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ApoC3 is expressed in oocytes and increased 
expression is associated with PCOS progression
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Abstract 

Background Polycystic ovary syndrome (PCOS) is a lifelong metabolic disorder and the most common cause of ano-
vulatory infertility affecting women in reproductive age. Our recent study reported that apolipoprotein C3 (ApoC3) 
could be a potential diagnostic serum marker for metabolism disturbance in PCOS patients, but whether it is present 
in the ovaries and what role it plays has not yet been described.

Objective Aimed to investigate ApoC3 expression in ovary of PCOS, and to discuss its potential role in PCOS 
progression.

Methods ApoC3 expression in ovarian tissue samples from 12 PCOS patients along with 12 healthy controls were 
measured via immunohistochemistry (IHC). Also, the level of ApoC3 in follicular fluid from 14 patients diagnosed 
with PCOS and 13 control subjects were detected by ELISA. The expression and location of ApoC3 in ovaries of PCOS 
mice were tested weekly for three consecutive weeks during PCOS formation using real time PCR, Western Blot, IHC 
and immunofluorescence. The relation of ApoC3 and sex hormones was analyzed in mouse plasma. Additionally, 
the dynamic changes of ApoC3 level in ovaries of healthy mice during postnatal development was also investigated.

Results ApoC3 levels in ovarian tissue and follicular fluid were significantly higher in PCOS patients than in controls 
(33.87 ± 4.11 vs. 27.71 ± 3.65, P < 0.01; 0.87 ± 0.09 vs. 0.51 ± 0.32 ng/mL, P < 0.05), respectively. In ovary, ApoC3 was found 
to be located in the cytoplasm of oocyte, and its expression gradually increased with PCOS progression (P < 0.05). 
Furthermore, correlation analysis showed that plasma ApoC3 level was closely associated with luteinizing hormone 
(r = 0.709, P = 0.001), testosterone (r = 0.627, P = 0.005) and anti-mullerian hormone (r = 0.680, P = 0.002) in PCOS mice. In 
addition, ApoC3 level in oocyte was physiologically increased and peaked on postnatal age 21 (P21), then decreased 
following P21 in healthy mice.

Conclusions We identified ApoC3 expression in oocyte. It may be involved in PCOS progression and possibly partici-
pate in the regulation of oocyte development.
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Introduction
PCOS is one of the main causes for anovulatory infertil-
ity, which affects 6–20% of women in reproductive age 
worldwide. In women with PCOS, there are about 75% 
suffer from anovulation infertility and 50% experience 
with recurrent pregnancy loss [1–3]. PCOS is a multi-
factorial and heterogeneous syndrome characterized by 
excessive androgens, ovulatory dysfunction, and poly-
cystic ovarian morphology, and is often accompanied 
with metabolic disorders, such as insulin resistance (IR), 
abnormal lipid metabolism, metabolic syndrome, type 2 
diabetes and cardiovascular disease. Its impact on wom-
en’s physical and mental health has made it a severe pub-
lic health challenge [4–8].

Recently, we reported that serum samples from 
women with PCOS contained an abnormally high level 
of ApoC3 [9]. ApoC3 is a smaller secreted glycoprotein 
of 79 amino acid residues predominantly produced in 
the liver, and plays an important role in lipid metabolism 
[10]. ApoC3 inhibits lipoprotein lipases and prevents 
ApoB and ApoE apolipoproteins from interacting with 
their hepatic receptors, thereby increasing the bioavail-
ability of circulating TG-rich lipoproteins via reducing 
lipolysis and therefore reduces hepatic uptake. Increas-
ing level of circulating ApoC3 has widely been proposed 
as a biomarker for hypertriglyceridemia and metabolic 
imbalance in type 1 diabetes, chronic kidney disease and 
acute lymphoblastic leukemia [11–13]. It has been estab-
lished that PCOS patients may have an increased risk of 
hyperlipemia and metabolic diseases, but rare study has 
been conducted to investigate the relationship between 
ApoC3 and PCOS [14].

Ovaries are the female reproductive organs and pro-
duce ovum and sex hormones (androgens, estrogen, and 
progesterone) upon stimulation by gonadotropins [15]. 
Pathological ovarian follicular development is the pri-
mary characteristic mediated by various subtle mecha-
nisms as well as metabolic and intraovarian interactions 

in the anovulation of PCOS [16]. In PCOS, the accumula-
tion of prematurely arrested small antral follicles within 
the ovarian cortex and subsequent failure of dominant 
follicle development result in PCOM [17]. The aforemen-
tioned follicular arrest in PCOS is clinically manifested 
in menstrual irregularity and anovulation [18]. There is a 
close relationship between lipid metabolism and ovarian 
function, and research in this area has received increas-
ing attention in recent years. Previous study has shown 
that metabolism of lipoproteins during steroidogenesis 
in oogenesis and follicular development for ovulation is 
highly complex and involves several factors depending on 
the follicular stage [19].

