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Abstract 

Background: Insulin resistance (IR) contributes to ovarian dysfunctions in polycystic ovarian syndrome (PCOS) 
patients. Serum amyloid A1 (SAA1) is an acute phase protein produced primarily by the liver in response to inflamma-
tion. In addition to its role in inflammation, SAA1 may participate in IR development in peripheral tissues. Yet, expres-
sional regulation of SAA1 in the ovary and its role in the pathogenesis of ovarian IR in PCOS remain elusive.

Methods: Follicular fluid, granulosa cells and peripheral venous blood were collected from PCOS and non-PCOS 
patients with and without IR to measure SAA1 abundance for analysis of its correlation with IR status. The effects of 
SAA1 on its own expression and insulin signaling pathway were investigated in cultured primary granulosa cells.

Results: Ovarian granulosa cells were capable of producing SAA1, which could be induced by SAA1 per se. Moreo-
ver, the abundance of SAA1 significantly increased in granulosa cells and follicular fluid in PCOS patients with IR. SAA1 
treatment significantly attenuated insulin-stimulated membrane translocation of glucose transporter 4 and glucose 
uptake in granulosa cells through induction of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) 
expression with subsequent inhibition of Akt phosphorylation. These effects of SAA1 could be blocked by inhibitors 
for toll-like receptors 2/4 (TLR 2/4) and nuclear factor kappa light chain enhancer of activated B (NF-κB).

Conclusions: Human granulosa cells are capable of feedforward production of SAA1, which significantly increased in 
PCOS patients with IR. Excessive SAA1 reduces insulin sensitivity in granulosa cells via induction of PTEN and subse-
quent inhibition of Akt phosphorylation upon activation of TLR2/4 and NF-κB pathway. These findings highlight that 
elevation of SAA1 in the ovary promotes the development of IR in granulosa cells of PCOS patients.
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Background
Polycystic ovarian syndrome (PCOS) is a complex endo-
crine and metabolic disease, which affects up to 7-12% 
reproductive-aged women [1]. The key characteristics of 
PCOS include anovulation, hyperandrogenism, polycys-
tic ovarian morphology and insulin resistance (IR) [2, 3]. 
The prevalence of IR is up to 50-70% in PCOS patients [4, 
5], which is found in a number of tissues and cells includ-
ing ovarian granulosa cells [6, 7]. Given the essential roles 
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of granulosa cells in folliculogenesis, IR of granulosa 
cells is a contributor to reproductive disorders in PCOS 
patients. Thus, elucidation of the mechanism underlying 
IR development in granulosa cells may help better under-
standing the pathogenesis of PCOS.

Accumulating evidence has indicated a strong associa-
tion of low-grade chronic inflammation with the develop-
ment of IR in peripheral tissues [8–10]. Serum amyloid A 
(SAA), an acute phase protein, is produced mainly by the 
liver in response to inflammation and trauma. Although 
the exact role of SAA in the acute phase response is not 
fully understood, SAA is at least known to participate 
in inflammatory reactions through activation of toll-like 
receptor 2 and 4 (TLR2/4) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) signal-
ing pathway [11, 12]. There are four SAA genes, SAA1-4. 
While SAA1 and SAA2 are inducible in inflammation, 
SAA4 is constitutively expressed and SAA3 is a pseudo-
gene in humans [13]. Of interest, expression of SAA has 
been detected in non-hepatic tissues and its over-expres-
sion has been implicated in chronic inflammation and 
IR development in peripheral tissues in obesity and type 
2 diabetes [14–17]. SAA1, SAA2 and SAA4 transcripts 
have also been detected in human ovarian granulosa cells 
with SAA1 being the most abundant isoform [18]. How-
ever, very little is known about the expression and pro-
duction regulation of SAA1 in ovarian granulosa cells. It 
is neither known whether its over-production is associ-
ated with the development of IR through activation of the 
inflammatory pathway in granulosa cells in PCOS.

It is well known that insulin stimulates glucose uptake 
via induction of glucose transporter (GLUT4) trans-
location from cytoplasm to cell membrane upon acti-
vation of Akt phosphorylation [19, 20]. This signaling 
pathway can be attenuated by phosphatase and tensin 
homolog deleted on chromosome 10 (PTEN) [21, 22] and 
upregulation of PTEN expression has been shown to be 
responsible for insulin resistance in a number of tissues 
[23–25]. Thus, we hypothesize that increased SAA1 pro-
duction may inhibit insulin-induced Akt phosphorylation 
via stimulation of PTEN expression upon activation of 
TLR2/4 and NF-κB pathway, resulting in the attenuation 
of insulin-induced GLUT4 translocation, glucose uptake 
in granulosa cells and IR development in granulosa cells 
in PCOS. Herein, we examined the hypothesis by using 
human ovarian granulosa cells obtained from PCOS and 
non-PCOS patients with or without IR.

Methods
Recruitment of patients and collection of blood, follicular 
fluid and ovarian granulosa cells
Blood, follicular fluid and ovarian granulosa cells 
were collected from patients who underwent in  vitro 

fertilization (IVF) or intracytoplasmic sperm injection 
(ICSI) at Center for Reproductive Medicine between Jan-
uary 2018 and December 2020. Renji Hospital of Shang-
hai Jiao Tong University under a protocol approved by the 
Ethics Committee of Renji Hospital of Shanghai Jiao Tong 
University with informed consent (No. 2018072606). 
PCOS was diagnosed according to the revised Rotterdam 
consensus [26]. Women with tubal factor-related infer-
tility were enrolled into the non-PCOS group. Enrolled 
PCOS and non-PCOS patients were sub-divided into 
groups with and without IR according to HOMA-IR 
(homeostasis model of assessment for insulin resistance 
index), which was calculated following the equation of 
fating insulin×fasting glucose/22.5). HOMA-IR ≥ 2.68 
was diagnosed as IR [27]. Four groups were thus classified 
as following: non-PCOS without IR (n = 22), non-PCOS 
with IR (n = 22), PCOS without IR (n = 22) and PCOS 
with IR (n = 22). Insulin and glucose levels in the blood 
were measured with chemiluminescence assay (Beckman 
Access Health Co) and glucose oxidase method (Roche, 
Mannheim, Germany) respectively. Subjects with any of 
the following were excluded from this study: (1) history 
of unilateral oophorectomy; (2) endometriosis; (3) abnor-
mal karyotype; (4) recurrent spontaneous miscarriage; 
and (5) other medical conditions such as acute inflam-
mation screened by body temperature, blood routine 
test and high-sensitive C-reactive protein (CRP) test that 
contraindicated assisted reproductive technology and/or 
pregnancy. Patients diagnosed with IR were prescribed 
metformin treatment before IVF or ICSI treatment.

