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Abstract

Background: Wound complications are a major source of morbidity after cesarean section (CS) and contribute 
to increased risks in subsequent pregnancies. In the present study, we aim to investigate the wound healing 
potential of a kind of oligopeptide compound, mainly derived from the marine fish peptides (MFPs), in rats 
after CS by biomechanical, biochemical, and histological methods.
Methods: Eighty-four pregnant Sprague–Dawleyrats were randomly assigned to four groups, namely the 
 control group and 1.1, 2.2, and 4.4 mg/kg MFP groups, respectively. The MFPs or normal saline of the 
equal volume was intragastrically administered every morning on the second day after CS. On days 5, 10, 
and 15 after the surgery, seven rats from each group were randomly selected. The samples of skin wound and 
uterus were harvested and then used for the following experiments and analyses.
Results: Using the CS rat model, this study demonstrated that in the MFP groups, the skin tensile strength, uter-
ine bursting pressure, and hydroxyproline (Hyp) were significantly higher than those in the control group at all 
three time points (P < 0.05). The formation of collagen and smooth muscle fibers and the expression of CD34 
and connective tissue growth factor at the incision site were increasingly observed in the MFP groups (P < 0.05).
Conclusions: MFPs have a great potential to accelerate the process and quality of  wound healing in rats 
after CS.
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Cesarean section (CS) is a common surgical pro-
cedure performed worldwide, which, when un-
dertaken for medical reasons such as antepartum 

hemorrhage, fetal distress, and abnormal fetal presen-
tation, can save the lives of mothers and newborns (1). 
Tracking trends in CS use around the world, the report 

calculated overall CS rates nearly doubling in 15 years, 
from 12.1% of all live births in 2000 to 21.1% in 2015 
(2). The CS use is strikingly increasing in all regions, and 
the national CS use varied from 0.6% in South Sudan to 
58.1% in the Dominican Republic. Mainland China has 
very high national CS use too, measuring an average of 

Popular scientific summary
•  A kind of oligopeptide compound, mainly derived from the marine fish (marine fish peptides, 

MFPs), has been supposed to accelerate the process and quality of wound healing in rats after CS.
•  Eighty-four pregnant Sprague-Dawley rats were randomly assigned to four groups, namely the 

 control group and 1.1, 2.2, 4.4 mg/kg MFP group, respectively.
•  It indicated that medium and high doses of MFPs feeding after CS in rats could significantly increase 

the tension of uterine scar and decrease the risk of uterine rupture, and promote the healing of uterine 
incision. Its promoting effect may be mainly related to the mechanism of promoting the formation of 
new capillaries in uterine scar tissue, the growth, and repair of collagen fibers and smooth muscle tissues.
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45.7% in 2012 and 41.3% in 2016 (2, 3). However, the large 
increase in CS use, often for non-medical indications, ac-
counts for negative consequences in maternal and child 
health (4). Wound complications are surprisingly a high 
problem after CS and contribute to increased risks in sub-
sequent pregnancies (5, 6). The risk of associated morbid-
ities is progressively increasing as the number of previous 
cesarean deliveries increases (7, 8).

This research evolved from clinical findings and pre-
vious studies, which suggested that although 60–80% of 
women who attempt a trial of labor after CS is ultimately 
successful, the potential risk of fatal uterine rupture ex-
ceeds 1% (9). An increased uterine contractility during 
labor and the surgical closure technique used for the hys-
terotomy were thought to be the major causes of uter-
ine rupture (10–12). However, the process of myometrial 
wound healing partly determines the morphologic condi-
tion, functional behavior, and risk of uterine rupture (8, 
13, 14). Buhimschi et al. (13) studied uterine wound heal-
ing in mice strains with different healing capacities and 
demonstrated that regenerative ability varied with genetic 
background and was phenotypically dependent. It also 
provides indirect biological evidence that a human uterine 
scar could be a site of active remodeling, which may ex-
tend well beyond into postpartum.

Therefore, uterine wound healing is essential for a 
promised future pregnancy, especially if  the interval is 
short between two cesarean deliveries or between myo-
mectomy and pregnancy. Some approaches have been ex-
plored to promote the healing of uterine incision (15–19), 
involving the tissue repair strategies, the suturing tech-
niques, and wound protection methods. Also, many other 
aspects, such as obesity, diabetes mellitus, anemia, may 
affect wound healing after CS (20–23).

Mammalian wound healing is a dynamic and sys-
tematic process, involving mediators, blood cells, extra-
cellular matrix, and parenchymal cells. It often follows 
inflammation, tissue formation, and tissue remodeling 
(24, 25). Generally, the biological response to tissue 
damage in mammals includes the following two aspects: 
regeneration and wound repair. Regeneration means a 
scarless wound healing with complete replacement of 
normal tissue and restoration of  normal architecture 
and function. However, wound repair involves the mi-
gration of  fibroblasts to the wound site, the formation 
of  granulation tissue, and the laying down of  collagen 
in a disorganized mode with the formation of  fibrosis 
and scar tissue (26). In most cases, the injured tissue in 
mammals is repaired rather than restored to its original 
structure (13).

The healing process of the uterine wound is not well 
defined in humans because it is difficult to obtain serial 
samples of the hysterotomy scar (13, 27). Few methods 
are available to enhance the uterine wound healing and 

completely restore the function of scarred uterus. Al-
though promoting wound healing has not been studied 
extensively in the uterus, there is considerable evidence 
that incisional integrity or tensile strength in other or-
gans can be pharmacologically enhanced (28, 29). Some 
biomaterials for external use, such as collagen gel and 
collagen dressing, have been demonstrated to have an ad-
vantage in wound healing (30–32). However, less research 
has been done on the effect of oral biological agents on 
wound healing. In the present study, we aim to determine 
the wound healing potential of a kind of oligopeptide 
compound, mainly derived from the marine fish peptides 
(MFPs), in rats after CS by histological, biomechanical, 
and biochemical methods.

Materials and methods

Preparation and identification of MFPs
MFPs were mainly derived from the skin of the marine 
fish, which were donated by the Jiangzhong Pharmaceu-
tical Co. Ltd. (China). The ingredients include oligopep-
tides powder of marine fish, freshwater fish peptides or 
fish collagen peptide, Taihe silk chicken, whey protein hy-
drolysate, resistant dextrin, purified water, food additive 
(maltitol, citric acid, potassium citrate, sucralose), food 
fortifier (casein phosphopeptide, zinc gluconate), and 
flavor. For more composition and preparation informa-
tion, please find in Supplementary materials. MFPs are 
food-derived peptides that do not contain any pharma-
ceutical ingredients. The oral safety and quality control of 
MFPs conform to the Food Safety Control Standard of 
Jiangxi Province, China (Q/JZYY 0050S-2017).