In the present research, ovary samples and follicular 
fluid of PCOS patients were collected and determined to 
check the expression of ApoC3, and compared to those 
in control women. Furthermore, A PCOS mouse model 
was developed by intraperitoneal injections of dehydroe-
piandrosterone (DHEA) for a consecutive three weeks 
and investigated weekly to determine the role of ApoC3 
and its contribution to the ovarian dysfunction of PCOS. 
Moreover, the fluctuation of ApoC3 levels in mouse 
ovary during pubertal development was also observed 
using mouse in postnatal age. The purpose of this study 
was to assess the relationship between ovarian ApoC3 
and PCOS progression, and to provide a useful clue for 
elucidating the molecular mechanisms of etiology in ovu-
lation disorder of PCOS.

Results
ApoC3 level was increased in the ovarian tissues 
and follicular fluid from women with PCOS
A total of 12 paired ovary samples from PCOS patients 
based on the Rotterdam criteria and controls were 
selected by matching age and BMI (Table 1). As shown in 
Fig. 1A, the average optical density (AOD) of ApoC3 was 
significantly elevated in PCOS ovarian tissues versus con-
trol group (33.87 ± 4.11 vs 27.71 ± 3.65, P < 0.01) (Fig. 1B). 

Table 1 Clinical data from ovarian specimens and follicular fluid in control and PCOS patients (X ±S)

Data were presented as mean ± SD. Mean ± SD are shown. The Student’s t test was used for normally distributed data

BMI Body mass index; LH Lutein stimulating hormone; FSH Follicle stimulating hormone; T Testosterone

*P < 0.05, **P < 0.01 versus control group

Parameter Ovarian tissue Follicular fluid

Control (n = 12) PCOS (n = 12) Control (n = 13) PCOS (n = 14)

Age (years) 28.83 ± 4.91 27.83 ± 3.30 28.33 ± 3.82 29.33 ± 3.82

BMI (kg/m2) 25.17 ± 3.28 27.13 ± 3.96 21.71 ± 4.66 21.80 ± 4.23

LH (IU/L) 6.08 ± 2.46 10.92 ± 4.64* 5.60 ± 2.02 7.03 ± 2.35

FSH (IU/L) 5.71 ± 1.29 5.96 ± 1.23 6.87 ± 1.74 5.52 ± 1.36

T (nmol/L) 1.22 ± 0.19 2.08 ± 0.80** 1.26 ± 0.06 1.65 ± 0.45*
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We then further analyzed the expression of ApoC3 in 
follicular fluid, and found a significantly increased level 
of ApoC3 in follicular fluid of PCOS group than the con-
trol group (0.87 ± 0.09 vs 0.51 ± 0.32 ng/mL, P < 0.05) 
(Fig. 1C). 

PCOS‑like phenotypes in DHEA‑treated mice
A PCOS-like mouse model was established via DHEA 
treatment as previously described [20, 21].  It was 
found that the body weights of PCOS mice were sig-
nificantly increased at Week 2 compared to the control 
group (19.80±0.79 vs 18.62±0.67 g, P<0.05, Fig.  2B). 
The mouse model for PCOS showed disrupted estrus 
cycles, while the cycles of the control group remained 

regular (Fig.  2C). Furthermore, histological analy-
sis of PCOS mouse ovaries found more cystic follicles 
and fewer corpora lutea when compared to control 
ones from Week 2 (2.83±1.60 vs 1.00±0.63, P<0.05; 
2.17±1.17 vs 3.67±1.63, P>0.05, Fig. 2D-F). The plasma 
levels of luteinizing hormone, testosterone and anti-
mullerian hormone, which were known to be associ-
ated with PCOS development [22], were obviously 
elevated in PCOS mice at Week 2 (0.078±0.010 vs 
0.050±0.004 mIU/mL, P<0.05; 4.30±0.48 vs 3.32±0.24 
ng/mL, P<0.01; 402.55±70.74 vs 273.62±75.35 pg/mL, 
P<0.05, Fig. 3A-C). Aside from a significant rise in sex 
hormones, abnormal glucose and lipid metabolism 
were also observed in mouse models for PCOS (P<0.05, 
Fig. 3H-L).