GnRH antagonist protocol was adopted for ovar-
ian stimulation in both PCOS and non-PCOS patients 
under routine protocolperformed in our reproductive 
center. When two or more oocytes measured greater 
than 18 mm, urinary human chorionic gonadotropin was 
administered to trigger ovulation. Oocytes retrieval was 
performed 34-36 h later. Retrieved eggs were fertilized 
by IVF unless ICSI was indicated. Indications for ICSI 
included severe oligozoospermia and obstructive azoo-
spermia. Fertilization was checked 16-18 h later. Embryos 
were cultured to cleavage stage. Cleavage embryos with 
≥6 cells and < 20% fragmentation on day 3 were defined 
as good quality.

On the day of oocytes retrieval, peripheral venous 
blood and follicular fluid were collected. The first tube 
follicular fluid without blood contamination was col-
lected. The remaining follicular fluid from the same 
patient was pooled. After centrifugation, the supernatant 
follicular fluid from first tube without blood contamina-
tion was collected. And the cell pellet from the pooled 
follicular fluid was resuspended in PBS for further dis-
persing in 0.1% hyaluronidase (Sigma Chemical Co, St-
Louis, Mo). Dispersed cells were then centrifuged on 
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Ficoll gradient to remove contaminating red blood cells. 
Purified granulosa cells were either frozen for later RNA 
extraction in − 80°C  or cultured in DMEM/Hams F12 
containing 10% FBS (Gibco, Grand Island, NY).

Examination of hormonal profiles
Hormonal profiles of recruited patients were determined 
by measuring follicular stimulating hormone (FSH, cata-
log number 07027346190), luteinizing hormone (LH, 
catalog number 07027575190), testosterone (T, catalog 
number 07027915190)  and testerone (T, catalog num-
ber 07027915190)  with chemiluminescence (Beckman 
Access Health Company, Chaska, MN). Anti-mullerian 
hormone (AMH) in the serum was determined by ELISA 
assay (Kangrun, Guangzhou, China, catalog number 
K-1401-100 N).

Determination of insulin sensitivity in granulosa cells 
from PCOS and non‑PCOS patients
Six patients from each group (PCOS and non-PCOS 
patients with or without IR) were randomly chosen for 
this study. Granulosa cells from these patients were cul-
tured overnight, and Akt phosphorylation and glucose 
uptake were then determined following insulin (100 nM, 
sigma) treatment for 15 min and 30 min. Akt phospho-
rylation was measured with Western blotting. For glu-
cose uptake measurement, granulosa cells cultured 
in a 12-well plate were placed in glucose-free DMEM 
medium for treatment with insulin (100 nM) for 30 min. 
Then, the cells were incubated with 74 kBq [F18]-fluoro-
deoxyglucose ([F18]-FDG) at  37°C for 10 min. After wash-
ing with PBS, the cells were lysed with 5% NaOH. The 
lysate was countered along with a standard solution with 
a γ-counter (LS6500, Beckerman Coulter). The incorpo-
ration of [18F]-FDG was quantified by the percentage of 
the original concentration and normalized to the number 
of cells as an indicator of glucose uptake.

Measurement of SAA1 abundance in PCOS and non‑PCOS 
patients with and without IR
SAA1 abundance in serum, follicular fluid and granulosa 
cells obtained from PCOS and non-PCOS patients with 
and without IR was measured with an immunoassay kit 
(R&D System, Minneapolis, MN, DY3019-05) following 
a protocol provided by the manufacturer. The detection 
limit was 1.6 ng/ml, and the cross reactivity to SAA2 was 
2.7%. SAA1 mRNA abundance in granulosa cells was 
measured with quantitative real time PCR (qRT-PCR).

Study of SAA1 expression in granulosa cells
SAA1 expression was examined in cultured granulosa 
cells prepared from non-PCOS patients with immuno-
fluorescent staining, qRT-PCR and immunoassay. For 

immunofluorescent staining, cultured granulosa cells 
were fixed with 4% paraformaldehyde and permeabilized 
with 0.2% trixonX-100. After blocking the non-specific 
binding sites, the cells were incubated with primary anti-
body against SAA1 (1:100) (Abcam, Cambrige, UK) over-
night at 4°C. Following washing with PBS, the cells were 
incubated with Alexa Fluor 488-labeled (green color) 
secondary antibody in darkness for 2 h. Nuclei were 
counterstained with DAPI (blue color). The staining was 
examined using a fluorescence microscope (Zeiss, DB, 
Germany).

For examination of SAA1 expression and production 
in the presence and absence of pro-inflammatory factor, 
granulosa cells were treated with interleukin-1β (IL-1β) 
(0 and 1 ng/ml, 24 h) (Sigma). After treatment, granulosa 
cells were collected for RNA extraction for measurement 
of SAA1 mRNA with qRT-PCR and conditioned cul-
ture medium was collected for determination of SAA1 
production with an immunoassay kit (R&D System). 
Effect of SAA1 (0, 0.01, 0.1 and 1 μg/ml, 24 h) (endotoxin 
< 0.1 ng/μg, PeproTech Inc, Rocky Hill, NJ) on its own 
expression was also examined. SAA1 has been shown to 
bind TLR2/4 and activate NF-κB signaling pathway [11, 
12, 28]. The role of TLR2/4 and NF-κB in the effect of 
SAA1 expression  was investigated by treating the cells 
with SAA1 (1 μg/ml, 24 h) in the presence or absence of 
TLR2/4 antagonist OxpAPC (30 μg/ml, Invivogen, San 
Diego, CA) and NF-κB inhibitor JSH-23 (10 μM, Sigma) 
respectively.