CS animal model
All experimental procedures involving animals were in 
accordance with the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes 
of Health (NIH Publication No. 85e23, revised 1985) and 
were approved by the Animal Ethics Review Board for 
Animal Studies of West China Second Hospital, Sichuan 
University. All animals received humane care.

Eighty-four pregnant Sprague–Dawley rats weigh-
ing between 220 and 302 g were kept under standard-
ized laboratory conditions in an air-conditioned room 
(temperature approximately 21–23°C) with free access to 
food and water.

On day 19 of the pregnancy, the rats were anesthetized 
by intraperitoneal injection of 10% chloral hydrate. The 
CS was based on the Bowers procedure and performed 
under sterile conditions (29). First, a 3.0 cm longitudinal 
incision was made in the midline of the lower abdomen, 
and then a 0.5 cm longitudinal incision was made along 
the antimesometrial border in the midportion of each 
uterine horn. The rat fetuses and placentas were gently 
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extruded through the hysterotomy. Thereafter, the uter-
ine incision was closed by a continuous, full-thickness 
suture with 6-0 Coated Vicryl Plus Antibacterial Suture, 
(Ethicon Inc., Somerville, New Jersey, USA) and the deep 
abdominal fascia, as well as the peritoneum, was closed 
with 4-0 Suture. The skin wound was closed layer by layer 
using the same materials. All rats were treated with an in-
tramuscular injection of gentamycin (14,000 units/kg) for 
3 days after the surgery.

Postoperatively, the rats were randomly assigned to 
four groups, namely the control group and 1.1, 2.2, and 
4.4 mg/kg MFP groups, respectively, with 21 rats in each 
group. The MFPs dissolved in saline or normal saline 
of the equal volume were intragastrically administered 
every morning on the second day after CS. On days 5, 10, 
and 15 after the surgery, seven rats from each group were 
randomly selected, anesthetized by ether inhalation, and 
killed by cervical dislocation. The samples of skin wound 
and uterus were harvested and then used for the following 
experiments and analyses.

Measurement of skin wound tensile strength
The skin wound tensile strength was measured using the 
tonotransducer and the connected BL-402F biological 
function experimental system. The 1 × 0.5 cm skin strips 
from the midline of the abdominal wound were anchored 
at the tonotransducer and pulled slowly in the opposite 
direction until breakage. Signals of the highest tension 
were output and recorded.

Measurement of uterine bursting pressure
The uterus was removed, and the left uterine horn was used 
to measure the bursting pressure, while the right uterine 
horn was used for hydroxyproline (Hyp) and histological 
analyses. The uterine bursting pressure was measured using 
the pressure transducer and the connected BL-402F biolog-
ical function experimental system. First, the uterine horns 
were suture-ligated 1.0 cm distal to the uterine scar to pre-
vent the leakage of perfusion fluid from the fallopian tubes. 
Then, the horn was opened transversely 1.0 cm proximal 
to the scar. A catheter was inserted into the uterine lumen 
and fixed in a place with a suture. The proximal end of the 
catheter was connected to a 50 mL injector, and a pressure 
transducer was connected by a three-way valve. The pres-
sure transducer was connected to an amplifier-recorder BL-
402F. Normal saline was injected into the horn slowly until 
the horn burst and leakage occurred. The highest pressure 
obtained was designated the bursting pressure (29).

Histological study
The uterine specimens were prepared and collected from 
the longitudinal scar. The tissue scar was fixed in 4% 
paraformaldehyde for 48 h and embedded in paraffin. A 
5-μm serial paraffin section was prepared and stained with 

hematoxylin–eosin (H&E) for histomorphological evalua-
tion under the light microscope.

Masson’s trichrome staining was also used to eval-
uate the degree of collagen formation due to its ability 
to stain collagen to a blue color and the smooth muscle 
fiber to a red color. Morphological findings were semi-
qualitatively assessed under the light microscope using a 
scorning system including the percentage and intensity of 
positive cells. Briefly, the percentage score was defined as 
1 (<30%), 2 (30–60%), and 3 (>60%). The staining inten-
sity was defined as 0 (none), 1 (weak), 2 (moderate), and 
3 (strong). The final score was calculated by multiplying 
the percentage score by the intensity score of positive cells 
(33). Two independent pathologists performed the histo-
logical examination and applied the scoring system in a 
blinded fashion.

Quantitative analysis of hydroxyproline
The uterine scar tissue samples collected for Hyp content 
assay were trimmed into rectangular pieces, which were 
about 50 mg. The Hyp concentration was measured by 
a chemical colorimetric method using a commercial de-
tection kit (A030 Hydroxyproline Detection Kit, Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China).

Immunohistochemistry
Sections of uterine scar from the rats were used to confirm 
and compare the expression levels of connective tissue 
growth factor (CTGF) and CD34. Paraffin-embedded tis-
sue samples were deparaffinized in xylene and rehydrated 
in graded ethanol. Antigen recovery was performed in 10 
mmol/L boiling sodium citrate buffer at pH 6.0 for 10 min 
at 92–98°C; then the specimens were incubated with 0.3% 
H2O2 for 15 min. Non-specific binding was blocked with 
normal horse serum for 20 min at room temperature. The 
sections were incubated with polyclonal rabbit anti-CTGF 
and anti-CD34 antibody (diluted 1:100, Abcam) at 4°C 
overnight. The sections were washed with phosphate-buff-
ered saline and incubated with biotinylated secondary 
antibody for 30 min (diluted 1:1,000, Zhongshan Golden 
Bridge Inc., China). Sections were then treated with ABC 
solution at 37°C for 30 min and incubated with 3, 3-di-
aminobenzidine for 5 min. Counterstaining was carried 
out with Harris hematoxylin. Cells with brown staining to 
membranes or in the cytoplasm were considered positive. 
Immunohistochemical scoring in the sample was evalu-
ated by both the percentage and intensity of positive cells 
as previously described.

Statistical analysis
Statistical analysis was performed using SPSS 22.0. Mea-
surement data were presented as mean ± standard devia-
tion. For continuous variables, Kolmogorov–Smirnov tests 
of normality were used to evaluate the distributions. Data 
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were analyzed using Student’s t-test or Mann–Whitney  
U test. The correlations between groups for categorical 
variables were examined using the c2 test or Fisher’s exact 
test. Statistical significance was considered P < 0.05.