Fig. 1 ApoC3 expression increased in ovarian tissue and follicular fluid of PCOS patients. A Immunohistochemical pictures of ovary in PCOS 
patients (n = 12) and non-PCOS patients (n = 12), scale bars: 200 μm, 50 μm. Area positive for ApoC3 was stained in brown; oocytes were indicated 
by red arrowheads. B Average optical density of ApoC3. C ApoC3 levels in follicular fluid from PCOS patients (n = 14) and controls (n = 13). Data were 
shown as mean ± SD. *P < 0.05, **P < 0.01 versus control group
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Correlation between ApoC3 and sex hormones in PCOS 
mice
Noteworthy, we uncovered a significant and persistent 
elevation in circulating levels of ApoC3 in plasma of 
PCOS mice at Week 2 compared to the control group 
(3.97±0.37 vs 2.88±0.10 μg/mL, P<0.01, Fig.3D). To verify 
the association between ApoC3 and the endocrine pro-
files, linear regression analyses were performed. Cor-
relation analysis showed a positive relationship between 
ApoC3 and luteinizing hormone (r=0.709, P<0.01), tes-
tosterone (r=0.627, P<0.01) and anti-mullerian hormone 

(r=0.680, P<0.01) in mouse models for PCOS (Fig. 3E-G, 
Table S1). In contrast, no correlation was found between 
ApoC3 and hormone profiles in the control group 
(P>0.05, Table S2).

ApoC3 gradually increased with PCOS progression 
in mouse model and located in oocyte
qPCR and western blot were used to examine ApoC3 
expression in the mouse ovarian tissues, and the results 
indicated that ApoC3 mRNA and protein levels in the 
ovaries were increased in the PCOS mice from Week 

Fig. 2 Impairment of ovulatory function in mouse models for PCOS. Mice were injected with DHEA decoction (6 mg/100 g.d) and sesame oil 
for consecutive 3 weeks and examination weekly. A Schematic illustration of the experimental design of PCOS mouse models. B Body weight. 
C Representative oestrous cycle of one mouse from each group. P, proestrus; E, estrus; M, metestrus; D, diestrus. D Representative HE staining 
of ovarian tissue from one mouse from each group. The cystic follicle is indicated by red asterisks; corpora lutea was indicated by red pound signs. 
Scale bar: 200 μm. E Quantitative analysis of cystic follicles (n = 6). F Quantitative analysis of corpora lutea (n = 6). Line graphs show the mean ± SD. 
***P < 0.001, **P < 0.01, *P < 0.05 versus control group
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2, compared with the control mice (Fig.  4), and the 
expression of ApoC3 was increased with progression 
of PCOS. Immunohistochemical and Immunofluores-
cence stain showed that ApoC3 was mainly expressed 
in the oocytes, with higher levels in PCOS mice com-
pared with the controls (P<0.05, Fig. 5), which demon-
strated that the source of ApoC3 may be from oocyte.

To exclude the influence of different types of follicles, 
we also analyzed the average optical density of ApoC3 
in different stages of follicles, and found that ApoC3 was 
obviously highly expressed in oocytes in primary follicles 
(PmF), secondary follicles (SF) and graafian follicles (GF) 
of PCOS mice (P<0.05, Fig.  6). However, no significant 
difference was observed in atretic follicles (AF) in the 

Fig. 3 ApoC3 was increased and associated with sex hormone in PCOS mouse model. A Plasma level of lutein stimulating hormone (LH); (B) 
Plasma level of testosterone (T); (C) Plasma level of anti-mullerian hormone (AMH). D Plasma level of ApoC3. E Correlation analysis between ApoC3 
and T in PCOS group (n = 18), r = 0.709 P = 0.001. F Correlation analysis between ApoC3 and AMH in PCOS group (n = 18), r = 0.627 P = 0.005 (n = 18). 
G Correlation analysis between ApoC3 and LH in PCOS group (n = 18), r = 0.680 P = 0.002. The lines indicate the fitted regression curves. H Total 
cholesterol (TC). I Total triglycerides (TG). J Low density lipoprotein cholesterin (LDL-C). K High density lipoprotein cholesterin (HDL-C). L Blood 
glucose level by GTT (n = 6 each group). Line graphs show the mean ± SD. ***P < 0.001, **P < 0.01, *P < 0.05 versus control group
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ovary of PCOS mice, compared to the controls. Based 
on these findings, we hypothesized that PCOS-related 
abnormal oocyte growth may be associated with overex-
pression of ApoC3.

