: control; AP: cerulein-induced acute pancreatitis; DMt1: streptozotocin-
induced diabetes mellitus type 1. ∗p < 0:05 compared with the C group,
#p < 0:05 compared with the AP group. CRP: C-reactive protein; nd: non
detected.
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pancreas and the salivary glands [27]. In addition, Gokel et al.
[28] found that toxic organophosphates induce not only
acute pancreatitis (AP) but also parotitis—a state of inflam-
mation affecting the parotid salivary glands [28]. It is worth
mentioning at this point that viral infections, especially mea-
sles, which typically induce an inflammatory state in the
salivary glands, can also affect the pancreas, leading to severe
AP with a potentially fatal course [29]. On the other hand, in
a study by Benini et al. [30] on lactoferrin concentration in
saliva, no difference was observed in the saliva lactoferrin
level between healthy subjects and patients with pancreatic
cancer or chronic pancreatitis [30].

The relationship between acute pancreatitis and alter-
ations in sphingolipid metabolism has attracted much
attention in the recent decade. In the first study concerning
the subject, Li et al. [31] observed the activation of
sphingosine-1-kinase (SPHK1) enzymatic activity with
concomitant increased S1P concentration in blood cells
(neutrocytes, monocytes, and lymphocytes) obtained from
the peripheral blood of patients with a severe form of AP.
Furthermore, the authors demonstrated a positive correla-
tion between S1P level and AP severity. Finally, they revealed
reduced expression of SPHK1 to its baseline level during AP
restoration, which suggests that S1P concentration could act
as a marker of the disease activity [31]. These observations
were recently confirmed in a study published by Konończuk
et al. Briefly, in the rodent model of AP, it was noted that S1P
concentration in pancreatic tissue samples was considerably
elevated compared to the control group [11]. A similar incre-
ment was observed in the centrifuged plasma of patients with
a severe form of AP [10]. Interestingly, S1P synthetic ana-
logue, fingolimod, may represent a novel therapeutic strategy
in preventing AP and its complications [32, 33]. However,
the question whether AP leads to disturbances in the metab-
olism of sphingolipids in the salivary glands, which are
morphologically and functionally similar to the pancreas,
remains unanswered.

In the presented study, we used a widely accepted animal
model of cerulein-induced AP in order to examine sphingo-
lipid metabolism in the salivary glands in the course of the
disease. Cerulein is a cholecystokinin analogue that triggers

AP via premature activation of trypsinogen within acinar
cells, leading to excessive stimulation of pancreatic exocrine
secretion [34]. In addition, there are no published data
suggesting that cerulein stimulates the secretion of salivary
amylase. Rats from our experiment were characterized by a
significant increase in both amylase and lipase activities.
These observations confirmed the development of AP and
are consistent with the previously published results [35].
Furthermore, we noticed a considerable increase in CRP
blood content in rats with cerulein-induced AP, which also
confirms the previously published data. Increased CRP
concentration is considered one of APmarkers; it is therefore
not surprising that in our experiment, we observed signifi-
cantly elevated CRP concentration, as also evidenced by
other researchers [36].

The most important and novel findings of our study were
the observed changes in sphingolipid metabolism in the sali-
vary glands in the course of AP and streptozotocin-induced
diabetes. We narrowed our interests to two major types of
salivary glands: the parotid and submandibular ones, which
contribute up to 85% of unstimulated saliva flow (65% and
20% from the submandibular and parotid salivary glands,
respectively) [37]. Surprisingly, we found no changes in the
levels of particular sphingolipids in SMSG in the course of
acute pancreatitis. In PSG, however, we observed signifi-
cantly elevated levels of ceramide de novo synthesis precur-
sors, sphinganine, and sphinganine-1-phosphate. The level
of sphingosine, a downstream metabolite of ceramide, was
also increased. On the other hand, S1P content remained
decreased, which seems to contradict the elevated S1P level
observed in the pancreatic tissue samples in the course of
AP [11]. Finally, we demonstrated some changes in the con-
tent of particular sphingolipids in the salivary glands in the
course of type 1 diabetes. In the sole paper on the aforemen-
tioned subject, Garbowska et al. [23] showed diversity in
sphingolipid metabolism depending on the type of salivary
gland [23]. Briefly, the cited authors showed increased S1P
and SFA1P levels in streptozotocin-treated rats vs. control
animals in the submandibular glands, while in the presented
study, we found a decrease of the said sphingolipid particles.
The same changes were noted in the parotid glands in which
a significant upregulation of S1P, SFA, and SFO was
observed, while in the study by Garbowska et al. [23], no
changes were reported. Furthermore, we demonstrated
considerably elevated levels of downstream metabolites of
ceramide as well as SFO and S1P in PSG and decreased S1P
content in SMSG. The parotid and submandibular glands
represent two different types of metabolism: oxidative
(PSG) and glycolytic (SMSG) [38]. The latter appears impor-
tant given a different response pattern observed in some
different tissues like skeletal muscles [12] and the salivary
glands [22] in diabetic animals and at least partially explains
the aforementioned differences.

Thus, we were the first to explore and describe the notion
that acute pancreatic injury, both related to exocrine and
endocrine functions, affects sphingolipid metabolism in the
parotid, but not submandibular, salivary glands. This is in
contrast to streptozotocin-induced diabetes, which could be
associated with changes in the sphingolipid composition in

Table 2: Effect of acute pancreatic injury on sphingolipid
concentration in the submandibular salivary gland (mean ± SD)
(pmol/mg, except for sphingomyelin which is expressed in nmol/g).