Results
The body weight, uterine weight, and food intake among 
the groups did not show any significant differences on 
days 5, 10, and 15 (Table 1). The time for abdominal skin 
wound healing in all groups ranged from 4 to 8 days. Sta-
tistically, the mean healing time for skin wounds in the 
MFP groups was dose dependent and was 1–2 days less 
than the control group regardless of the feeding time 
(Table 2, P < 0.01).

MFPs accelerated collagen and smooth muscle proliferation and 
maturation process in wounds
We identified the site of prior uterine CS surgery in the 
control group and 1.1, 2.2, and 4.4 mg/kg MFP groups at 
days 5, 10, and 15, respectively. Representative histologi-
cal images of the uterine surgery site were shown in Fig. 1. 
H&E staining first showed that the uterine wall of the nor-
mal rats has three layers (Fig. 1). From innermost to out-
ermost, these layers are endometrium, myometrium, and 
perimetrium. The endometrium consists of a single layer 
of ciliated columnar epithelium and the stroma on which 
it rests. The stroma is a layer of connective tissue and full 
of kinds of cells, which varies in thickness according to 
hormonal influences. Myometrium has two layers: outer 
longitudinal and inner circular fibers. Between them, 
there are loose connective tissues and blood vessels. The 
perimetrium is the serosa layer covering the outer surface 
of the uterus, which belongs to the visceral peritoneum.

Tissue integration was defined as apposition of the sur-
gical wound edges. On day 5 after CS, wound adhesion 
was absent or slight in the control group, whereas all MFP 
rats had partial wound integration (Fig. 1A–D). On days 

10 and 15, integration appeared complete in 2.2 and 4.4 
mg/kg MFP groups (Fig. 1E–L). It seems that the heal-
ing process was influenced both by the days after surgery 
and MFPs intake. A dose-dependent and time-dependent 
character in the process of tissue integration was pre-
sented in the MFP groups.

The collagen deposition, fibroblast proliferation, and 
smooth muscle regeneration at the uterine surgery site were 
detected using Masson’s trichrome staining (Fig. 2). At 
the stage of day 5 after CS surgery (Fig. 2A–D), (Beijing 
Solarbio Science & Technology Co. Ltd., Beijing, China) 
collagen fibers in the MFP groups were present and better 
organized at the site of the uterine scar, compared with the 
control group (P < 0.01). The continuous smooth muscle 
fibers and layers similar to normal uterus were also found 
surrounding the myometrium in the MFP groups, whereas 
less organized, intermittent, or thin muscle bundles ap-
peared in the control group. At the stage of days 10 and 15 
after CS surgery, in the control group, blue staining could 
not identify any areas of mature collagen condensation 
(Fig. 2E–L), whereas, in the MFP groups, collagen was 
more prominent especially in the areas surrounding the sur-
gical stitches (P < 0.01). Especially on day 15, the wound 
integration for MFP groups was complete, and the uterine 
architecture was restored to normal (Fig. 2L). The fibrin-
ous exudate was absent, and there were no stitches visible. 
The circular muscle was restored around the intact lumen, 

Table 1. Comparison of body weight, uterine weight, and food intake among the groups

Day Control SD
Fenchu groups (mg/kg)

1.1 SD 2.2 SD 4.4 SD

Body weight (g) 5 255.71 22.76 255.00 16.54 253.14 17.37 243.86 13.85

10 267.14 20.84 251.14 30.02 262.00 28.52 258.86 25.16

15 272.71 18.84 257.00 7.16 262.00 27.36 258.29 23.14

Uterine weight (g) 5 0.55 0.15 0.47 0.09 0.51 0.12 0.62 0.13

10 0.59 0.10 0.48 0.15 0.49 0.13 0.55 0.17

15 0.45 0.03 0.56 0.21 0.53 0.19 0.49 0.16

Food intake (g/24 h) 5 132.29 15.70 128.00 12.18 136.71 12.51 126.29 11.46

10 139.57 13.49 128.29 11.91 128.43 12.87 135.00 8.77

15 136.14 13.97 131.43 15.04 129.43 12.79 131.29 12.70

Values are presented as mean ± SD, n = 7 for each group. SD, standard deviation.
There were no significant differences among groups on days 5, 10, and 15.

Table 2. Abdominal skin wound healing time (d) among the groupsa

Control SD
MFP groups (mg/kg)

1.1 SD 2.2 SD 4.4 SD

6.43 0.87 6.19 0.68 5.67* 1.02 5.71** 1.01

aThere is no significant difference among days 5, 10, and 15 after surgery.
Values are presented as mean ± SD, n = 21 for each group. SD, standard 
deviation.
Compared with the control group: *P = 0.013, **P = 0.018.
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and the serosa returned to normal as shown by the contin-
uous external layer.

Conversely, in the control group, fibroblast prolifera-
tion at the surgical site was still visible and active (Fig. 2I). 
The site of the scar was recognized as a thinner tissue in-
tegration layer with discontinuous myometrium and se-
rosa. Overall, these results suggest accelerated collagen 
and smooth muscle proliferation and maturation process 
in the MFP groups.

MFPs enhanced skin wound tensile strength in rats
The skin wound tensile strength continued to increase 
from 5 to 15 days after CS surgery (Fig. 3A). Our results 
showed that the skin wound tensile strength of rats in 1.1 
and 2.2 mg/kg MFP groups was significantly higher than 
those in the control group on days 10 and 15 postcesar-
ean, respectively (P < 0.01), while the same increase was 
also found in the 4.4 mg/kg group on day 15 (P < 0.01).

MFPs improved uterine bursting pressure in rats
Similarly, the uterine bursting pressure kept increasing 
from days 5 to 15 after CS surgery (Fig. 3B). The 1.1 mg/
kg MFP group had greater bursting pressure with a sig-
nificant increase than those in the control group on days 
5 and 10 (P < 0.05), whereas the 2.2 mg/kg MFP group 
showed a significant trend to increase at all time points 

(P < 0.05). On the other hand, rats in the 4.4 mg/kg MFP 
group showed a higher bursting pressure on days 10 and 
15 and reached its maximal stiffness on day 15 (P < 0.01). 
Moreover, MFPs intake with 2.2 and 4.4 mg/kg on day 15 
was found to offer a significant improvement in the uter-
ine bursting pressure compared with the 1.1 mg/kg MFP 
group (P < 0.01).