ApoC3 correlated with oocyte growth in postnatal healthy 
mice
To further explore the expression of ApoC3 in healthy 
mice during postnatal development, we collected ovaries 
at postnatal age 7 (P7), P14, P21, P28, P35 and P42, as 
shown in Fig. 7A. Morphological analysis of the ovarian 

tissue was showed in Fig.  7B. The result demonstrated 
that ovary underwent a period of rapid development 
from P7-P28, after which development of ovary was sta-
bilized from P28-P42 (Fig.  7C). The pattern of changes 
in oocyte diameter was similar to that of the ovary area 
with rapid development being observed from P14-P28 
(Fig.  7D). We next investigated the changes of ApoC3 
expression in healthy mouse ovaries from P7-P42. The 
examination revealed that expression of ApoC3 displayed 
a sharply increasing trend from P7 to P21, peaking at P21 
and decreased then leveled off (Fig. 8).

Fig. 4 Overexpression of ApoC3 in ovaries for PCOS mice was detected by Western blot and RT-PCR. ApoC3 expression demonstrated by real-time 
qPCR and western blot at mRNA (B) and protein (C) levels (n = 3). (C) The relative protein expression of ApoC3. Data are expressed as mean ± SD, 
*P < 0.05, **P < 0.01 versus control group

Fig. 5 Expression of ApoC3 was increased significantly in oocyte of PCOS mice with the time of disease progress. A The Immunohistochemical 
staining (n = 3). Positive for ApoC3 was stained in brown; oocytes were indicated by red arrows. Scale bar: 200 μm, 50 μm. C Immunofluorescence 
staining (n = 3). Red, ApoC3. Blue, DAPI indicates the nuclear localization signal. Scale bar: 100 μm, 75 μm. Oocytes were indicated by red arrows. 
Data are expressed as mean ± SD, *P < 0.05, **P < 0.01 versus control group
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Discussion
Growing evidence suggests that apolipoprotein plays an 
essential role in the reproductive system of women [23], 
but the presence of ApoC3 in the ovary and its associa-
tion with PCOS are largely unknown. In this study we 
reported for the first time that ApoC3 expresses in the 
ovarian tissue of PCOS patients and PCOS-like mouse. 
Importantly, the change in oocyte ApoC3 protein content 
was associated with PCOS development and plasma level 
of ApoC3 was related to sex hormone abnormalities in 
PCOS mice. Interestingly, we also found that the physi-
ological elevation of ApoC3 in healthy mouse was closely 
associated with oocyte growth.

ApoC3 plays a critical role in the regulation of metab-
olism of free fatty acids by hindering the interaction 
between lipoprotein lipase and triglyceride-enriched 
lipoproteins, as well as their hydrolysis and clearance 
[24]. Fatty acids have the capacity to generate 3.5-fold 
more energy than glucose; thus, this form of metabolism 
for generating ATP is highly efficient [25]. ApoC3 influ-
ences lipid metabolism by moving from VLDL to HDL, 
with a transfer that is proportional to the magnitude of 
free fatty acid (FA) release [10]. Therefore, a certain level 
of ApoC3 is essential for oocyte metabolism. However, 
a rise in ApoC3 level could cause increased inhibition 
of lipoprotein lipase (LPL) activity and lead to lipolysis 

Fig. 6 ApoC3 was highly expressed in oocytes in different follicular stages of PCOS mice (A) Immunohistochemical staining of ApoC3 in four 
developmental stages of follicles. The area positive for ApoC3 is stained in brown; oocytes were indicated by red arrows. Scale bar: 50 μm. B Average 
optical density of ApoC3. Primary follicle (PF), secondary follicle (SF), Gratian follicle (GF), Atretic follicle (AF). Data are expressed as mean ± SD, 
*P < 0.05, **P < 0.01 versus control group
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reduction and lipid deposition [10, 26]. Excessive lipid 
deposition would increase levels of reactive oxygen spe-
cies (ROS), resulting in the dysfunction of mitochondria 
and endoplasmic reticulum, eventually impairing subse-
quent oocyte quality and development [27]. Therefore, a 
balanced level of ApoC3 in oocytes is necessary to ensure 
the developmental competence of oocytes [28]. In this 
regard, we found that the expression of ApoC3 was much 
stronger in the oocytes of POCS mice and PCOS women 
compared to the controls. This may be one of the reasons 
for the stagnation of PCOS follicle development and the 
deterioration of oocyte quality.