C AP DMt1

SM 1528:85 ± 71:489 1556:69 ± 123:471 1108:07 ± 82:822∗#

CER 227:85 ± 53:82 210:61 ± 35:967 239:05 ± 90:151
SFO 3:8 ± 0:44 4:42 ± 1:145 5:06 ± 1:385∗

SFA 0:31 ± 0:037 0:32 ± 0:073 0:16 ± 0:038∗#

S1P 0:28 ± 0:117 0:23 ± 0:065 0:16 ± 0:038∗#

SFA1P 0:26 ± 0:042 0:32 ± 0:091 0:16 ± 0:046∗#

C: control; AP: cerulein-induced acute pancreatitis; DMt1: streptozotocin-
induced diabetes mellitus; ∗: vs. C (p < 0:05); #: vs. AP (p < 0:05). SM:
sphingomyelin; CER: ceramide; SFO: sphingosine; SFA: sphinganine; S1P:
sphingosino-1-phosphate; SFA1P: sphinganine-1-phosphate.
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both analyzed salivary gland types. Nevertheless, it should be
highlighted that alterations in the concentration of particular
sphingolipids in the salivary glands differ from those
observed in pancreatic tissue samples. While some previously
published reports proved several changes in sphingolipid
metabolism in peripheral blood in the course of AP in human
subjects, no studies have been performed to assess sphingoli-
pid changes in the salivary glands of diabetic patients. Thus,
before the introduction of our results into the clinical prac-
tice, further studies on the subject are required.
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Abnormal lipid metabolism, oxidative stress (OS), and inflammation play a pivotal role in the increased susceptibility to neonatal
fatty liver diseases associated with intrauterine growth retardation (IUGR). This study was firstly conducted to investigate whether
resveratrol could alleviate IUGR-induced hepatic lipid accumulation, alteration of redox and immune status in a sucking piglet
model and explore the possible mechanisms at transcriptional levels. A total of 36 pairs of 7 d old male normal birth weight
(NBW) and IUGR piglets were orally fed with either 80mg resveratrol/kg body weight/d or 0.5% carboxymethylcellulose
sodium for a period of 14 days, respectively. Compared with the NBW piglets, the IUGR piglets displayed compromised growth
performance and liver weight, reduced plasma free fatty acid (FFA) level, increased hepatic OS, abnormal hepatic lipid
accumulation and weakened hepatic immune function, and hepatic aberrant transcriptional expression of some genes such as
heme oxygenase 1, superoxide dismutase 1, sterol regulatory element-binding protein 1c, stearoyl-CoA desaturase 1, liver fatty
acid-binding proteins 1, toll-like receptor 4, and tumor necrosis factor alpha (TNF-α). Oral administration of resveratrol to
piglets decreased the levels of FFA and total triglycerides (TG) in the plasma and hepatic TNF-α concentration, and increased
glutathione reductase activity and reduced glutathione level in the liver. Resveratrol restored the increased alanine
aminotransferase activity in the plasma of IUGR piglets. Treatment with resveratrol ameliorated the increased hepatic
malondialdehyde, protein carbonyl, TG, and FFA concentrations induced by IUGR. Resveratrol treatment alleviated the reduced
lipoprotein lipase activity and its mRNA expression as well as TNF-α gene expression in the liver of IUGR piglets. Hepatic
glutathione peroxidase 1 and monocyte chemotactic protein 1 genes expression of piglets was upregulated by oral resveratrol
administration. In conclusion, resveratrol administration plays a beneficial role in hepatic redox status and lipid balance of the
IUGR piglets.

1. Introduction

Metabolic syndrome (MS) is a cluster of metabolic disorders
including obesity, hypertension, dyslipidemia, hyperglyce-
mia, and insulin resistance [1, 2] and is a contributor to the
deaths resulting from noncommunicable diseases such as
diabetes and cardiovascular disease [2]. In the etiology of
these diseases, excessive fat storage in nonadipose tissues
(e.g., liver) is a risk factor [3]. Ectopic deposition of lipid in
hepatocytes is the result of an increased free fatty acid input
correlated with its inefficient β-oxidation, esterification, or
both [4, 5]. Of note, excellent antioxidative and immune sta-
tus is beneficial for the biological oxidative phosphorylation

of glycolipid substrate, which is very important for maintain-
ing lipid balance. With the exception of diet and lifestyle,
birth weight (BW) is also regarded as the main link between
abnormal accumulation of lipid in the liver and the increased
incidence of MS and its related diseases [6]. A large number
of epidemiological and animal studies have shown that lower
BW induced by intrauterine growth retardation (IUGR) is
associated with elevated risk for the development of nonalco-
holic fatty liver disease (NAFLD) in both children and adults
[7–10]. Pigs were widely used as an animal model for IUGR
studies in humans due to their biological similarity to
humans [11]. Furthermore, the spontaneous occurrence of
IUGR in pigs is similar to that of humans, which is mainly
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caused by placental insufficiency [12, 13]. In previous studies,
IUGR pigs exhibited insulin resistance [14, 15] and increased
lipid level [15, 16], oxidative stress (OS) [16, 17], and abnor-
mal inflammation [18, 19] in the liver from birth to adulthood
at different stages of growth. Therefore, improving hepatic
lipidmetabolism, redox and immune status in an IUGR piglet
modelmay help in developing new strategies for IUGR infants
to prevent or/and slow the progression of NAFLD.

Resveratrol (RSV, 3, 5, 4′-trihydroxystilbene) was
isolated from various type of plants such as peanuts, grapes,
and Polygonum cuspidatum. A body of evidence in preclini-
cal studies showed that resveratrol can treat high-fat diet-
induced NAFLD by decreasing OS, inhibiting inflammation,
and regulating lipid metabolism [4, 5]. Of course, RSV has
been reported to exert a critical role in diet-induced MS asso-
ciated with disease models such as cognitive impairment
[20], osteoarthritis [21], nephropathy [22], and cardiovascu-
lar disease [23]. However, until now, no available research
has been conducted to investigate the beneficial effect of
RSV on the status of lipid, redox, and immunity in the liver
of IUGR piglets. Therefore, the effect of RSV on hepatic lipid
metabolism, OS, and inflammation of IUGR newborn piglets
was firstly explored.