MFPs promoted Hyp expression in wounds
As Hyp is the main component of collagen fibers in con-
nective tissue, its level represents the amount of collagen 
and granulation tissue formation. In the uterus, the Hyp 
concentration increased significantly in the 1.1 mg/kg 
MFP group compared with the control group on day 15 
(Fig. 3C, P < 0.05), while in the 2.2 mg/kg MFP group, 
the increase in Hyp concentration did show any signifi-
cant difference on days 5 and 15 (P < 0.05). Rats in the 
4.4 mg/kg MFP group were also found to be more Hyp 
expression on day 15 (P < 0.01). Furthermore, significant 
collagen deposition was observed in uterine wound tissue 
in the 2.2 and 4.4 mg/kg MFP groups compared with the 
1.1 mg/kg MFP group at day 15 postcesarean (P < 0.01).

MFPs increased CD34 and CTGF expressions in wounds
The CD34 and CTGF immunoreactivity of uterine 
wound sections were examined in the MFP and control 

Fig. 1. Representative histological images of hematoxylin–eosin staining at uterine surgery site were shown. The rats were treated 
with normal saline (the control group) or MFPs (1.1, 2.2, and 4.4 mg/kg, respectively) for 5, 10, and 15 days after surgery. The 
uterine wall of the normal rats has three layers. From innermost to outermost, these layers are endometrium, myometrium, and 
perimetrium. (F)Lu refers to the uterine lumen, the black arrow points to the uterine scar, and the black triangle marks the myo-
metrium. Original magnification, ×100 (scale bar = 100 µm).
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groups at 5, 10, and 15 days postcesarean. The number 
of cells expressing CD34 and CTGF were counted. As 
shown in Fig. 4, the CD34 expression was significantly 

higher in the 1.1 mg/kg MFP group than those in the con-
trol group at days 10 and 15 postcesarean (P < 0.01); the 
CTGF expression was also significantly higher at days 

Fig. 2. Masson’s trichrome staining of the uterine scar in rats. The rats were treated with normal saline (the control group) or 
MFPs (1.1, 2.2, and 4.4 mg/kg, respectively) for 5, 10, and 15 days after surgery. Representative histological images at the uterine 
surgery site were shown (A–L). The collagen was stained in blue, and the smooth muscle fiber was stained in red. (F) Lu refers 
to the uterine lumen, the black arrow points to the uterine scar, and the black triangle marks the myometrium. Original magni-
fication, ×100 (scale bar = 100 µm). Morphological findings were semiqualitatively assessed under the light microscope using a 
scorning system including the percentage and intensity of positive cells (M). Values are presented as mean ± SD. Compared with 
the control group: *P < 0.05, **P < 0.01; compared with 1.1 mg/kg MFP group: #P < 0.05, ##P < 0.01.
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5 and 10 postcesarean (Fig. 5, P < 0.05). For rats in the 
2.2 and 4.4 mg/kg MFP groups, both CD34 and CTGF 
expressions were significantly higher when compared 
with the control group at days 5, 10, and 15 postcesarean 
(P < 0.01). Besides 5, 10, and 15 days after CS surgery, 
significantly more CD34 and CTGF depositions were vi-
sualized at the wound site of the rats in the 2.2 and 4.4 
mg/kg MFP groups compared with the 1.1 mg/kg MFP 
group (P < 0.01 and 0.05, respectively).

Discussion
In the present study, we sought to determine whether di-
etary intake of MFPs affects the healing process of skin 
and uterine incision in rats following CS. Using the CS rat 
model, this study demonstrated that in the MFP groups, 
the skin tensile strength, uterine bursting pressure, and 
Hyp were significantly higher than those in the control 
group at all three time points. The formation of collagen 
and smooth muscle fibers and the expression of CD34 
and CTGF at the incision site were increasingly observed 
in the MFP groups. These results indicated that MFPs 

have a great potential to accelerate the process and quality 
of wound healing in rats after CS.

A direct comparison in wound healing between humans 
and animals is difficult. Prior animal studies demonstrated 
that the period of gestation for the rat is 20 days, whereas 
for the human is 40 weeks (13, 34). It means that each day 
of gestation for the rat is approximately equivalent to 2 
weeks of gestation for the human. Therefore, we specu-
lated that these intervals, days 5, 10, and 15 after CS, may 
have a significant clinical relevance to humans (13), which 
reflect the stages of inflammation, proliferation, and mat-
uration on uterine wound healing in rats. However, the 
time points choosing for study could vary with different 
animal models (phenotypical differences) or study design 
(13, 35).

Nutrition definitely plays an essential role in the wound 
healing process (23). The major physiological changes, 
such as collagen synthesis, angiogenesis, and wound 
maturation, need both energy and nutritional substrates 
(36). Exogenous collagen peptides intake could enhance 
protein synthesis and anabolic effects, which have been 

Fig. 3. Analysis of skin wound tensile strength, uterine bursting pressure, and hydroxyproline levels at the uterine scar site. The 
rats were treated with normal saline (the control group) or MFPs (1.1, 2.2, and 4.4 mg/kg, respectively) for 5, 10, and 15 days 
after surgery. (A) Skin wound tensile strength measured on days 5, 10, and 15 from the control and MFP groups. (B) Uterine 
bursting pressure measured on days 5, 10, and 15 from the control and MFP groups. (C) Hydroxyproline levels at the uterine scar 
site measured on days 5, 10, and 15 from the control and MFP groups. Values are presented as mean ± SD. Compared with the 
control group: *P < 0.05, **P < 0.01; compared with 1.1 mg/kg MFP group: #P < 0.05, ##P < 0.01.

http://dx.doi.org/10.29219/fnr.v64.4247


Citation: Food & Nutrition Research 2020, 64: 4247 - http://dx.doi.org/10.29219/fnr.v64.42478
(page number not for citation purpose)

Xue Peng et al.

demonstrated significant beneficial effects in rats (35, 36). 
Since MFPs are food-derived peptides that do not con-
tain any pharmaceutical ingredients, the oral safety can 

be promised. Moreover, the distinct increase in protein 
synthesis might be a potential effect of MFPs intake. The 
body needs a higher amino acid intake to guarantee the 