Thimoteus Speer, et al verified that ApoC3 activates the 
NLRP3 inflammasome in human monocytes by induc-
ing an alternative NLRP3 inflammasome and impede 
endothelial regeneration and promote kidney injury [29]. 
What’s more ApoC3 overexpression aggravated early-
stage diabetic nephropathy by activating the renal TLR2/
NF-κB pathway with increased renal inflammation in 
mice [30]. Regarding the pathogenesis of PCOS, recent 
studies have intensively concentrated on the impact 

of chronic inflammation and low-grade inflammation 
playing a significant role in the emergence of ovulation 
problems in PCOS [31, 32]. Activation of the NLRP3 
inflammasome accelerates ovarian fibrosis in mice with 
PCOS and plays an important role in regulating ovarian 
steroidogenesis, maturation of ovarian follicles, and other 
reproductive processes [33, 34]. Hence, we speculate that 
ApoC3 may be involved in the occurrence of ovarian 
inflammatory response in PCOS. However, the related 
studies between ApoC3 and inflammatory environment 
in PCOS are very scarce, further research in mechanism 
on ApoC3 and inflammation-related pathways in ovula-
tion dysfunction of PCOS is an essential next step in con-
firming the findings.

To further explore the role of ApoC3 in oocyte dur-
ing postnatal development, ovaries in P7-P42 mice were 
used in subsequent experiments. Our results revealed 
a remarkably fast rise in ApoC3 from P7 to P21, after 
which the expression declined. Evidence suggests that 
P22 to P23 is the “time window” for studying puberty ini-
tiation [35]. LH induces the synthesis of paracrine factors 

Fig. 7 Histology of ovaries in healthy mice from P7 to P42 was described by HE staining. A Schematic representation of the experimental design 
whereby healthy mice in postnatal days of age 7 to 42 (P7-P42). B Representative HE staining of ovarian tissue from healthy mice from P7 to P42 
(n = 6). Scale bar: 200 μm, 50 μm. C Area of ovarian tissue. D Oocyte diameter
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such as EGF-like factors and meiosis-activating sterol 
(MAS) to regulate oocyte germinal vesicle breakdown 
(GVBD) through cAMP/protein kinase A (PKA) and 
protein kinase C (PKC) pathways [36, 37]. After GVBD, 
meiosis resumes and homologous chromosomes are sep-
arated to emit the secondary oocyte and first polar body 
[38, 39]. Therefore, the interval of puberty initiation (P22 
to P23) is a crucial phase in the control of mammalian 
oocyte meiosis. Here, we found that expression of ApoC3 
in ovary of healthy mouse displayed a sharply increasing 
trend from P7 to P21, peaking at P21 and then decreased 
and flattened gradually. Thus, it seems that physiologi-
cally high expression of ApoC3 in the ovaries may pos-
sibly play a role in oocyte maturation, and likely acts as 
an indicative marker for oocyte development. However, 
unlike healthy mice, expression of ApoC3 elevated con-
sistently in oocytes of PCOS-like mice. Thus, we specu-
late that ApoC3 may act as one of the vital factors that 
involve in the pathogenesis of PCOS.

Previous studies showed that elevated levels of several 
sex hormones, including LH, T and AMH, were associ-
ated with PCOS progression [40, 41]. Our study revealed 
an upward trend of ApoC3 in plasma that is positively 
correlated with LH, T and AMH during the progression 

of PCOS, but had no significant relationship to those 
hormones in the control group. Plasma lipoproteins are 
the major source of cholesterol for steroid production in 
the ovaries, the central core of the lipoprotein consists of 
cholesterol; apolipoprotein serves as a receptor recogni-
tion site that is closely related to cholesterol transporta-
tion and absorption [42, 43]. Cholesterol, as the precursor 
to steroid hormones in hormone production, is closely 
related to apolipoprotein [42–45]. However, only ApoE 
and ApoB-100 have been reported to act as key players in 
ovarian cholesterol uptake and steroidogenesis presently 
[23, 46]. AMH, as a relative of the transforming growth 
factor (TGF)-β family, plays an important biological role 
in follicle growth and oocyte development, directly cor-
relates with PCOS, and profoundly impairs oocyte qual-
ity and maturation as well as embryo quality [47–49]. 
Higher AMH inhibits primordial follicle recruitment and 
aberrant follicular development [50, 51]. Moreover, the 
increased pulse frequency of LH stimulates theca cells 
to synthesize more androgens, resulting in the hyper-
androgenic condition also inducing follicular arrest and 
ovulatory dysfunction [52]. Therefore, we speculated that 
increase level of ApoC3 in plasma has some unknown 
connection to ovulatory disturbances. However, rare 

Fig. 8 The presence of ApoC3 in oocyte ascended and arrived the peak on PD21 in healthy mice. A Immunohistochemical staining of ApoC3 
in ovarian tissue from healthy mouse during P7 to P42 (n = 6). Area positive for ApoC3 was stained in brown; oocytes were indicated by red 
arrowheads. Scale bar: 200 μm, 50 μm. B Average optical density of ApoC3. Data were expressed as mean ± SD.
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relevant literatures related to ApoC3 and these hormones 
have been published. The relationship between ApoC3 
and hormones is highly complex and poorly understood, 
which will be an intriguing and meaningful area for fur-
ther study.