2. Materials and Methods

The experiment was carried out according to the guidelines
of the Ethics Committee of Nanjing Agricultural University
for the use of animals in research.

2.1. Animal and Experimental Design. During the prepara-
tion, healthy sows (Landrace × Yorkshire) with the same
parity of the third and similar expected days of farrowing
(<3 d) were chosen. At birth, sows that had similar litter sizes
(i.e., 11–13 piglets) and met the selection criteria for IUGR
piglets were chosen. A total of 72 male newborn piglets
(Duroc × (Landrace × Yorkshire)) were collected and tagged
from 36 litters (1 normal birth weight (NBW) piglet and 1
IUGR piglet from 1 litter) for the experiment: 36 were
NBW piglets (~1.72 kg) and the other 36 were naturally
occurring IUGR littermates (~0.88 kg) according to their
birth weight using our previous method [24]. An IUGR piglet
was defined as having a birth weight which was 2 SD below
the mean BW of the total population, whereas a NBW litter-
mate had a birth weight within 0.5 SD unit of the mean birth
weight of the whole litter. The NBW and IUGR piglets were
cross-fostered after birth by 24 four-parity sows (standard-
ized litters: 3 experimental piglets and 8 same type nonexper-
imental piglets). At 7 days of age, the NBW and IUGR piglets
were orally fed with 80mg RSV/kg body weight/d (purity
98%; Zhejiang Yixin Pharmaceutical Co., Ltd, China; diluted
in 0.5% carboxymethylcellulose sodium (CMC-Na)) or the
same volume of 0.5% CMC-Na (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China; diluted in 0.86% saline)
for a period of 14 days, respectively. Therefore, all piglets
were assigned into 4 groups (6 replicate per group, 3 piglets
per replicate): NBW-CON, NBW-RSV, IUGR-CON, and
IUGR-RSV. During the whole experimental period, all pig-
lets remained with sows. The whole animal experiment was

conducted in an experimental farm of Anyou Biotechnology
Group (Taicang, China). During the pregnancy and lacta-
tion, sows are fed and managed according to standard proce-
dures of the experimental farm. The piglets’ average body
weight (ABW) was recorded carefully.

2.2. Sample Collection. At 21 days of postnatal age, 1 piglet
per replicate (6 piglets per treatment) was selected to collect
a heparinized blood sample from the anterior vena cava after
fasting for 8 h. The plasma was obtained by centrifugation at
2000×g for 20min at 4°C and stored at -20°C until assays.
After then, these piglets were killed as we previously
described [25], and the liver (right lobe) sample was immedi-
ately collected and stored at -80°C for further analysis.

2.3. Plasma Biochemical Parameter Analysis. In the plasma,
total triglycerides (TG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), glucose (Glu) and free fatty acid (FFA)
levels, and alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities were determined by com-
mercial kits (Nanjing Jiancheng Institute of Bioengineering,
Nanjing, China). A commercial enzyme-linked immunosor-
bent assay (ELISA) kit (CUSABIO Biotech, Wuhan, China)
was used to measure the plasma insulin level. The sensitivity
limit of insulin determination was 1 μIU/mL, and the inter-
and intra-assay coefficients of variation were less than 15%.
The homeostasis model assessment of insulin resistance
(HOMA-IR) was used to calculate insulin resistance according
to the following formula: HOMA‐IR = fasting plasma insulin
ðμU/mLÞ × fasting plasma glucose ðmmol/LÞ/22:5 [26].
2.4. Hepatic Lipid Metabolism Parameters. The levels of TG,
TC, and FFA and the activities of lipoprotein lipase (LPL),
hepatic lipase (HL), and total lipase (TL) in the liver were
determined according to the instructions of the manufacturer
(Nanjing Jiancheng Institute of Bioengineering, Nanjing,
China). These results were normalized to the total protein
concentration in each sample for intersample comparison.
Hepatic protein concentration was detected according to
the Bradford method [27].

2.5. Determination of Hepatic Redox Status. The contents of
malondialdehyde (MDA), protein carbonyl (PC), and
reduced glutathione (GSH) and the activities of total super-
oxide dismutase (T-SOD), glutathione peroxidase (GPX),
and glutathione reductase (GR) were measured by using
assay kits purchased from the Nanjing Jiancheng Institute
of Bioengineering (Nanjing, China) following the guidelines
of the manufacturer. All parameters related to redox status
were normalized against protein content in each sample for
intersample comparison. The protein concentrations in the
liver homogenate were quantified following the Bradford
method [27].

2.6. Hepatic Cytokine Concentration Assays. The production
of tumor necrosis factor alpha (TNF-α) was measured using
an ELISA kit (Beijing Solarbio Science & Technology Co.,
Ltd., Beijing, China), which was performed according to the
manufacturer’s protocol. The detection limits were 5 pg/mL;
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the inter- and intra-assay coefficients of variation were less
than 10%. All results were normalized to the total protein
concentration in each sample for intersample comparison.
Hepatic protein concentration was detected according to
the Bradford method [27].

2.7. mRNA Expression. Total RNA isolation, reverse
transcription, and quantitative real-time PCR (qRT-PCR)
analysis were carried out as described previously [5, 28].
The primers used for qRT-PCR are presented in Table 1.
The 2−ΔΔCt method was used to calculate the mRNA expres-
sion levels of target genes relative to the housekeeping gene
β-actin, as described previously [29]. The values of the
NBW-CON group were regarded as a calibrator.