Examination of effects of SAA1 on insulin sensitivity 
in granulosa cells
Dose-dependent effects of SAA1 (0, 0.01, 0.1 and 1 μg/ml, 
24 h) on PTEN and GLUT4 abundance were examined in 
cultured granulosa cells. Then, effects of SAA1 on insulin 
(100 nM, 15 min or 30 min)-stimulated Akt phosphoryla-
tion, GLUT4 translocation (from cytoplasm to mem-
brane) and glucose uptake were examined in granulosa 
cells pretreated with SAA1(1 μg/ml, 24 h). The involve-
ment of TLR2/4 and NF-κB was studied by treating the 
cells with SAA1 (1 μg/ml, 24 h) in the presence or absence 
of OxpAPC (30 μg/ml) or JSH-23 (10 μM). Time-course 
of SAA1 (1 μg/ml, 0, 15, 30, 60 and 180 min) on p65 phos-
phorylation, a subunit of NF-κB, was also examined.

Extraction of RNA and analysis with qRT‑PCR
Total RNA was extracted from frozen and cultured gran-
ulosa cells using a total RNA kit (OMEGA Bio-Tek, Nor-
cross, GA). After determination of RNA quality, mRNA 
was reverse-transcribed to cDNA using PrimeScript® RT 
Master Mix (TaKaRa, Dalian, China). Amount of SAA1 
mRNA was determined with qRT-PCR using the above 
reverse-transcribed cDNA and power SYBR Premix Ex 
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Taq™ (TaKaRa) following a previously described protocol 
[29]. Abundance of mRNA in each sample was calculated 
using the  2-ΔΔCT method, and the ratio of SAA1 tran-
script over ACTB transcript, the house-keeping gene, was 
obtained to indicate relative SAA1 mRNA abundance. 
Primer sequences for PCR were as follows: SAA1, for-
ward 5′-TTT CTG CTC CTT GGT CCT GG-3′ and reverse 
5′-CTC TGG CAT CGC TGA TCA CT-3′; ACTB, forward 
5′-GGG AAA TCG TGC GTG ACA TTAAG-3’and reverse 
5′-TGT GTT GGC GTA CAG GTC TTTG-3′.

Extraction of protein and analysis with Western blotting
Total cellular protein was extracted from treated granu-
losa cells in ice-cold radioimmunoprecipitation assay 
(RIPA) buffer (Active Motif, Carlsbad, CA) containing 
protease inhibitor cocktail (Sigma) and phosphatase 
inhibitor (Active Motif ). For GLUT4 translocation assay, 
cytoplasmic and membrane protein fractions were sepa-
rated using a membrane and cytoplasmic extraction kit 
(Sheng gong, Shanghai, China).  Protein sample (30 μg) 
was electrophoresed in 10% SDS-polyacrylamide gel 
and transferred to a nitrocellulose blot. After block-
ing the non-specific binding sites with non-fat milk, 
the blot was incubated with antibodies to PTEN (1:800) 
(Abcam), p-Akt ser473 (1:2000) (Cell Signaling, Dan-
vers, MA), total Akt (1:2000) (Cell Signaling), GLUT4 
(1:1000) (Abcam), p-p65ser536 (1:1000) (Cell Signaling) 
and total p65 (1:1000) (Cell Signaling) at 4 °C over-
night. After washing, the blot was further incubated 
with corresponding secondary antibodies conjugated 
with horseradish peroxidase (Sigma) for 1 h. Enhanced 
chemiluminescent detection system (Millipore, Bill-
erica, MA) was then applied for band detection. To 
control sampling error, the same blot was probed with 
an antibody against the house keeping protein GAPDH 
(1:1000) (Santa Cruz Biotechnology, Santa Cruz, CA). 
For GLUT4 translocation study, the blot was incubated 
with antibodies against GAPDH and  Na+-K+-ATPase 
(1:10000) (Cell Signaling) as cytoplasm and cell mem-
brane protein markers respectively. The ratio of target 
protein over GAPDH or  Na+-K+-ATPase was obtained 
to indicate relative abundance of the target protein.

Statistical analysis
All the data were presented as mean ± SEM. The Kol-
mogorov-Smirnov test was used to determine whether 
the continuous variables were of normal distribution. 
Paired or unpaired Student T-test or One-way ANOVA 
test followed by Student-Newman-Keuls test were used 
to assess the differences in normally distributed vari-
ables. All data analysis was performed with the Statistical 

Package for Social Science (SPSS, version 18.0 for win-
dows). P < 0.05 was considered as statistically significant.

Results
Clinical characteristics and cycle outcomes of recruited 
PCOS and non‑PCOS patients
Table 1 illustrates clinical characteristics and cycle out-
comes of recruited patients. There were no significant 
differences in the age, basal FSH and fasting glucose 
among these four groups, but higher serum levels of 
AMH, LH, LH/FSH, T and more retrieved oocytes were 
observed in PCOS patients than in non-PCOS patients 
regardless of IR status. White blood cells (WBC) counts 
were in normal range and similar in four groups, while 
CRP level was relative higher in PCOS patients with 
IR than non-PCOS patients without IR. BMI, blood 
fasting insulin level and HOMA-IR were higher in IR 
groups than in non-IR groups regardless of PCOS sta-
tus. The percentage of IVF or ICSI was comparable in 
four groups. While the rates of fertilization, cleavage and 
high-quality embryo were significantly lower in PCOS 
with IR group than non-PCOS without IR. However, 
these rates were comparable among PCOS without IR 
and non-PCOS with or without IR.

Impaired insulin signaling and sensitivity in granulosa cells 
from PCOS patients with IR
Insulin (100 nM, 15 min for Akt phosphorylation and 
30 min for glucose uptake) increased Akt phosphoryla-
tion and glucose uptake significantly in granulosa cells 
from all other three groups but not from PCOS with IR 
group (Fig.  1A-C), although non-PCOS with IR group 
also presented significantly less Akt phosphorylation 
and glucose uptake than non-PCOS without IR group 
upon insulin stimulation (Fig. 1A - C). These data indi-
cate that impaired insulin signaling and sensitivity are 
present in granulosa cells from both IR groups regard-
less of PCOS status, but appear to be more severe in 
PCOS with IR group.

SAA1 abundance in serum, follicular fluid and granulosa 
cells in PCOS patients
Serum concentration of SAA1 was significantly higher 
in PCOS patients than in non-PCOS patients regardless 
of IR status with the highest concentration observed in 
PCOS with IR group (Fig. 2A). Similarly, SAA1 concen-
tration in follicular fluid was also highest in PCOS with 
IR group but there was no difference among other three 
groups (Fig. 2B). Noteworthy, SAA1 concentration in the 
follicular fluid was 10-fold higher than that in the serum, 
suggesting that granulosa cells may be an alternative 
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source of SAA1 in the follicular fluid (Fig. 2A, B). Con-
sistently, there was increased SAA1 mRNA abundance in 
granulosa cells from PCOS patients with IR (Fig. 2C).