Finally, the role of apoC3 in insulin resistance deserves 
to be mentioned. Numerous studies suggest a close rela-
tionship exists between ApoC3 and insulin resistance 
[53]. An increased plasma level of ApoC3 in states asso-
ciated with insulin resistance [54].  Under conditions of 
islet insulin resistance, local islet production of ApoC3 
has been identified as a diabetogenic factor involved in 
increasing mitochondrial metabolism, deranging regu-
lation of β-cell cytoplasmic free Ca2 + concentration 
 ([Ca2+]i), and apoptosis for β-cell, which seems to link 
insulin resistance and β-cell failure in T2DM [55].  In 
addition, overexpression of ApoC3 enhances non-alco-
holic fatty liver disease and exacerbates inflammatory 
pathways in skeletal muscles, affecting insulin signal-
ing and thereby inducing insulin resistance [53]. Insulin 
resistance is a key pathophysiological marker of PCOS, 
insulin sensitizing agents have been used to improve 
insulin resistance in PCOS, and this may include ben-
eficial effects on lipid and ApoB-lipoprotein metabolism 
[56–58].  In addition to peripheral insulin resistance, 
ovary insulin resistance will cause fertile disorder by hav-
ing a side effect on folliculogenesis, causing anovulation 
and hyperandrogenia [59].  In our study, the correlation 
between ApoC3 levels and insulin in the plasma has not 
yet been found in PCOS mice. However, whether the 
high concentration of ApoC3 presents a key role in ovar-
ian dysfunction and local insulin resistance are targets of 
future research in our next steps.

Taken together, we boldly speculated that distinct 
changes of ApoC3 expression in ovary of PCOS are 
associated with ovulation and oocyte quality. However, 
the data relevant to our validations is limited, whether 
ApoC3 can be produced within oocytes, and the causal 
relationship between high levels of ApoC3 and patho-
logical changes of PCOS is the purpose of our following 
study. Although we have not been clear for the diagno-
sis and potential tailored management of infertility by 
ApoC3, it would be worthwhile to explore the application 
of ApoC3 as a biomarker in evaluation of infertility in 
women with PCOS [60, 61].

It should be noted that the clinical data presented in 
this study may have its limitation because of small sample 
sizes. Despite this, integrating clinical study and animal 
experiments is a strength of this study. In addition, the 
PCOS mouse model was induced by injecting DHEA in 
our research and thus it should be confirmed this factor 
may have an impact on subsequent results. Further inves-
tigations are required to study the causes of abnormally 

high expression of ApoC3 in this PCOS mouse model, 
and deeply explore the mechanisms of ApoC3 in PCOS.

Conclusions
Our study showed that the increased ApoC3 in ovary of 
PCOS located in oocyte may involve the progression of 
ovulation disorder. We also found a peak of ApoC3 in 
mouse oocytes in postnatal development age, indicating 
that ApoC3 may also be involved in oocyte development. 
These findings suggest that elevated ovarian ApoC3 level 
might play a key role in PCOS development and normal 
oocyte growth.

Materials and methods
Human subjects
In this study, ovary tissue and follicular fluid samples 
are used for analysis. A total of 12 PCOS patients and 12 
controls underwent surgery in Guangdong Women and 
Children Hospital from January 2014 to January 2015 
were included in this study for ovarian tissue sampling. 
Fourteen PCOS patients and thirteen control women 
who underwent conventional in  vitro fertilization (IVF) 
between December 2020 and March 2021 were included 
for follicular fluid analysis.

For the PCOS group, the inclusion criteria were: (i) 
age 18 to 35 years; (ii) a confirmed diagnosis of PCOS 
based on the Rotterdam diagnostic criteria of 2003 [62]; 
(iii) participants underwent IVF/ICSI or surgical wedge 
resection under laparoscopy. For the control group, the 
inclusion criteria were: (i) age 18–35 and BMI- matched 
subjects; (ii) patients with regular menstrual cycles, 
normal ovary sonographs and normal ovulating; (iii) 
participants underwent IVF/ICSI or resected to treat a 
unilateral benign ovarian teratoma or an ovarian cyst. 
The exclusion criteria were as follows: participants had 
a history of diabetes or other endocrinological disease, 
such as premature ovarian failure, hyperprolactinemia, 
adrenal hyperplasia, cushing’s syndrome, thyroid disor-
ders, severe mental illness, or ovarian tumors.