Fig. 4. CD34 expression of the uterine scar in rats. The rats were treated with normal saline (the control group) or MFPs (1.1, 
2.2, and 4.4 mg/kg, respectively) for 5, 10, and 15 days after surgery. Representative histological images at uterine wound sections 
were shown (A–L). Cells with brown staining to membranes were considered positive. (H) The black arrows point to the blood 
vessels in the uterine scar. Original magnification, 5×40 (scale bar = 100 µm). Morphological findings were semiqualitatively 
assessed under the light microscope using a scorning system including the percentage and intensity of positive cells (M). Values 
are presented as mean ± SD. Compared with the control group: *P < 0.05, **P < 0.01; compared with 1.1 mg/kg MFP group: 
#P < 0.05, ##P < 0.01.
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collagen production in the hypermetabolic state, such 
as postpartum or postsurgery period (36), yet the oligo-
peptides are believed to be absorbed more easily than 

macromolecular proteins (37). Wang et al. (35) found that 
marine collagen peptides, enzymatically hydrolyzed from 
the skin of chum salmon, were able to promote wound 

Fig. 5. Connective tissue growth factor (CTGF) expression of the uterine scar in rats. The rats were treated with normal saline 
(the control group) or MFPs (1.1, 2.2, and 4.4 mg/kg, respectively) for 5, 10, and 15 days after surgery. Representative histo-
logical images at uterine wound sections were shown (A–L). Cells with brown staining to membranes or in the cytoplasm were 
considered positive. (G) The black arrow points to the blood vessel, the black triangle marks the myometrium, and the black 
circle refers to the stroma of endometrium. Original magnification, 5 × 40 (scale bar = 100 µm). Morphological findings were 
semiqualitatively assessed under the light microscope using a scorning system including the percentage and intensity of positive 
cells (M). Values are presented as mean ± SD. Compared with the control group: *P < 0.05, **P < 0.01; compared with 1.1 mg/
kg MFP group: #P < 0.05, ##P < 0.01.
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healing in CS or diabetic rats. Whey peptides (WPs), a 
kind of bioactive peptides derived from whey proteins, 
had a significant wound healing potential in the skin inci-
sion or the uterus (36).

The tensile strength or bursting pressure measurement 
has been used extensively, is a common parameter in the 
evaluation of wound healing, and serves as a useful indi-
cator for predicting the performance of an incision under 
clinical conditions of physical stress (29). As the tensile 
strength of the scarred tissue is much weaker than that 
of the normal tissue, a higher tensile strength reflects a 
faster or healthier healing process at the wound site. In 
this study, we have observed significantly accelerated sta-
bility, stiffness, and elasticity with dose dependently and 
time dependently in the MFP groups compared with the 
control group. The higher bursting pressures found in the 
postpartum experiment probably reflect the thicker uterine 
walls that rich in collagen content and organized smooth 
muscle fibers. Therefore, we assumed that the healing as-
pects of the uterine incision can mostly influence the risk 
of uterine rupture. Bowel et al. (29) found that the uterine 
horn bursting pressure in the experimental animals was 
significantly greater than those in the control group for 
both 28 days postpartum and near term in a subsequent 
pregnancy. However, whether our observed increase in 
incisional strength after MFPs treatment means that the 
uterine scar will be less likely to rupture during labor is 
yet uncertain.

Histological examination in the present study demon-
strated significant differences in scar integration, level of 
angiogenesis, collagen synthesis, smooth muscle prolif-
eration, and arrangement at the site of  myometrial in-
cision between the MFP and the control groups. MFPs 
were found to greatly help the uterine wound architec-
ture restored to normal. The process could be concluded 
that, first, significant collagen deposition was observed 
at the site of  incision. The collagen fibers then were ar-
ranged neatly, and a small number of  smooth muscle 
cells were seen extending from the periphery. Over time, 
the smooth muscle tissue gradually increased, and the 
scar area of  the incision was mainly covered by smooth 
muscle tissue and collagen fibers. Conversely, hyper-
plastic fibrous connective tissue means vulnerable and 
inelastic structure and risk of  instability. As a result, col-
lagen is required, is essential for wound healing, which 
involved in the initial phase of  myometrial wound heal-
ing, and may be responsible for the observed differences 
in the stiffness and elasticity of  the uterine scar. Some 
studies also indicated that the skin tensile strength or 
uterine bursting pressure increases rapidly as collagen 
deposition increases and cross-linkages formed between 
the collagen fibers (35, 36).

MFPs are rich in Hyp according to the composition 
analysis (Supplementary materials). Hyp, derived from 

proline, is the main component of collagen fibers in 
connective tissue, and it is crucial for collagen biosyn-
thesis, structure, and strength. Dietary proline is neces-
sary for would healing in both animals and humans (38). 
Hyp content, as a marker of collagen deposition, always 
has a great positive influence on the tensile strength of 
connective tissue. At the same time, Hyp plays an import-
ant role in the formation and stability of triple helix of 
collagen molecules at a physiological temperature (39). 
Similar results have been obtained in the present study 
and also in previous studies (12, 29). By measuring the 
content of Hyp in the scar tissue of rat uterine incision, 
we can indirectly understand the effect of  MFPs on the 
formation of collagen fibers in the uterine incision. In-
creasing Hyp content is beneficial to collagen synthesis, 
the stability of collagen molecules, tissue repair, and ten-
sile strength. However, some studies reached different 
conclusions regarding the meaning of collagen content 
in uterine tissue. Wang et al. (35, 36) found that Hyp 
concentration changed differently in the skin and uterus, 
which meant WP or marine collagen peptides could in-
crease the Hyp content in the skin incision, but not that 
in the uterine incision.

Vascular repair and angiogenesis are the most import-
ant factors for tissue repair and regeneration (40). Angio-
genesis, which refers to the development of new blood 
vessels, allows transfer of oxygen, nutrients, and inflam-
matory cells to the site of a wound after injury, as well 
as contributes to granulation tissue formation and ulti-
mately to wound integration (35). Previous studies have 
shown that CD34 can promote the migration of vascular 
endothelial cells under the combined action of adhesion 
molecules and chemokines, which are conducive to endo-
thelial repair and vascular reconstruction (41–43). The 
expression of CD34, as a marker in tissue, can show the 
density of capillaries in the uterine scar tissue and reflect 
the healing process. In the present study, results suggested 
that MFP’s feeding could significantly contribute to the 
expression of CD34 and the proliferation of local neocap-
illaries in the uterine scar tissue. Thus, increased vascular-
ization by MFPs at the uterine scar could greatly promote 
wound repair and healing, yet the mechanism needs to be 
further studied.