Expression and production regulation of SAA1 
in granulosa cells
We further examined expression and produc-
tion regulation of SAA1 in cultured granulosa cells. 

Table 1 Clinical characteristics and cycle outcomes of recruited subjects with PCOS or without PCOS

Data are mean ± SEM values

* P < 0.05 vs. Non-PCOS without IR. & P < 0.05 vs. Non-PCOS with IR. # P < 0.05 vs. PCOS without IR

Non‑PCOS without IR Non‑PCOS with IR PCOS without IR PCOS with IR

No. 22 22 22 22

Age (y) 29.6 ± 0.93 29.8 ± 0.81 29.8 ± 0.7 28.1 ± 0.96

BMI (kg/m2) 20.7 ± 0.41 26 ± 0.45 *# 23.7 ± 0.66 26.7 ± 0.85*#

WBC (counts*109) 5.6 ± 0.4 6.8 ± 0.3 6.3 ± 0.4 7.2 ± 0.4*

CRP (mg/L) 0.3 ± 0.4 1.1 ± 0.2 1.6 ± 0.5 2.2 ± 0.5*

Basal FSH (mIU/ml) 6.1 ± 0.6 6.1 ± 0.45 5.8 ± 0.3 5.5 ± 0.5

Basal LH (mIU/ml) 4.5 ± 0.47 3.9 ± 0.45 8.5 ± 0.94 *& 7.1 ± 0.98 *&

LH/FSH 0.7 ± 0.07 0.7 ± 0.1 1.5 ± 0.14 *& 1.2 ± 0.14 *&

T (nM/L) 0.7 ± 0.1 0.85 ± 0.12 1.1 ± 0.16 *& 1.2 ± 0.34*&

AMH (ng/ml) 3.8 ± 0.4 4.6 ± 0.3 11.1 ± 1.4 *& 8.7 ± 1.1*&

Fasting glucose (mM/L) 5.1 ± 0.07 5.4 ± 0.13 4.8 ± 0.14 5.2 ± 0.12

Fasting insulin (IU/ml) 4.8 ± 0.69 14 ± 1.05 *# 6.8 ± 0.53 18.9 ± 2.8 *#

HOMA-IR 1.1 ± 0.15 3.3 ± 0.24 *# 1.43 ± 0.11 4.3 ± 0.61*#

No. of oocytes retrieved 12.6 ± 1.9 12.1 ± 1.6 18.6 ± 2 *& 20.1 ± 3.3 *&

IVF percentage (%) 50 62.5 62.5 56.25

ICSI percentage (%) 50 37.5 37.5 43.75

Fertilization rate 0.78 ± 0.04 0.72 ± 0.04 0.75 ± 0.04 0.63 ± 0.05 *

Cleavage rate 0.99 ± 0.008 0.99 ± 0.009 0.98 ± 0.01 0.96 ± 0.02 *

High-quality embryo rate 0.65 ± 0.08 0.59 ± 0.07 0.57 ± 0.06 0.41 ± 0.05 *

Fig. 1 Impairment of insulin signaling pathway in granulosa cells from PCOS patients with IR. A, B  Aktser473 phosphorylation after insulin 
stimulation (100 nM for 15 min) in granulosa cells from non-PCOS and PCOS patients with or without IR (n = 6 per group). C Glucose uptake after 
insulin stimulation (100 nM for 30 min) in granulosa cells from non-PCOS and PCOS patients with or without IR (n = 6 per group). All values are the 
mean ± SEM. IR, insulin resistance. * P < 0.05, ** P < 0.01 compared with without insulin stimulation in each group. # P < 0.05, ## P < 0.01 compared 
with non-PCOS without IR with insulin stimulation. & P < 0.05 compared with non-PCOS with IR with insulin stimulation. $ P < 0.05 compared with 
PCOS without IR with insulin stimulation



Page 6 of 11Zhu et al. Reproductive Biology and Endocrinology            (2022) 20:4 

Immunofluorescent staining showed that SAA1 pro-
tein was present in the cytoplasm of granulosa cells 
(Fig.  3A). Immunoassay demonstrated basal SAA1 
production in cultured granulosa cells with the con-
centration of 33.8  +  4.6 ng/ml over 24 h incubation 
(Fig.  3C). Proinflammatory cytokine IL-1β (1 ng/ml, 

24 h) increased SAA1 mRNA abundance and secretion 
significantly in granulosa cells (Fig. 3B, C). SAA1 (1 μg/
ml, 24 h) per se also increased SAA1 mRNA abundance 
significantly (Fig.  3D), which was blocked by either 
TLR2/4 inhibitor OxpAPC (30 μg/ml) or NF-κB inhibi-
tor JSH-23 (10 μM) (Fig.  3E). These results indicate 

Fig. 2 Changes of SAA1 abundance in the serum (A), follicular fluid (B) and granulosa cells (C) in non-PCOS and PCOS patients with or without 
IR (n = 16 per group). All values are the mean ± SEM. FF, follicular fluid. ** P < 0.01, *** P < 0.001 compared with non-PCOS without IR. # P < 0.05, ## 
P < 0.01 compared with non-PCOS with IR. &P < 0.05, & & P < 0.01 compared with PCOS without IR

Fig. 3 Expression and production regulation of SAA1 in human granulosa cells. A Immunofluorescence staining of SAA1 (green) in cultured 
granulosa cells. Nucleus was stained with DAPI (blue). Scale bars, 50 μm. B, C Effects of IL-1β (1 ng/ml for 24 h) on SAA1 mRNA expression (B) and 
secretion (C) (n = 4). * P < 0.05, ** P < 0.01 compared with control (0). D Concentration dependent effect of SAA1 (0, 0.01, 0.1 and 1 μg/ml for 24 h) 
on SAA1 expression in cultured granulosa cells (n = 4). * P < 0.05 compared with control (0), # P < 0.05 compared with SAA1 (0.01 μg/ml). E Effects of 
OxpAPC (30 μg/ml), a TLR2/4 inhibitor and JSH-23 (10 μM), a p65 inhibitor on the induction of SAA1 expression by SAA1 (1 μg/ml) per se (n = 3). * 
P < 0.05 compared with control (0), # P < 0.05 compared with SAA1. All values are the mean ± SEM
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that a feedforward de novo SAA1 synthesis is present 
in granulosa cells, which is inducible by pro-inflamma-
tory factors.