Ovarian tissue and follicular fluid sampling was per-
formed as previously described [63–65].  Venous blood 
samples were collected during the early follicular phase of 
menstrual bleeding (morning on the 3rd − 5th days). All 
subjects gave their informed consent for inclusion before 
they participated in the study. The study was conducted 
in accordance with the Declaration of Helsinki, and the 
protocol was approved by the Ethics and Research Com-
mittee of Guangdong Women and Children Hospital 
(No. 201401011; 201901012).

Animals experiment
All mice were housed in the animal facility of SPF Ani-
mal Laboratory (License number: SYXK 2019 − 0144) 
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with a temperature of 22 ± 1°C and 12-h light–dark cycle. 
Mice were allowed to eat and drink freely. Animal experi-
ments were approved by Guangzhou University of Chi-
nese Medicine Animal Care and Use Committee (No. 
20220504; No. 20220719), and conducted according to 
fundamental principles of Basel Declaration and the 
International Council for Laboratory Animal Science 
(ICLAS).

Three-week-old C57BL/6 mice were randomly divided 
into 2 groups (n = 18 for each group) and were injected 
with dehydroisoandrosterone (DHEA, Macklin, Shang-
hai, China)(6 mg/100 g body weight) and sesame oil 
(Macklin, Shanghai, China) for 21 consecutive days 
respectively as described previously [66]. All mice were 
anesthetized with 3% isoflurane (ISO) (in 40% oxygen) 
and were euthanized by bloodletting prior to dissection 
at preset time intervals. Mice in postnatal days of age 7 
to 42 (P7-P42) were divided into six groups according 
to age.

Estrous cycle determination
Vaginal smears of all mice were taken daily from the 10 
days after the first injection for 10 consecutive days to 
observe the oestrus cycle. PBS-wetted cotton swabs were 
used to collect vaginal cells, and the liquid was applied 
to slides to dry. The sections were stained with Wright-
Giemsa dye (Leagene Biotechnology, Beijing, China) [67].

Detection of animals plasma biochemical indicators
The levels of ApoC3 (Cloud-Clone Corp, Texas, USA, 
SEB890Mu), testosterone (Demeditec Diagnostics, Kiel, 
German, DE1559), luteinizing hormone (Nanjing Jian 
Cheng Bioengineering Institute, Nanjing, China, H206-
1-2), follicle stimulating hormone (Cloud-Clone Corp, 
Texas, USA, CEA830Mu), anti-müllerian hormone 
(Cloud-Clone Corp, Texas, USA, CEA228Mu) and insu-
lin (Mercodia, Uppsala, Sweden, 10-1247-01) were deter-
mined using enzyme-linked immunosorbent assay kits 
on a spectrophotometer (ThermoFisher, Singapore). The 
levels of triglyceride, total cholesterol, low-density lipo-
protein cholesterol and high-density lipoprotein cho-
lesterol (Nanjing Jian Cheng Bioengineering Institute, 
Nanjing, China) were examined using biochemical analy-
sis kits in accordance with the instructions provided by 
the manufacturers.

Glucose tolerance test
Mice were fasted for 12 h before the glucose tolerance 
test (GTT) experiment. Glucose levels were measured 
by an Accu-Chek Performa blood glucose meter (Roche 
Diagnostics, Mannheim, Germany) on a tail vein blood 
sample. After measurement of fasting glucose levels. The 
mice were orally gavaged with D-glucose (2g/kg body 

weight) for GTT and tail sampling was performed at time 
points 15, 30, 60, 90 and 120 min after the administration 
for glucose detection [68].

Histomorphological analysis
The paraffin-embedded tissue was sequentially dehy-
drated with gradient ethanol and penetrated by xylene 
and embedded in paraffin. The sections were longitudi-
nally sliced into 3 µm slices (Leica, Nussloch, Germany), 
dewaxed in xylene and rehydrated with gradient ethanol, 
then were stained with hematoxylin and eosin dye, and 
mounted using neutral resin. The numbers of corpora 
lutea and cystic follicles were counted under a micro-
scope (Leica, Wetzlar, Germany). The area of all sections 
derived from the same ovary was determined, and the 
maximum value was selected as the area of the ovary; 
oocyte diameter was calculated using the mean of two 
perpendicular measurements.