Wound healing is a dynamic and systematic process 
based on various mediators. CTGF is a growth factor that 
stimulates fibroblast proliferation and collagen deposition 
(44). It can be synthesized and secreted by fibroblasts, 
smooth muscle cells, and endothelial cells. CTGF is also 
a downstream factor for the tissue growth factor-beta to 
exert biological effects. CTGF has a strong regulatory ef-
fect on the differentiation and proliferation of fibroblasts 
and the synthesis and degradation of extracellular matrix 
(45). CTGF has important roles in many biological pro-
cesses, including cell adhesion, migration, proliferation, 
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angiogenesis, skeletal development, and tissue wound re-
pair (44). In the present study, results further indicated 
that MFPs feeding could promote the synthesis and depo-
sition of collagen, the differentiation and proliferation of 
fibroblasts for wound repair, by significantly enhancing 
the expression of CTGF around uterine scar. However, 
the regulatory mechanism by MFPs is not clear and needs 
to be further studied.

Conclusions
The present study mainly indicated that medium and high 
doses of MFPs feeding after CS in rats could significantly 
promote the healing of rat uterine incision. Its promoting 
effect may be mainly related to the mechanism of promot-
ing the formation of new capillaries in uterine scar tissue, 
the growth, and repair of collagen fibers and smooth mus-
cle tissues. One of the limitations of this study is the lack 
of positive control as the effective medical intervention 
methods are not yet available. On the other hand, com-
pared to the rat uterus, the human uterus has a different 
anatomical structure and physiological process, so further 
study should be conducted on human subjects, and more 
studies are needed to ensure the functions and thoroughly 
explore the mechanisms of MFPs in the wound healing 
process.

Acknowledgments

The authors thank the study participants for their contri-
bution during the research project.

Conflict of interest and funding
The authors have no conflicts of interest to disclose. This 
study was jointly funded by grants from the Applied Basic 
Research Program and Key Research Program of the 
Science & Technology Department of Sichuan Province, 
China (2018JY0575, 2018SZ0248). The funders did not 
have any additional role in the study design, data collec-
tion and analysis, decision to publish, or preparation of 
the manuscript.

Authors’ contributions
X.P. and B.P. are responsible for the design of  the 
research; X.P., J.X., and Y.T. performed the exper-
iments;  X.P., J.X., and Y.T. interpreted the results of 
the experiments, prepared the figures; W.L. kindly pro-
vided MFPs and guided the part of  drug trials; X.P. 
drafted the manuscript; B.P. edited and revised the 
manuscript.

References

 1. Biccard BM, Madiba TE, Kluyts HL, Munlemvo DM,  
Madzimbamuto FD, Basenero A, et al. Perioperative patient 

outcomes in the African surgical outcomes study: a 7-day prospec-
tive observational cohort study. Lancet 2018; 391(10130): 1589–98. 
doi: 10.1016/S0140-6736(18)30001-1

 2. Boerma T, Ronsmans C, Melesse DY, Barros AJD, Barros FC, 
Juan L, et al. Global epidemiology of use of and disparities 
in caesarean sections. Lancet 2018; 392(10155): 1341–8. doi: 
10.1016/S0140-6736(18)31928-7

 3. Betran AP, Ye J, Moller AB, Zhang J, Gulmezoglu AM,  Torloni 
MR. The increasing trend in caesarean section rates: global, 
regional and national estimates: 1990–2014. PLoS One 2016; 
11(2): e148343. doi: 10.1371/journal.pone.0148343

 4. Sandall J, Tribe RM, Avery L, Mola G, Visser GH, Homer CS, 
et al. Short-term and long-term effects of caesarean section on 
the health of women and children. Lancet 2018; 392(10155): 
1349–57. doi: 10.1016/S0140-6736(18)31930-5

 5. Owen J, Andrews WW. Wound complications after cesar-
ean sections. Clin Obstet Gynecol 1994; 37: 852–5. doi: 10. 
1097/00003081-199412000-00009

 6. Otkjaer AM, Jorgensen HL, Clausen TD, Krebs L. Maternal 
short-term complications after planned cesarean delivery with-
out medical indication: a registry-based study. Acta Obstet Gy-
necol Scand 2019; 98(7): 905–12. doi: 10.1111/aogs.13549

 7. Yazicioglu F, Gokdogan A, Kelekci S, Aygun, M, Savan K. 
Incomplete healing of the uterine incision after caesarean sec-
tion: is it preventable? Eur J Obstet Gynecol Reprod Biol 2006; 
124(1): 32–6. doi: 10.1016/j.ejogrb.2005.03.023

 8. Vikhareva OO, Valentin L. Risk factors for incomplete heal-
ing of the uterine incision after caesarean section. BJOG 2010; 
117(9): 1119–26. doi: 10.1111/j.1471-0528.2010.02631.x

 9. Lydon-Rochelle M, Holt VL, Easterling TR, Martin DP. Risk 
of uterine rupture during labor among women with a prior ce-
sarean delivery. N Engl J Med 2001; 345(1): 3–8. doi: 10.1056/
NEJM200107053450101

 10. Islam A, Shah AA, Jadoon H, Fawad A, Javed M, Abbasi 
AN. A two-year analysis of uterine rupture in pregnancy. J 
Ayub Med Coll Abbottabad 2018; 30(Suppl 1 4): S639–41. 
PMID: 30838822

 11. Begam MA, Mirghani H, Al Omari W, Khair H, Elbiss H, 
Naeem T, et al. Caesarean scar pregnancy: time to explore in-
dications of the caesarean sections? J Obstet Gynaecol 2019; 
39(3): 365–71. doi: 10.1080/01443615.2018.1519529

 12. Buhimschi CS, Buhimschi IA, Yu C, Wang H, Sharer DJ, 
 Diamond MP, et al. The effect of dystocia and previous cesarean 
uterine scar on the tensile properties of the lower uterine seg-
ment. Am J Obstet Gynecol 2006; 194(3): 873–83. doi: 10.1016/j.
ajog.2005.09.004

 13. Buhimschi CS, Zhao G, Sora N, Madri JA, Buhimschi IA. 
 Myometrial wound healing post-cesarean delivery in the MRL/
MpJ mouse model of uterine scarring. Am J Pathol 2010; 
177(1): 197–207. doi: 10. 2353/ajpath.2010.091209

 14. Phelan JP, Korst LM, Settles DK. Uterine activity patterns 
in uterine rupture: a case-control study. Obstet Gynecol 1998; 
92(3): 394–7. doi: 10.1097/00006250-199809000-00015

 15. Clay FS, Walsh CA, Walsh SR. Staples vs subcuticular sutures 
for skin closure at cesarean delivery: a metaanalysis of random-
ized controlled trials. Am J Obstet Gynecol 2011; 204(5): 378–
83. doi: 10.1016/j.ajog.2010.11.018