Effects of SAA1 on insulin signaling pathway and glucose 
uptake in granulosa cells
SAA1 (0, 0.01, 0.1 and 1 μg/ml, 24 h) treatment 
increased PTEN abundance in a dose-dependent 
manner in granulosa cells (Fig.  4A, B). Pretreat-
ment with SAA1 (1 μg/ml, 24 h) attenuated insu-
lin (100 nM, 15 min)-induced Akt phosphorylation 
(Fig.  4C, D). Although SAA1 pretreatment had no 
effect on total GLUT4 protein (Fig.  4E, F), it atten-
uated insulin (100 nM, 30 min)-induced GLUT4 
translocation from cytoplasm to membrane in 
granulosa cells (Fig.  4G, H). Consistently, glucose 
uptake stimulated by insulin (100 nM, 30 min) was 

also significantly decreased by SAA1 pretreatment 
(Fig.  4I). These data suggest that increased SAA1 
abundance may contribute to impaired insulin sign-
aling in granulosa cells in PCOS.

Roles of TLR2/4 and NF‑κB in SAA1‑induced IR in human 
granulosa cells
TLR2/4 inhibitor OxpAPC (30 μg/ml) blocked the induc-
tion of PTEN abundance, attenuation of insulin-induced 
Akt phosphorylation, GLUT4 translocation and glucose 
uptake by SAA1 (1 μg/ml) (Fig.  5A-G). SAA1 activated 
p65 phosphorylation, a subunit of the NF-κB complex 
in a time-dependent manner (15 min, 30 min, 60 min 
and 180 min) in cultured granulosa cells with the maxi-
mal effect observed at 60 min (Fig. 6A, B). When the cells 
were treated with SAA1 (1 μg/ml) and OxpAPC (30 μg/
ml) together, the SAA1-induced p65 phosphorylation 

Fig. 4 Effects of SAA1 on insulin signaling pathway in cultured granulosa cells. A, B Concentration dependent effect of SAA1 (0, 0.01, 0.1 and 
1 μg/ml for 24 h) on PTEN expression (n = 4). ** P < 0.01 compared with ctr (0) and # P < 0.05 compared with SAA1 (0.01 μg/ml). C, D Effect of 
prior treatment with SAA1 (1 μg/ml for 24 h) on Akt phosphorylation induced by insulin (100 nM for 15 min) (n = 4). *** P < 0.001 compared with 
control-insulin, ## P < 0.01 vs. SAA1-insulin, && P < 0.01 vs. control+insulin. E, F Dose-dependent effect of SAA1 (0, 0.01, 0.1 and 1 μg/ml for 24 h) on 
total GLUT4 expression (n = 4). G, H Effect of prior treatment with SAA1 (1 μg/ml for 24 h) on GLUT4 translocation (from cytoplasm to membrane) 
induced by insulin (100 nM for 30 min) (n = 3). * P < 0.05 compared with control. I Effect of prior treatment with SAA1 (1 μg/ml for 24 h) on glucose 
uptake induced by insulin (100 nM for 30 min) (n = 4). ** P < 0.01 compared with control-insulin, ## P < 0.01 compared with control+insulin. All 
values are the mean ± SEM
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was completely abolished by OxpAPC (Fig. 6C, D). More-
over, the NF-κB inhibitor JSH-23 (10 μM) could block the 
induction of PTEN abundance and inhibition of insulin-
stimulated Akt phosphorylation, GLUT4 translocation 
as well as glucose uptake by SAA1 (1 μg/ml) (Fig. 6E-K). 
These data indicate that SAA1 is involved in IR of granu-
losa cells via binding to TLR2/4 and subsequent activa-
tion of NF-κB pathway in granulosa cells of PCOS with 
IR.

Discussion
The present study has demonstrated that human ovarian 
granulosa cells are capable of de novo SAA1 synthesis, 
which is inducible by proinflammatory factors includ-
ing IL-1β and SAA1 itself. SAA1 overproduction may 
contribute to IR development in granulosa cells in PCOS 
patients via stimulation of TLR2/4 and NF-κB pathway.

Although SAA1 mRNA and protein have been revealed 
to be present in the ovary with in situ hybridization and 
immunohistochemical staining in a previous study [18], 
little is known about the expression and production reg-
ulation of SAA1 in the ovary. Our study demonstrated 
for the first time that human granulosa cells are not only 
capable of SAA1 production but are also inducible by 
proinflammatory factors. Of interest, SAA1 per se can 
induce SAA1 expression in granulosa cells as well, which 
is consistent with the finding in amnion fibroblast cells 
[30]. As such, a feedforward expression of SAA1 may 
develop under chronic inflammatory conditions. Chronic 
low-grade inflammation is believed to be present in 

PCOS ovary with increased abundance of a number of 
proinflammatory factors including IL-1β [31–33]. Since 
TLR2/4 and NF-κB are involved in the induction of SAA1 
expression by SAA1, it is likely that SAA1 synthesis can 
be induced by other proinflammatory factors which uti-
lize similar signaling pathway. In this study, IL-1β was 
also found to induce SAA1 production in granulosa cells. 
This feedforward pattern SAA1 expression under chronic 
inflammatory conditions may explain why there is SAA1 
accumulation in granulosa cells and follicular fluid in 
PCOS patients with IR since patients with IR may experi-
ence more severe chronic inflammation.

In this study, we found that SAA1 concentration in the 
follicular fluid was about 10-fold higher than its concen-
tration in the peripheral blood, suggesting that there may 
be alternative sources of SAA1 for the follicular fluid in 
addition to the blood. Given the abundant SAA1 expres-
sion in granulosa cells, we believe that granulosa cells are 
an important source of SAA1 for the follicular fluid. Since 
SAA1 is a small molecule which can cross the blood-
follicle barrier [34], serum SAA1 may also be a source 
for SAA1 in the follicular fluid. Since our present study 
demonstrated that there was increased SAA1 abundance 
in both granulosa cells and blood in PCOS with IR [35, 
36], we believe that the increases in SAA1 in the follicular 
fluid in PCOS with IR may derive from both granulosa 
cells and blood.