2.8. Statistical Analysis. Two-way ANOVA was used to deter-
mine the main effects (BW and RSV) and their interaction
using the general linearmodel procedure of SPSS software (ver-
sion 20.0; SPSS Inc.). When a significant interaction between
BW and RSV treatment was observed, post hoc testing was
conducted usingTurkey’smultiple comparison test. The ndivi-
dual piglet was used as the experimental unit with the excep-
tion of growth performance. Data are presented as means
with their standard errors. Differences were considered signif-
icant at P < 0:05, and 0:05 < P < 0:10were considered a trend.

3. Results

3.1. RSV Does Not Affect the Growth Performance but
Improves the Circulatory Metabolism of Piglets. The IUGR
piglets had lower ABW and liver weight but exhibited higher
liver relative weight compared with the NBW piglets
(P < 0:05, Table 2). However, RSV had no effects on the
growth performance and organ weight of the piglets
(P > 0:05). There is a significant interaction between BW
and RSV treatment for the plasma TG level (P < 0:05,
Table 3). Oral RSV reduced (P < 0:05) the level of plasma
TG in the NBW piglets rather than in the IUGR piglets. Com-
pared with NBW, IUGR decreased the concentration of FFA
in the plasma of piglets (P < 0:05). Oral administration of
RSV decreased the levels of FFA (P < 0:05), TG (P < 0:05),
and Glu (P = 0:061) in the plasma of piglets. However, BW
and RSV had no effects on HDL-C, LDL-C, TC, insulin, and
HOMA-IR levels (P > 0:05).

3.2. RSV Alleviates Hepatic Injury of IUGR Piglets. Amino-
transferase activities in the circulatory system are considered
as reliable markers of hepatic damage. We measured ALT
and AST activities in the plasma and found that BW and
RSV treatment had a significant interaction effect on the
plasma ALT activity in piglets (P < 0:05, Figure 1(b)). Resver-
atrol restored the increased ALT activity in the plasma of
IUGR piglets (P < 0:05). There was no significant difference
in the plasma AST activity of piglets among these groups
(P > 0:05, Figure 1(a)).

3.3. RSV Affects the Hepatic Lipid Metabolism of Piglets. The
imbalance of lipid metabolism is an important driver to
hepatic dysfunction and damage of the IUGR individuals.
Thus, we evaluated the effect of RSV on the hepatic lipid

metabolism of the IUGR piglets. Compared with the NBW
piglets, IUGR increased TG and FFA levels and decreased
LPL, HL, and TL activities in the liver of piglets (P < 0:05,
Figures 2(a) and 2(c)–2(f)). Administration of RSV to piglets
reduced TG and FFA levels and increased LPL activity in the
liver (P < 0:05). In addition, BW and RSV treatment had sig-
nificant interaction effects on LPL activity and the levels of
TG and FFA in the liver of piglets (P < 0:05). Resveratrol treat-
ment ameliorated the increased TG and FFA levels and the
reduced LPL activity in the liver of IUGR piglets (P < 0:05).

The mRNA abundance of sterol regulatory element-
binding protein 1c (SREBP1c, P = 0:091, Figure 3),
stearoyl-CoA desaturase 1 (SCD1, P = 0:073), and liver fatty
acid-binding proteins 1 (L-FABP1, P < 0:05) were increased
by IUGR compared with NBW. A tendency for the increased
(P = 0:081) expression of the hepatic LPL gene was found in
the piglets exposed to RSV treatment. A significant interac-
tion (P < 0:05) between BW and RSV treatment was observed
in the hepatic mRNA expression of peroxisome proliferator-
activated receptor alpha, microsomal triglyceride transfer
protein, cluster of differentiation 36, fatty acid transport pro-
teins 1, and L-FABP1. No significant differences (P > 0:05)
were observed in the hepatic genes expression of acetyl-CoA
carboxylase (ACC), fatty acid synthase (FAS), hormone-
sensitive lipase and carnitine palmitoyltransferase 1 alpha,
and TC level (Figure 2(b)) among these groups.

3.4. RSV Improves the Hepatic Redox Status of Piglets. Since
OS is implicated in IUGR-induced liver injury, we also tested
whether RSV improves hepatic redox status of the IUGR
piglets. As shown in Figure 4, compared with the NBW pig-
lets, the higher (P < 0:05) concentrations of MDA and PC,
the lower (P = 0:096) T-SOD activity, and the reduced
(P < 0:05) GSH level were observed in the IUGR piglets. Res-
veratrol treatment reduced MDA and PC contents and
increased GR activity and GSH level in the liver of piglets
(P < 0:05). There was an interaction between BW and RSV
treatment for hepatic MDA, PC, and GSH levels (P < 0:05).
Treatment with RSV ameliorated (P < 0:05) the increased
hepatic MDA and PC concentrations induced by IUGR and
increased (P < 0:05) hepatic GSH level in the NBW piglets
rather than in the IUGR piglets. The mRNA expression of
heme oxygenase 1 (HO1, P = 0:077, Figure 5) and SOD1
(P < 0:05) in the liver was downregulated by IUGR compared
with NBW. Hepatic GPX1 gene expression was upregulated
by oral RSV administration (P < 0:05). There was a signifi-
cant interaction between BW and RSV treatment for the
mRNA abundance of hepatic Kelch-like ECH-associated
protein 1 (P < 0:05). There were no significant differences
(P > 0:05) in hepatic genes expression of nuclear factor
erythroid-derived 2-like 2, glutamate-cysteine ligase catalytic
subunit, glutamate-cysteine ligase modifier subunit, and GR
as well as GPX activity.

3.5. RSV Affects the Hepatic Immune Status of Piglets. Abnor-
mal immune response is a key event in IUGR-induced liver
injury. Therefore, we also studied the effect of RSV on hepatic
inflammation of the IUGR piglets. Compared with the NBW
piglets, IUGR decreased (P < 0:05, Figure 6) the hepatic
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Table 1: Sequences for real-time PCR primers.