Western blot
Total protein of mouse ovaries for each sample was 
extracted using RIPA buffer (CST, Beverly, Massachu-
setts, USA) containing protease inhibitor cocktail (Roche, 
Basel, Switzerland). The protein samples were electro-
phoretically separated using 12–15% SDS-PAGE and 
transferred to PVDF membranes (Bio-Rad, Hercules, CA, 
USA). The membranes were placed in 5% BSA for 1 h to 
block nonspecific binding and then incubated with the 
corresponding primary antibodies (ApoC3: Servicebio, 
Wuhan, China; GAPDH: Santa, USA) for 12 h at 4°C, and 
then incubated for 1 h with the corresponding secondary 
antibodies at room temperature. Finally, the membranes 
were visualized using chemiluminescence (ECL) reaction 
reagents (GBCBIO Technologies Inc. Guangzhou, China) 
and imaged by the ECL system (Cell Biosciences, USA). 
The band density was quantified using ImageJ software 
(NIH Image, Bethesda, MD, USA).

RNA extraction and qRT‑PCR
Total RNA was isolated according TRIzol reagent (Inv-
itrogen, Carlsbad, CA), and cDNA was made RevertAid 
First Strand cDNA Synthesis Kit (ThermoFisher, USA). 
Quantitative real-time PCR was carried out by monitor-
ing the increase in fluorescence of SYBR green with the 
Real Time PCR System (Applied Biosystems, CA, USA). 
The primer sequences (5’-3’) were obtained from Prim-
erBank (https:// pga. mgh. harva rd. edu/ prime rbank/) and 
synthesized in Invitrogen: β-actin (F) TGA GCT GCG 
TTT TAC ACC CT, (R) GCC TTC ACC GTT CCA GTT TT; 
ApoC3 (F) GCT CAG TTT TAT CCC TAG AAGCA, (R) 
AGT GAT TGT CCA TCC AGC CC. The  2−ΔΔCt method 
was used to calculate relative changes in mRNA expres-
sion and normalized with β-actin.

https://pga.mgh.harvard.edu/primerbank/
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Immunohistochemistry staining
The ovarian tissues were embedded in paraffin, cut into 
3-µm sections and dewaxed as described above. Anti-
gen retrieval was performed in pH 6.0 sodium citrate 
buffer in a microwave at 100° C and the endogenous 
peroxidases were quenched with 3%  H2O2. The sec-
tions were blocked with normal goat serum for 10 min 
at room temperature and then incubated with primary 
antibodies ApoC3 (Bioss, Beijing, China, for human; 
Servicebio, Wuhan, China, for mouse). The biotin-
labeled sheep anti-rabbit IgG antibody was added to 
sections and incubated at room temperature. After 
washing with PBS, streptavidin-HRP was added and the 
chromogenic reaction was achieved with DAB mixed 
liquid (CWBio, Jiangsu, China). The semi-quantitative 
analysis of ApoC3 was conducted by calculating the 
average optical density (AOD) using IHC Profiler by 
Image J software (the National Institutes of Health, 
Bethesda, MD, USA) [69, 70].

Immunofluorescence analysis
The sections were blocked with normal goat serum for 10 
min at room temperature, incubated with ApoC3 anti-
bodies (Servicebio, Wuhan, China) for 12 h at 4°C, and 
then incubated with Alexa Fluor 594-conjugated goat 
anti-rabbit IgG secondary antibody (Jackson ImmunoRe-
search, West Grove, USA) for 1 h at room temperature, 
protected from light. Finally, the slides were mounted 
on an antifade mounting medium containing DAPI as a 
counter-stain (Beyotime, Shanghai, China) at room tem-
perature for 1 min. Sections were photographed using an 
epifluorescence inverted microscope (Carl-Zeiss, Jena, 
Germany), and the relative fluorescence intensity was 
calculated by dividing the fluorescence intensity of cells 
by the fluorescence intensity of the background using 
Image J software.

Statistical analysis
Statistical calculations were performed using SPSS 25 
(IBM Corp., Armonk, NY) and the data were expressed 
as mean ± standard deviation. Graphs were generated by 
using GraphPad Prism 7 (Dotmatics, Inc). All the data 
conformed to a normal distribution, as determined by 
Q-Q plots. Comparisons between two groups were eval-
uated using independent-sample t tests preformed by 
SPSS 25. Prior to the t-test, an F-test was used to deter-
mine equal or unequal variance. If the F-value was more 
than 0.05, then P-values were calculated using a Student’s 
t-test of equal variance. If the F-value was less than 0.05, 
then a Student’s t-test of unequal variance was used.. 
Pearson correlation coefficient was used to determine 

the relation between the variables of sex hormones and 
ApoC3. A results of P < 0.05 was considered statistically 
significant.
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