Till now, the biological functions of SAA1 in the 
acute phase are still not fully understood. SAA1 has 
been shown to be involved in the inflammatory process 

Fig. 5 Role of TLR2/4 in SAA1-induced insulin resistance in cultured granulosa cells. A, B Effect of OxpAPC (30 μg/ml), a TLR2/4 inhibitor, on SAA1 
(1 μg/ml for 24 h)-induced PTEN protein expression (n = 3). C, D Effect of OxpAPC on SAA1(1 μg/ml for 24 h)-attenuated Akt phosphorylation 
induced by insulin (100 nM for 15 min)(n = 4). E, F Effect of OxpAPC (30 μg/ml) on SAA1 (1 μg /ml for 24 h) -attenuated GLUT4 translocation induced 
by insulin (100 nM for 30 min) (n = 4). G Effect of OxpAPC (30 μg/ml) on SAA1 (1 μg /ml for 24 h) -attenuated glucose uptake induced by insulin 
(100 nM for 30 min) (n = 3). All values are the mean ± SEM. * P < 0.05 compared with control, # P < 0.05 compared with SAA1
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by promoting immune cells migration and cytokine/
chemokine production [37, 38]. SAA1 has also been 
linked to the development of IR in adipose tissue in 
obesity and type 2 diabetes [14, 15]. Though metformin 
was routinely prescribed for patients with IR to improve 
metabolic disorders in our reproductive center, insu-
lin sensitivity of granulosa cells from PCOS and non-
PCOS patients with IR, including insulin-induced Akt 
phosphorylation and glucose uptake were still abnormal 
as compared with patients without IR. Of note, insulin 
resistance was more severe in PCOS patients with IR 
than non-PCOS patients with IR. Previous studies have 
also demonstrated that metformin treatment may not 
completely restore insulin sensitivity of granulosa cells 
[7, 39]. These indicated that some other effectors such 

as SAA1 involved in the development of IR in granulosa 
cells in PCOS patients. Our study has demonstrated that 
SAA1 is a contributor to IR development in the ovar-
ian granulosa cells in PCOS as well by disrupting insulin 
signaling via stimulating PTEN expression and inhibiting 
Akt phosphorylation and GLUT4 translocation. Given 
the important roles of granulose cells in steroidogenesis 
and oocyte development [40, 41], IR in granulosa cells 
may distort these functions in PCOS. The observation of 
lower rates of fertilization and cleavage and low-quality 
embryo in PCOS patients with IR in this study may thus 
be linked, at least in part, to SAA1-induced IR in granu-
losa cells. A previous study has also demonstrated that 
elevated follicular SAA level is associated with decreased 
pregnancy rate [18].

Fig. 6 Involvement of p65 in SAA1-induced insulin resistance in cultured granulosa cells. A, B Effect of SAA1 (1 μg/ml for 15, 30, 60 and 180 min) 
on the phosphorylation of p65 (n = 4). ** P < 0.01 compared with ctr (0), # P < 0.05 compared with 60 min. C, D Effect of OxpAPC (30 μg/ml) on 
SAA1 (1 μg/ml for 60 min) induced p65 phosphorylation (n = 4). * P < 0.05 compared with control, # P < 0.05 compared with SAA1. E, F Effect of 
JSH-23 (10 μM), a p65 inhibitor, on SAA1 (1 μg/ml for 24 h) induced PTEN expression (n = 3). * P < 0.05 compared with control, # P < 0.05 compared 
with SAA1. G, H Effect of JSH-23 (10 μM) on SAA1 (1 μg/ml for 24 h) -attenuated Akt phosphorylation induced by insulin (100 nM for 15 min) (n = 4). 
* P < 0.05 compared with control, # P < 0.05 compared with SAA1. I, J Effect of JSH-23 (10 μM) on SAA1 (1 μg /ml for 24 h) -attenuated GLUT4 
translocation induced by insulin (100 nM for 30 min) (n = 3). ** P < 0.05 compared with control, # P < 0.05 compared with SAA1. K Effect of JSH-23 
(10 μM) on SAA1 (1 μg /ml for 24 h) -attenuated glucose uptake induced by insulin (100 nM for 30 min) (n = 4). * P < 0.05 compared with control, # 
P < 0.05 compared with SAA1. All values are the mean ± SEM
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Of interest, serum and follicular SAA1 concentration 
were higher in IR groups than non-IR groups. While 
BMI was also higher in IR groups than non-IR groups. 
As the matter of fact, we found that SAA1 concentration 
in the serum and follicular fluid was slightly elevated in 
both non-PCOS and PCOS with BMI > 24 kg/m2, which 
may be associated with obesity (Supplemental Table  1). 
However, we found serum and follicular fluid SAA1 con-
centration was higher in PCOS patients than that in non-
PCOS patients when BMI was matched (Supplemental 
Table 2). This indicated that PCOS was a risk factor for 
the elevated SAA1 in serum and follicular fluid. Moreo-
ver, we found that serum SAA1 concentration increased 
in PCOS patients without IR as well, although not as 
much as PCOS patients with IR. These findings sug-
gest that SAA1 may be involved in pathogenesis of other 
PCOS dysfunctions in addition to IR. SAA1 have been 
identified to play a role in extracellular matrix remod-
eling in the fetal membranes thereby participating in 
membrane rupture [28]. Since extracellular matrix plays 
important roles in the normal development of the folli-
cle and ovulation [33, 42, 43], it would be of interest to 
examine whether SAA1 is also involved in extracellular 
matrix remodeling in the ovary and its abnormal func-
tion is linked with anovulation in PCOS in the future.

Conclusions
In conclusion, we report a novel local feedforward pro-
duction of SAA1 in ovarian granulosa cells in this study. 
Excessive SAA1 production under chronic low-grade 
inflammation reduces insulin sensitivity and contributes 
to IR development in granulosa cells through induction of 
PTEN expression and consequent inhibition of Akt phos-
phorylation, GLUT4 translocation and glucose uptake in 
PCOS patients. These effects of SAA1 were mediated by 
TLR2/4 with subsequent activation of NF-κB signaling. 
These observations support the hypothesis that SAA1 
plays a crucial role in the pathogenesis of PCOS by alter-
ing insulin sensitivity and that elevated SAA1 may be an 
early biomarker and therapeutic target for PCOS.