Gene GenBank ID Sequence (5′⟶3′, forward primer/reverse primer) Product length (bp)

Nrf2 XM_013984303.2
ATCCAGCGGATTGCTCGTAG

155
TCAAATCCATGTCCTTGGCG

Keap1 NM_001114671.1
TCTGCTTAGTCATGGTGACCT

158
GGGGTTCCAGATGACAAGGG

HO1 NM_001004027.1
TGATGGCGTCCTTGTACCAC

71
GACCGGGTTCTCCTTGTTGT

SOD1 NM_001190422.1
CATTCCATCATTGGCCGCAC

118
TTACACCACAGGCCAAACGA

GPX1 NM_214201.1
CCTCAAGTACGTCCGACCAG

85
GTGAGCATTTGCGCCATTCA

GCLC XM_003482164.4
CTAGTGGGTAGGCGGACTGG

81
CGGTGTCGTGCTCTAGCTTC

GCLM XM_001926378.4
GGACAAAACCCAGTTGGAGC

86
TCACACAGCAAGAGGCAAGA

GR AY368271.1
GTGAGCCGACTGAACACCAT

141
CAGGATGTGAGGAGCTGTGT

SREBP1c NM_214157.1
GCGACGGTGCCTCTGGTAGT

218
CGCAAGACGGCGGATTTA

PPARα NM_001044526.1
GGCACTGAACATCGAATGTAGAAT

80
TGCAACCTTCACAGGCATGA

ACC NM_001114269.1
ATCCCTCCTTGCCTCTCCTA

208
ACTTCCCGTTCAGATTTCCG

FAS NM_001099930.1
TACCTTGTGGATCACTGCATAGA

113
GGCGTCTCCTCCAAGTTCTG

SCD1 NM_213781.1
ATTGGGAGCTGTGGGTGAG

90
AAGTTGATGTGCCAGCGGTA

HSL NM_214315.3
GCAGCATCTTCTTCCGCACA

195
AGCCCTTGCGTAGAGTGACA

CPT1α NM_001129805.1
TCAAAAACGGCAAGATGGGC

155
TGGAATGTTGGGGTTGGTGT

LPL NM_214286.1
CACATTCACCAGAGGGTC

177
TCATGGGAGCACTTCACG

L-FABP1 NM_001004046.2
AGGGGACATCGGAAATCGTG

103
TCACACTCCTCTCCCAAGGT

CD36 NM_001044622.1
TGACCCAGCACTTGAAGCAA

130
AAGATATCAGTTAGGAGTCCGATGA

FATP1 NM_001083931.1
AGGTCTGGCGTGGGTCAAAG

208
GGAGTAGAGGGCAAAGCAGG

MTTP NM_214185.1
AGCAAAATGGTCCGTCGAGT

114
CGAATGGGGACCACGTTCTA

MCP1 NM_214214.1
AAACGGAGACTTGGGCACAT

74
GCAAGGACCCTTCCGTCATC

F4/80 XM_021083974.1
TCCTTCTCTTTTGGGGGTGT

73
GCCATTGACTCCAACGGAGA

CD11c XR_002342355.1
GGAGCAAATGGACAGACCGT

95
GAATGCAGGTGCAAAGGCAA

TLR4 GQ304754
TTTCTTGCAGTGGGTCGAGG

161
GGAAGGTGAGAACTGACGCA
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TNF-α concentration in the piglets. Resveratrol reduced
TNF-α concentration in the liver of piglets (P < 0:05). There
was a significant interaction between BW and RSV treatment
for hepatic TNF-α concentration (P < 0:05); RSV treatment
to the NBW piglets led to a significant decrease in hepatic
TNF-α concentration. Hepatic toll-like receptor 4 (TLR4)
gene expression in the IUGR piglets was lower than those
in the NBW piglets (P < 0:05, Figure 7). Gene expression of
monocyte chemotactic protein 1 (MCP1) in the liver of pig-
lets was increased by RSV administration (P < 0:05). There
was an interaction between BW and RSV treatment for
hepatic TNF-α (P < 0:05) and MCP1 (P = 0:060) genes
expression. Resveratrol increased TNF-α gene expression in
the liver of IUGR piglets (P < 0:05). Hepatic genes expression
of CD11c, adhesion G protein-coupled receptor E1, myeloid
differentiation factor 88, tumor necrosis factor receptor-

associated factor 6, nuclear factor-κB p65, interleukin 6
(IL6), IL1β, and IL10 were not affected (P > 0:05) among
these groups.

4. Discussion

The occurrence of NAFLD in IUGR offspring endangers pub-
lic health. NAFLD represents a spectrum of pathological
changes from hepatic steatosis (fatty liver) without hepatocel-
lular damage to nonalcoholic steatohepatitis which is the
extreme form of the disease characterized by excessive fat
accumulation (triglycerides) in hepatocytes [30, 31]. Besides,
OS and inflammation play an important role in the develop-
ment of NAFLD subjects associated with IUGR [32]. Yamada
et al. [33] reported that IUGRnewborns persistently exhibited
an increase in hepatic lipid content and upregulated lipogenic

Table 1: Continued.