 16. Kawakita T, Iqbal SN, Overcash RT. Negative pressure wound 
therapy system in extremely obese women after cesarean deliv-
ery compared with standard dressing. J Matern Fetal Neonatal 
Med 2019; 5: 1–5. doi: 10.1080/14767058.2019.1611774

 17. Kwon JY, Yun HG, Park IY. n-Butyl-2-cyanoacrylate tissue ad-
hesive (Histoacryl) vs. subcuticular sutures for skin closure of 

http://dx.doi.org/10.29219/fnr.v64.4247
https://dx.doi.org/10.1016/S0140-6736(18)30001-1
https://dx.doi.org/10.1016/S0140-6736(18)31928-7
https://dx.doi.org/10.1016/S0140-6736(18)31928-7
https://dx.doi.org/10.1371/journal.pone.0148343
https://dx.doi.org/10.1016/S0140-6736(18)31930-5
https://dx.doi.org/10.1097/00003081-199412000-00009
https://dx.doi.org/10.1097/00003081-199412000-00009
https://dx.doi.org/10.1111/aogs.13549
https://dx.doi.org/10.1016/j.ejogrb.2005.03.023
https://dx.doi.org/10.1111/j.1471-0528.2010.02631.x
https://dx.doi.org/10.1056/NEJM200107053450101
https://dx.doi.org/10.1056/NEJM200107053450101
https://dx.doi.org/10.1080/01443615.2018.1519529
https://dx.doi.org/10.1016/j.ajog.2005.09.004
https://dx.doi.org/10.1016/j.ajog.2005.09.004
https://dx.doi.org/10.2353/ajpath.2010.091209
https://dx.doi.org/10.1097/00006250-199809000-00015
https://dx.doi.org/10.1016/j.ajog.2010.11.018
https://dx.doi.org/10.1080/14767058.2019.1611774


Citation: Food & Nutrition Research 2020, 64: 4247 - http://dx.doi.org/10.29219/fnr.v64.424712
(page number not for citation purpose)

Xue Peng et al.

Pfannenstiel incisions following cesarean delivery. PLoS One 
2018; 13(9): e202074. doi: 10.1371/journal.pone.0202074

 18. Aslan CB, Aydogan MB, Barut S, Koroglu N, Zindar Y, 
Konal  M, et al. The impact of subcutaneous irrigation on 
wound complications after cesarean sections: a prospective ran-
domised study. Eur J Obstet Gynecol Reprod Biol 2018; 227: 
67–70. doi: 10.1016/j.ejogrb.2018.06.006

 19. Wihbey KA, Joyce EM, Spalding ZT, Jones HJ, MacKenzie 
TA, Evans RH, et al. Prophylactic negative pressure wound 
therapy and wound complication after cesarean delivery in 
women with class II or III obesity: a randomized controlled 
trial. Obstet Gynecol 2018; 132(2): 377–84. doi: 10.1097/
AOG.0000000000002744

 20. Kulprachakarn K, Ounjaijean S, Wungrath J, Mani R, Rerkasem K. 
Micronutrients and natural compounds status and their effects on 
wound healing in the diabetic foot ulcer. Int J Low Extrem Wounds 
2017; 16(4): 244–50. doi: 10.1177/1534734617737659

 21. Albaugh VL, Mukherjee K, Barbul A. Proline precursors and 
collagen synthesis: biochemical challenges of nutrient supple-
mentation and wound healing. J Nutr 2017; 147(11): 2011–17. 
doi: 10.3945/jn.117.256404

 22. Silva JR, Burger B, Kuhl CMC, Candreva T, Dos Anjos MBP, 
Rodrigues HG. Wound healing and omega-6 fatty acids: from in-
flammation to repair. Mediators Inflamm 2018; 2018: 2503950. 
doi: 10.1155/2018/2503950

 23. Thompson C, Fuhrman MP. Nutrients and wound healing: 
still searching for the magic bullet. Nutr Clin Pract 2005; 20(3):  
331–47. doi: 10.1177/0115426505020003331

 24. Kim DJ, Mustoe T, Clark RA. Cutaneous wound healing in 
aging small mammals: a systematic review. Wound Repair Regen 
2015; 23(3): 318–39. doi: 10.1111/wrr.12290

 25. Singer AJ, Clark RA. Cutaneous wound healing. N Engl J Med 
1999; 341(10): 738–46. doi: 10.1056/NEJM199909023411006

 26. Clark LD, Clark RK, Heber-Katz E. A new murine model for 
mammalian wound repair and regeneration. Clin Immunol Im-
munopathol 1998; 88(1): 35–45. doi: 10.1006/clin.1998.4519

 27. Micili SC, Goker A, Sayin O, Akokay P, Ergur BU. The effect 
of lipoic acid on wound healing in a full thickness uterine injury 
model in rats. J Mol Histol 2013; 44(3): 339–45. doi: 10.1007/
s10735-013-9485-8

 28. Taveau JW, Tartaglia M, Buchannan D, Smith B, Koenig G, 
Thomfohrde K, et al. Regeneration of uterine horn using por-
cine small intestinal submucosa grafts in rabbits. J Invest Surg 
2004; 17(2): 81–92. doi: 10.1080/08941930490422456

 29. Bowers D, McKenzie D, Dutta D, Wheeless CR, Cohen WR. 
Growth hormone treatment after cesarean delivery in rats in-
creases the strength of the uterine scar. Am J Obstet Gynecol 
2001; 185(3): 614–17. doi: 10.1067/mob.2001.117185

 30. Fleck CA, Simman R. Modern collagen wound dressings: func-
tion and purpose. J Am Col Certif  Wound Spec 2010; 2(3): 50–4. 
doi: 10.1016/j.jcws.2010.12.003

 31. Ruszczak Z. Effect of collagen matrices on dermal wound heal-
ing. Adv Drug Deliv Rev 2003; 55(12): 1595–611. doi: 10.1016/j.
addr.2003.08.003

 32. Lin N, Li X, Song T, Wang J, Meng K, Yang J, et al. The ef-
fect of collagen-binding vascular endothelial growth factor 
on the remodeling of scarred rat uterus following full-thick-
ness injury. Biomaterials 2012; 33(6): 1801–7. doi: 10.1016/j.
biomaterials.2011.11.038

 33. Peng X, Wu Z, Yu L, Li J, Xu W, Chan HC, et al. Overexpres-
sion of cystic fibrosis transmembrane conductance regulator 
(CFTR) is associated with human cervical cancer malignancy, 

progression and prognosis. Gynecol Oncol 2012; 125(2): 470–6. 
doi: 10.1016/j.ygyno.2012.02.015