Abbreviations
AMH: Anti-mullerian hormone; E2: Estradiol; FSH: Follicular stimulating 
hormone; GLUT4: Glucose transporter 4; HOMA-IR: Homeostasis model assess-
ment of insulin resistance; IVF: In vitro fertilization; IL-1β: Interleukin-1β; ICSI: 
Intracytoplasmic sperm injection; IR: Insulin resistance; NF-κB: Nuclear factor 
kappa light chain enhancer of activated B; PCOS: Polycystic ovary syndrome; 
PTEN: Phosphatase and tensin homolog deleted on chromosome 10; qRT-PCR: 
Quantitative real time PCR; PCOS: Polycystic ovary syndrome; SAA1: Serum 
amyloid A1; TLR2/4: Toll-like receptor 2 and 4; T: Testosterone.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12958- 021- 00873-3.

Additional file 1: Table S1. Serum and FF SAA1 concentration in non-
PCOS and PCOS patients with overweight. Table S2. Serum and FF SAA1 
concentration in PCOS and non-PCOS patients when BMI matched

Acknowledgements
We thank all the patients who participated in our research.

Authors’ contributions
Q.L.Z., K.S. and Y.S. designed the study; X.Y.L., Q.Y.H., Y.W., H.T.Z., Y.L., Y.D. and 
J.Q. collected patient specimens and related information; Q.L.Z., Y.Y., L.Z.X., 
H.W. and W.S.W. contributed to conducting the experiments and analyzing 
the data; Y.Z.D., K.S. and Y.S. drafted and revised the paper; and all authors 
reviewed the results and approved the final version of the manuscript.

Funding
This study was supported by National Key R&D Program of China 
(No.2019YFA0802604), the National Natural Science Foundation of China 
(No.81801528, No.82130046, No. 81771648, No.82001517), Shanghai Jiaotong 
University School of medicine Renji Hospital Cultivating program (No.
PYIII-17-033), Shanghai leading talent program, Innovative research team of 
high-level local universities in Shanghai (No. SSMU-ZLCX20180401), Shanghai 
Municipal Education Commission-Gaofeng Clinical Medicine Grant Support 
(No. 20161413), Program of Shanghai Academic Research Leader in Shanghai 
Municipal Commission of Health and Family Planning (No. 2017BR015)and 
Shanghai Commission of Science and Technology (No. 17DZ2271100).

Availability of data and materials
The original data presented in the study are included in the article. Further 
inquiries can be directed to the corresponding authors.

Declarations

Ethics approval and consent to participate
The studies involving human participants were reviewed and approved by The 
Ethics Committee of Ren Ji Hospital, School of Medicine, Shanghai Jiao Tong 
University. The patients provided their written informed consent to participate 
in this study.

Consent for publication
Formal written consent was obtained from each patient.

Competing interests
None.

Author details
1 Center for Reproductive Medicine, Ren ji Hospital, School of Medicine, 
Shanghai Jiao Tong University, Shanghai 200135, People’s Republic of China. 
2 Shanghai Key Laboratory for Assisted Reproduction and Reproductive Genet-
ics, Shanghai 200135, People’s Republic of China. 

Received: 29 September 2021   Accepted: 6 December 2021

References
 1. McCartney CR, Marshall JC. Polycystic ovary syndrome. N Engl J Med. 

2016;375:1398–9.
 2. Chen ZJ, Zhao H, He L, Shi Y, Qin Y, Shi Y, et al. Genome-wide associa-

tion study identifies susceptibility loci for polycystic ovary syndrome on 
chromosome 2p16.3, 2p21 and 9q33.3. Nat Genet. 2011;43:55–9.

 3. Diamanti-Kandarakis E, Dunaif A. Insulin resistance and the polycystic 
ovary syndrome revisited: an update on mechanisms and implications. 
Endocr Rev. 2012;33:981–1030.

 4. Kakoly NS, Khomami MB, Joham AE, Cooray SD, Misso ML, Norman RJ, 
et al. Ethnicity, obesity and the prevalence of impaired glucose tolerance 
and type 2 diabetes in PCOS: a systematic review and meta-regression. 
Hum Reprod Update. 2018;24:455–67.

https://doi.org/10.1186/s12958-021-00873-3
https://doi.org/10.1186/s12958-021-00873-3


Page 11 of 11Zhu et al. Reproductive Biology and Endocrinology            (2022) 20:4  

 5. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycys-
tic ovary syndrome: pathogenic role of androgen excess and potential 
therapeutic strategies. Mol Metab. 2020;35:100937.

 6. Rice S, Christoforidis N, Gadd C, Nikolaou D, Seyani L, Donaldson A, et al. 
Impaired insulin-dependent glucose metabolism in granulosa-lutein 
cells from anovulatory women with polycystic ovaries. Hum Reprod. 
2005;20:373–81.

 7. Maruthini D, Harris SE, Barth JH, Balen AH, Campbell BK, Picton HM. The 
effect of metformin treatment in vivo on acute and long-term energy 
metabolism and progesterone production in vitro by granulosa cells from 
women with polycystic ovary syndrome. Hum Reprod. 2014;29:2302–16.

 8. González F, Rote NS, Minium J, Kirwan JP. Increased activation of nuclear 
factor kappaB triggers inflammation and insulin resistance in polycystic 
ovary syndrome. J Clin Endocrinol Metab. 2006;91:1508–12.

 9. de Luca C, Olefsky JM. Inflammation and insulin resistance. FEBS Lett. 
2008;582:97–105.

 10. Li X, Zhu Q, Wang W, Qi J, He Y, Wang Y, et al. Elevated chemerin induces 
insulin resistance in human granulosa-lutein cells from polycystic ovary 
syndrome patients. FASEB J. 2019;33:11303–13.

 11. Hirai K, Furusho H, Kawashima N, Xu S, de Beer MC, Battaglino R, et al. 
Serum amyloid a contributes to chronic apical periodontitis via TLR2 and 
TLR4. J Dent Res. 2019;98:117–25.

 12. Hahn A, Kny M, Pablo-Tortola C, Todiras M, Willenbrock M, Schmidt S, et al. 
Serum amyloid A1 mediates myotube atrophy via toll-like receptors. J 
Cachexia Sarcopenia Muscle. 2020;11:103–19.

 13. De Buck M, Gouwy M, Wang JM, Van Snick J, Opdenakker G, Struyf S, et al. 
Structure and expression of different serum amyloid a (SAA) variants and 
their concentration-dependent functions during host insults. Curr Med 
Chem. 2016;23:1725–55.