Gene GenBank ID Sequence (5′⟶3′, forward primer/reverse primer) Product length (bp)

MyD88 NM001099923.1
GTGCCGTCGGATGGTAGTG

65
TCTGGAAGTCACATTCCTTGCTT

TRAF6 NM_001105286.1
GCTGCATCTATGGCATTTGAAG

71
CCACAGATAACATTTGCCAAAGG

NF-KB, p65 NM_001114281.1
GGGGCGATGAGATCTTCCTG

110
CACGTCGGCTTGTGAAAAGG

TNF-α NM_214022.1
GCCCTTCCACCAACGTTTTC

97
CAAGGGCTCTTGATGGCAGA

IL6 NM_214399.1
ACAAAGCCACCACCCCTAAC

185
CGTGGACGGCATCAATCTCA

IL1β NM_214055.1
ATTCAGGGACCCTACCCTCTC

92
ATCACTTCCTTGGCGGGTTC

IL10 NM_214041.1
CGGCCCAGTGAAGAGTTTCT

98
GGCAACCCAGGTAACCCTTA

β-Actin XM_003124280.5
CTCCAGAGCGCAAGTACTCC

153
AATGCAACTAACAGTCCGCC

Nrf2: nuclear factor erythroid-derived 2-like 2; Keap1: Kelch-like ECH-associated protein 1; HO1: heme oxygenase 1; SOD1: superoxide dismutase 1; GPX1:
glutathione peroxidase 1; GCLC: glutamate-cysteine ligase catalytic subunit; GCLM: glutamate-cysteine ligase modifier subunit; GR: glutathione reductase;
SREBP1c: sterol regulatory element-binding protein 1c; FAS: fatty acid synthase; ACC: acetyl-CoA carboxylase; SCD1: stearoyl-CoA desaturase 1; PPARα,
peroxisome proliferator-activated receptor alpha; HSL: hormone-sensitive lipase; CPT1α: carnitine palmitoyltransferase 1 alpha; LPL: lipoprotein lipase; L-
FABP1: liver fatty acid-binding proteins 1; CD36: cluster of differentiation 36; FATP1: fatty acid transport proteins 1; MTTP: microsomal triglyceride
transfer protein; MCP1: monocyte chemotactic protein 1; F4/80: adhesion G protein-coupled receptor E1; CD11c: integrin alpha X; TLR4: toll-like receptor
4; MyD88: myeloid differentiation factor 88; TRAF6: tumor necrosis factor receptor-associated factor 6; NF-κB: nuclear factor-κB; TNF-α: tumor necrosis
factor alpha; IL-6: interleukin 6; IL1β: interleukin 1β; IL10: interleukin 10; β-actin: beta actin.

Table 2: Growth performance and organ weight of piglets at 21 days of age.

Items
NBW-CON NBW-RSV IUGR-CON IUGR-RSV P value

BW RSV BW× RSV
ABW (kg) 7:17 ± 0:18 6:94 ± 0:12 4:32 ± 0:09 4:45 ± 0:12 <0.001 0.995 0.337

Liver (g) 185:62 ± 7:22 190:52 ± 3:56 142:63 ± 12:81 164:15 ± 5:20 <0.001 0.114 0.311

Liver relative weight (g/kg) 25:43 ± 1:13 22:00 ± 0:39 26:78 ± 2:10 26:60 ± 0:89 0.032 0.176 0.219

ABW: average body weight; BW: birth weight; RSV: resveratrol; NBW-CON: normal birth weight piglets orally fed with 0.5% carboxymethylcellulose sodium;
NBW-RSV: normal birth weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON: intrauterine growth-retarded piglets orally fed with 0.5%
carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets orally fed with 80 mg RSV/kg body weight/d. Results present as means
and standard errors, n = 6.
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indices, which suggests that fatty liver occurs early in IUGR
offspring. As expected, in the present study, hepatic dysfunc-
tion and injury in the IUGR piglets were evidenced by the
increased plasma ALT activity, hepatic OS, and lipid accumu-
lation, which were alleviated by oral RSV administration.

The accumulation of lipid in the liver is due to the fact
that fatty acid uptake and synthesis exceed hepatocyte oxida-
tive capacity [32]. The present study found that IUGR
increased TG and FFA concentrations and the mRNA
expression of SREBP1c, SCD1, and L-FABP1 in the liver of
piglets. SREBP1c, a nuclear transcription regulator, can regu-
late lipogenic genes expression including ACC, SCD1, and
FAS. SCD1 is a microsomal enzyme which catalyzes the syn-

thesis of monounsaturated long-chain fatty acids from satu-
rated fatty acyl-CoAs [34]. A previous study reported that
liver-specific SCD1 inhibition resulted in decreased rates of
fatty acid synthesis and downregulated expression of key
lipogenic genes (e.g., FAS and ACC), partly through reduced
transcription of SREBP1c [35]. Thus, the genes expression
levels of SREBP1c and SCD1 are critical for hepatic de novo
lipogenesis. L-FABP1 may facilitate the transport of fatty
acids across the cellular membrane, and fatty acids may be
involved inmetabolic, inflammatory, and oxidative responses
[34]. Interestingly, we also found that IUGRdecreased hepatic
LPL, HL, and TL activities of piglets. LPL andHL,members of
the family of triglyceride lipase, are to catalyze the hydrolysis

Table 3: Glycolipid metabolism parameters in plasma of piglets at 21 days of age.

Items
NBW-CON NBW-RSV IUGR-CON IUGR-RSV P value

BW RSV BW× RSV
HDL-C (mmol/L) 1:97 ± 0:15 1:84 ± 0:12 1:70 ± 0:08 1:69 ± 0:23 0.192 0.662 0.715

LDL-C (mmol/L) 1:38 ± 0:24 0:88 ± 0:07 0:96 ± 0:29 0:85 ± 0:08 0.269 0.137 0.330

TG (mmol/L) 1:25 ± 0:19a 0:66 ± 0:05b 0:94 ± 0:12ab 0:95 ± 0:07ab 0.901 0.028 0.021

TC (mmol/L) 7:06 ± 0:96 5:47 ± 0:39 4:90 ± 0:71 5:38 ± 0:45 0.107 0.416 0.136

FFA (μmol/L) 200 ± 24:70 116:71 ± 12:65 135:44 ± 4:70 81:73 ± 2:80 0.002 <0.001 0.308

Glu (mmol/L) 20:49 ± 1:76 18:99 ± 1:45 21:83 ± 1:73 16:47 ± 1:93 0.736 0.061 0.278