 34. Holladay SD, Smialowicz RJ. Development of the murine and 
human immune system: differential effects of immunotoxicants 
depend on time of exposure. Environ Health Perspect 2000; 108 
(Suppl 3): 463–73. doi: 10.1289/ehp.00108s3463

 35. Wang J, Xu M, Liang R, Zhao M, Zhang Z, Li Y. Oral adminis-
tration of marine collagen peptides prepared from chum salmon 
(Oncorhynchus keta) improves wound healing following cesar-
ean section in rats. Food Nutr Res 2015; 59: 26411. doi: 10.3402/
fnr.v59.26411

 36. Wang J, Zhao M, Liang R, Zhang Z, Zhao H, Zhang J, et al. 
Whey peptides improve wound healing following caesarean 
section in rats. Br J Nutr 2010; 104(11): 1621–7. doi: 10.1017/
S0007114510002692

 37. Hartmann R, Meisel H. Food-derived peptides with biological 
activity: from research to food applications. Curr Opin Biotech-
nol 2007; 18(2): 163–9. doi: 10.1016/j.copbio.2007.01.013

 38. Barbul A. Proline precursors to sustain mammalian colla-
gen synthesis. J Nutr 2008; 138(10): 2021S–4S. doi: 10.1093/
jn/138.10.2021S

 39. Paterno J, Vial IN, Wong VW, Rustad KC, Sorkin M, Shi Y, 
et al. Akt-mediated mechanotransduction in murine fibroblasts 
during hypertrophic scar formation. Wound Repair Regen 2011; 
19(1): 49–58. doi: 10.1111/j.1524-475X.2010.00643.x

 40. Novosel EC, Kleinhans C, Kluger PJ. Vascularization is the 
key challenge in tissue engineering. Adv Drug Deliv Rev 2011;  
63(4–5): 300–11. doi: 10.1016/j.addr.2011.03.004

 41. Kukreja I, Kapoor P, Deshmukh R, Kulkarni V. VEGF and 
CD 34: a correlation between tumor angiogenesis and microves-
sel density-an immunohistochemical study. J Oral Maxillofac 
Pathol 2013; 17(3): 367–73. doi: 10.4103/0973-029X.125200

 42. Vigorelli V, Resta J, Bianchessi V, Lauri A, Bassetti B, 
 Agrifoglio  M, et al. Abnormal DNA methylation induced by 
hyperglycemia reduces CXCR 4 gene expression in CD 34(+) 
stem cells. J Am Heart Assoc 2019; 8(9): e10012. doi: 10.1161/
JAHA.118.010012

 43. Zhu LF, Xiao M, Chen YQ, Wang LY, Luo XF, Yuan XH, et al. 
In vitro effects of reprogramming factors on the expressions of 
pluripotent genes and CD34 gene in human acute promyelocytic 
leukemia HL-60 cells. Genomics 2017; 109(5–6): 331–5. doi: 
10.1016/j.ygeno.2017.05.006

 44. Park S, Ko E, Lee JH, Song Y, Cui CH, Hou J, et al. Gypenoside 
LXXV promotes cutaneous wound healing in vivo by enhanc-
ing connective tissue growth factor levels via the glucocorticoid 
receptor pathway. Molecules 2019; 24(8): 1595. doi: 10.3390/
molecules24081595

 45. Kapoor M, Liu S, Huh K, Parapuram S, Kennedy L, Leask A. 
Connective tissue growth factor promoter activity in normal 
and wounded skin. Fibrogenesis Tissue Repair 2008; 1(1): 3. 
doi: 10.1186/1755-1536-1-3

*Bing Peng
Department of Obstetrics and Gynecology
West China Second University Hospital
Sichuan University
No. 20, 3rd Section, South Renmin Road
Chengdu 610041, Sichuan, China
Tel: +86 139 0806 7406
Email: pengbin-a111@163.com

http://dx.doi.org/10.29219/fnr.v64.4247
https://dx.doi.org/10.1371/journal.pone.0202074
https://dx.doi.org/10.1016/j.ejogrb.2018.06.006
https://dx.doi.org/10.1097/AOG.0000000000002744
https://dx.doi.org/10.1097/AOG.0000000000002744
https://dx.doi.org/10.1177/1534734617737659
https://dx.doi.org/10.3945/jn.117.256404
https://dx.doi.org/10.1155/2018/2503950
https://dx.doi.org/10.1177/0115426505020003331
https://dx.doi.org/10.1111/wrr.12290
https://dx.doi.org/10.1056/NEJM199909023411006
https://dx.doi.org/10.1006/clin.1998.4519
https://dx.doi.org/10.1007/s10735-013-9485-8
https://dx.doi.org/10.1007/s10735-013-9485-8
https://dx.doi.org/10.1080/08941930490422456
https://dx.doi.org/10.1067/mob.2001.117185
https://dx.doi.org/10.1016/j.jcws.2010.12.003
https://dx.doi.org/10.1016/j.addr.2003.08.003
https://dx.doi.org/10.1016/j.addr.2003.08.003
https://dx.doi.org/10.1016/j.biomaterials.2011.11.038
https://dx.doi.org/10.1016/j.biomaterials.2011.11.038
https://dx.doi.org/10.1016/j.ygyno.2012.02.015
https://dx.doi.org/10.1289/ehp.00108s3463
https://dx.doi.org/10.3402/fnr.v59.26411
https://dx.doi.org/10.3402/fnr.v59.26411
https://dx.doi.org/10.1017/S0007114510002692
https://dx.doi.org/10.1017/S0007114510002692
https://dx.doi.org/10.1016/j.copbio.2007.01.013
https://dx.doi.org/10.1093/jn/138.10.2021S
https://dx.doi.org/10.1093/jn/138.10.2021S
https://dx.doi.org/10.1111/j.1524-475X.2010.00643.x
https://dx.doi.org/10.1016/j.addr.2011.03.004
https://dx.doi.org/10.4103/0973-029X.125200
https://dx.doi.org/10.1161/JAHA.118.010012
https://dx.doi.org/10.1161/JAHA.118.010012
https://dx.doi.org/10.1016/j.ygeno.2017.05.006
https://dx.doi.org/10.1016/j.ygeno.2017.05.006
https://dx.doi.org/10.3390/molecules24081595
https://dx.doi.org/10.3390/molecules24081595
https://dx.doi.org/10.1186/1755-1536-1-3
mailto:pengbin-a111@163.com