Insulin (μIU/mL) 31:89 ± 13:20 23:83 ± 5:79 26:40 ± 9:02 24:43 ± 6:34 0.791 0.586 0.741

HOMA-IR 28:27 ± 10:80 20:11 ± 5:58 26:00 ± 9:37 18:15 ± 4:75 0.795 0.331 0.985

FFA: free fatty acids; Glu: glucose; HDL-C: high-density lipoprotein cholesterol; HOMA-IR: homeostasis model assessment of insulin resistance; LDL-C: low-
density lipoprotein cholesterol; TC: total cholesterol; TG: total triglycerides; BW: birth weight; RSV: resveratrol; NBW-CON: normal birth weight piglets orally
fed with 0.5% carboxymethylcellulose sodium; NBW-RSV: normal birth weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON: intrauterine
growth-retarded piglets orally fed with 0.5% carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets orally fed with 80 mg RSV/kg
body weight/d. Results present as means and standard errors, n = 6. Means in a row without a common letter differ significantly (P < 0:05).
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Figure 1: Aminotransferase activities in plasma of piglets at 21 days of age. (a) AST: aspartate aminotransferase; (b) ALT: alanine
aminotransferase. BW: birth weight; RSV: resveratrol; NBW-CON: normal birth weight piglets orally fed with 0.5%
carboxymethylcellulose sodium; NBW-RSV: normal birth weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON:
intrauterine growth-retarded piglets orally fed with 0.5% carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets
orally fed with 80 mg RSV/kg body weight/d. The column and its bar represented the means value and standard error, n = 6, respectively.
Means without a common letter differ significantly (P < 0:05).
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of triacylglycerol in circulating lipoproteins such as chylomi-
cron and very low-density lipoprotein, providing FFA and
glycerol for tissue storage or utilization [36]. The results of this
study indicated that IUGR increased hepatic de novo lipogen-
esis and direct fatty acid uptake of piglets, leading to hepatic
lipid accumulation. Similar results were obtained in an IUGR
piglet model which was conducted by He et al. [15]. In addi-
tion, the reduced circulatory FFA level in IUGR piglets may

be attributed to the increased uptake of fatty acid in the liver.
Expectedly, RSV decreased hepatic TG and FFA concentra-
tions and increased hepatic LPL activity and its gene expres-
sion of the IUGR piglets. However, RSV had no effects on
the genes expression of lipogenesis in the liver of IUGR pig-
lets. Zhang et al. [24] found that IUGR impaired mitochon-
drial biogenesis and energy homeostasis in the liver of
piglets, and these negative influences were restored by RSV.
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Figure 2: Hepatic lipid metabolism parameters of piglets at 21 days of age. (a) TG: total triglycerides; (b) TC: total cholesterol; (c) FFA: free
fatty acids; (d) LPL: lipoprotein lipase; (e) HL: hepatic lipase; (f) TL: total lipase; BW: birth weight; RSV: resveratrol; NBW-CON: normal birth
weight piglets orally fed with 0.5% carboxymethylcellulose sodium; NBW-RSV: normal birth weight piglets orally fed with 80mg RSV/kg
body weight/d; IUGR-CON: intrauterine growth-retarded piglets orally fed with 0.5% carboxymethylcellulose sodium; IUGR-RSV:
intrauterine growth-retarded piglets orally fed with 80 mg RSV/kg body weight/d. The column and its bar represented the means value
and standard error, n = 6, respectively. Means without a common letter differ significantly (P < 0:05).

7BioMed Research International



Mitochondria are important organelles which are essential for
energy generation and are the primary site for fatty acidβ-oxi-
dation [37], indicating that normal mitochondrial function
plays a vital role in hepatic lipid equilibrium. This study sug-

gested that the lipid-lowing effect of RSV on the liver of IUGR
piglets may be through the improvement of mitochondrial
function rather than the inhibition of lipid synthesis and
uptake.
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Figure 3: Genes expression related to lipid metabolism in the liver of piglets at 21 days of age. BW: birth weight; RSV: resveratrol; SREBP1c:
sterol regulatory element-binding protein 1c; PPARα: peroxisome proliferator-activated receptor alpha; ACC: acetyl-CoA carboxylase; FAS:
fatty acid synthase; SCD1: stearoyl-CoA desaturase 1; MTTP: microsomal triglyceride transfer protein; CD36: cluster of differentiation 36;
FATP1: fatty acid transport proteins 1; L-FABP1: liver fatty acid-binding proteins 1; LPL: lipoprotein lipase; HSL: hormone sensitive
lipase; CPT1α: carnitine palmitoyltransferase 1 alpha; NBW-CON: normal birth weight piglets orally fed with 0.5%
carboxymethylcellulose sodium; NBW-RSV: normal birth weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON:
intrauterine growth-retarded piglets orally fed with 0.5% carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets
orally fed with 80 mg RSV/kg body weight/d. The column and its bar represented the means value and standard error, n = 5, respectively.
Means without a common letter differ significantly (P < 0:05).
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Figure 4: Redox status in the liver of piglets at 21 days of age. (a) PC: protein carbonyl; (b) MDA: malondialdehyde; (c) T-SOD: total
superoxide dismutase; (d) GPX: glutathione peroxidase; (e) GSH: reduced glutathione; (f) GR: glutathione reductase; BW: birth weight;
RSV: resveratrol; NBW-CON: normal birth weight piglets orally fed with 0.5% carboxymethylcellulose sodium; NBW-RSV: normal birth
weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON: intrauterine growth-retarded piglets orally fed with 0.5%
carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets orally fed with 80 mg RSV/kg body weight/d. The column
and its bar represented the means value and standard error, n = 6, respectively. Means without a common letter differ significantly (P < 0:05).
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The balance of redox status in the organism is achieved
by reactive oxygen species (ROS) production and antioxidant
defense capacity and is essential for maintaining the normal
function of organs (e.g., liver) [38]. The excessive generation
of ROS damages lipids, proteins, and DNA due to the impair-
ment of the antioxidant system [5], indicating that OS
occurs. In the present study, hepatic MDA and PC levels were
increased in the IUGR piglets, which was consistent with a
previous study [25]. MDA and PC contents reflect the degree
of lipid peroxidation and protein oxidation, respectively, and
are regarded as the index of OS [39]. Obviously, in the pres-
ent study, hepatic OS in the IUGR piglets was observed and

may be due to the reduced T-SOD activity and GSH level.
The antioxidant defense system in cells, including enzymatic
(e.g., SOD) and nonenzymatic (e.g., GSH) antioxidants, pro-
tects the organism against oxidative damage [40]. SOD cata-
lyzes the reduction of the superoxide anion to hydrogen
peroxide, which is further decomposed into water and
oxygen by GPX or/and catalase [5]. GSH with its sulfhydryl
group functions in the maintenance of sulfhydryl groups of
other molecules (especially proteins), as a catalyst for disul-
fide exchange reactions, and in the detoxification of foreign
compounds and free radicals [41]. Similar to previous studies
[25, 39], IUGR harms antioxidant levels in offspring, which
partly leads to OS. In addition, another reason for hepatic
OS of the IUGR piglets is the overproduction of mitochon-
drial ROS. Mitochondrial fatty acid oxidation increases in
response to excessive hepatic fat accumulation [42], and
then, the generation of ROS was elevated in the liver. Inter-
estingly, the elevated hepatic TG and FFA concentrations
were found in the IUGR piglets. Thus, the enhancement of
antioxidant defense is beneficial for lipid balance and redox
status. In the present study, RSV administration reduced
MDA and PC concentrations and increased GR activity and
GSH level in the liver of piglets. Similar results observed in
rodents’ studies demonstrated that RSV enhances the activi-
ties of various antioxidant enzymes (e.g., SOD and GPX) and
the induction of GSH by regulating various signaling path-
ways including Nrf2 and nuclear factor κB [43]. Zhang
et al. [44] reported that dietary RSV supplementation
increased antioxidative capacity, GPX activity, and its mRNA
level in the longissimus dorsi of finishing pigs. In the present
study, RSV treatment only upregulated hepatic GPX1 mRNA
expression of piglets but had no effects on other related genes
expressions, which indicated that RSV may improve hepatic
redox status through the posttranslational protein modifica-
tions rather than the mRNA level regulation. The deeper
molecular mechanism needs to be further investigated. In
the present study, we speculated that RSV alleviated IUGR-
induced increased MDA and PC concentrations in the liver
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Figure 5: Genes expression related to antioxidation in the liver of piglets at 21 days of age. BW: birth weight; RSV: resveratrol; Nrf2: nuclear
factor erythroid-derived 2-like 2; Keap1: Kelch-like ECH-associated protein 1; HO1: heme oxygenase 1; SOD1: superoxide dismutase 1; GCLC:
glutamate-cysteine ligase catalytic subunit; GCLM: glutamate-cysteine ligase modifier subunit; GPX1: glutathione peroxidase 1; GR:
glutathione reductase; NBW-CON: normal birth weight piglets orally fed with 0.5% carboxymethylcellulose sodium; NBW-RSV: normal
birth weight piglets orally fed with 80mg RSV/kg body weight/d; IUGR-CON: intrauterine growth-retarded piglets orally fed with 0.5%
carboxymethylcellulose sodium; IUGR-RSV: intrauterine growth-retarded piglets orally fed with 80 mg RSV/kg body weight/d. The column
and its bar represented the means value and standard error, n = 5, respectively. Means without a common letter differ significantly (P < 0:05).
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resveratrol; NBW-CON: normal birth weight piglets orally fed
with 0.5% carboxymethylcellulose sodium; NBW-RSV: normal
birth weight piglets orally fed with 80mg RSV/kg body weight/d;
IUGR-CON: intrauterine growth-retarded piglets orally fed with
0.5% carboxymethylcellulose sodium; IUGR-RSV: intrauterine
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of suckling piglets by reducing ROS production via the
enhancement of hepatic mitochondrial function [24] and
the improvement of redox status.

Anti- and pro-inflammatory cytokine levels generated by
immune cells are very important to resist the invasion of for-
eign antigens. TLR4 is a member of toll-like receptor and
mediates the innate immune responses. However, defects at
the level of expression of TLR4 could contribute to poor
recruitment of antigen-presenting cells, and T and B cells at
the site of inflammation, resulting in suboptimal adaptive
immune responses which leads to the increased risk of infec-
tions with Gram-negative bacteria [45]. In the present study,
IUGR piglets exhibited decreased hepatic TNF-α content,
which may be related to the reduced TLR4 and TNF-α genes
expression. The results suggested that IUGR can impair the
hepatic immune function of piglets and increase the risk of
illness. Similar results were shown in a piglet study in which
IUGR markedly decreased mRNA abundance of TLR9 and
toll-interacting protein in the ileum of piglets during the
suckling period [46]. In the present study, although RSV
upregulated hepatic MCP1 and TNF-α genes expression in
the IUGR piglets, hepatic TNF-α protein content in the
IUGR piglets was not altered by RSV. However, it is lacking
the effect of RSV on the inflammation of pigs. The underly-
ing mechanisms involved in the beneficial effect of RSV on
hepatic inflammation of the IUGR piglets need to be inves-
tigated in the future.

5. Conclusions

In conclusion, oral RSV treatment reduced hepatic fat accu-
mulation and OS in the IUGR piglets, which may suggest a
potential nutritional strategy to prevent or/and slow the
development of NAFLD in human infants with IUGR.
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