 14. Yang RZ, Lee MJ, Hu H, Pollin TI, Ryan AS, Nicklas BJ, et al. Acute-phase 
serum amyloid a: an inflammatory adipokine and potential link between 
obesity and its metabolic complications. PLoS Med. 2006;3:e287.

 15. de Oliveira EM, Ascar TP, Silva JC, Sandri S, Migliorini S, Fock RA, et al. 
Serum amyloid a links endotoxaemia to weight gain and insulin resist-
ance in mice. Diabetologia. 2016;59:1760–8.

 16. Ye RD, Sun L. Emerging functions of serum amyloid a in inflammation. J 
Leukoc Biol. 2015;98:923–9.

 17. Marzi C, Huth C, Herder C, Baumert J, Thorand B, Rathmann W, et al. 
Acute-phase serum amyloid a protein and its implication in the devel-
opment of type 2 diabetes in the KORA S4/F4 study. Diabetes Care. 
2013;36:1321–6.

 18. Urieli-Shoval S, Finci-Yeheskel Z, Eldar I, Linke RP, Levin M, Prus D, et al. 
Serum amyloid A: expression throughout human ovarian folliculogenesis 
and levels in follicular fluid of women undergoing controlled ovarian 
stimulation. J Clin Endocrinol Metab. 2013;98:4970–8.

 19. Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and 
lipid metabolism. Nature. 2001;414:799–806.

 20. Czech MP. Mechanisms of insulin resistance related to white, beige, and 
brown adipocytes. Mol Metab. 2020;34:27–42.

 21. Grinder-Hansen L, Ribel-Madsen R, Wojtaszewski JF, Poulsen P, Grunnet 
LG, Vaag A. A common variation of the PTEN gene is associated with 
peripheral insulin resistance. Diabetes Metab. 2016;42:280–4.

 22. Gupta A, Dey CS. PTEN, a widely known negative regulator of insulin/PI3K 
signaling, positively regulates neuronal insulin resistance. Mol Biol Cell. 
2012;23:3882–98.

 23. da Costa RM, Neves KB, Mestriner FL, Louzada-Junior P, Bruder-Nasci-
mento T, Tostes RC. TNF-α induces vascular insulin resistance via positive 
modulation of PTEN and decreased Akt/eNOS/NO signaling in high fat 
diet-fed mice. Cardiovasc Diabetol. 2016;15:119.

 24. Li YZ, Di Cristofano A, Woo M. Metabolic role of PTEN in insulin signaling 
and resistance. Cold Spring Harb Perspect Med. 2020;10.

 25. Zhu Q, Zuo R, He Y, Wang Y, Chen ZJ, Sun Y, et al. Local regeneration of 
cortisol by 11β-HSD1 contributes to insulin resistance of the Granulosa 
cells in PCOS. J Clin Endocrinol Metab. 2016;101:2168–77.

 26. Revised 2003 consensus on diagnostic criteria and long-term health 
risks related to polycystic ovary syndrome (PCOS). Hum Reprod 2004, 
19:41-47.

 27. Qi J, Wang W, Zhu Q, He Y, Lu Y, Wang Y, et al. Local cortisol elevation con-
tributes to endometrial insulin resistance in polycystic ovary syndrome. J 
Clin Endocrinol Metab. 2018;103:2457–67.

 28. Wang WS, Li WJ, Wang YW, Wang LY, Mi YB, Lu JW, et al. Involvement of 
serum amyloid A1 in the rupture of fetal membranes through induction 
of collagen I degradation. Clin Sci (Lond). 2019;133:515–30.

 29. Dang X, Zhu Q, He Y, Wang Y, Lu Y, Li X, et al. IL-1β upregulates StAR and 
progesterone production through the ERK1/2- and p38-mediated CREB 
signaling pathways in human granulosa-lutein cells. Endocrinology. 
2017;158:3281–91.

 30. Lu Y, Wang WS, Lin YK, Lu JW, Li WJ, Zhang CY, et al. Enhancement of 
cortisol-induced SAA1 transcription by SAA1 in the human amnion. J Mol 
Endocrinol. 2019;62:149–58.

 31. Popovic M. Chronic low-grade inflammation in polycystic ovary 
syndrome: is there a (patho)-physiological role for interleukin-1? J Cell 
Physiol. 2019;41:447–59.

 32. Wu H, Zhu Q, Li X, He Y, Wang Y, Lu Y, et al. The upregulation of 11β-HSD1 
in ovarian granulosa cells by cortisol and interleukin-1β in polycystic 
ovary syndrome. Gynecol Endocrinol. 2020;36:668–72.

 33. Zhang C, Ma J, Wang W, Sun Y, Sun K. Lysyl oxidase blockade ame-
liorates anovulation in polycystic ovary syndrome. Hum Reprod. 
2018;33:2096–106.

 34. Gabay C, Kushner I. Acute-phase proteins and other systemic responses 
to inflammation. N Engl J Med. 1999;340:448–54.

 35. Gidwani S, Phelan N, McGill J, McGowan A, O’Connor A, Young IS, et al. 
Polycystic ovary syndrome influences the level of serum amyloid a and 
activity of phospholipid transfer protein in  HDL2 and  HDL3. Hum Reprod. 
2014;29:1518–25.

 36. Tan BK, Adya R, Shan X, Aghilla M, Lehnert H, Keay SD, et al. The anti-
atherogenic aspect of metformin treatment in insulin resistant women 
with the polycystic ovary syndrome: role of the newly established pro-
inflammatory adipokine acute-phase serum amyloid a; evidence of an 
adipose tissue-monocyte axis. Atherosclerosis. 2011;216:402–8.

 37. De Buck M, Gouwy M, Berghmans N, Opdenakker G, Proost P. COOH-ter-
minal SAA1 peptides fail to induce chemokines but synergize with CXCL8 
and CCL3 to recruit leukocytes via FPR2. Blood. 2018;131:439–49.

 38. Lee JW, Stone ML, Porrett PM, Thomas SK, Komar CA, Li JH, et al. Hepato-
cytes direct the formation of a pro-metastatic niche in the liver. Nature. 
2019;567:249–52.

 39. Harris SE, Maruthini D, Tang T, Balen AH, Picton HM. Metabolism and 
karyotype analysis of oocytes from patients with polycystic ovary syn-
drome. Hum Reprod. 2010;25:2305–15.

 40. Nandi A, Poretsky L. Diabetes and the female reproductive system. Endo-
crinol Metab Clin N Am. 2013;42:915–46.

 41. Kurzthaler D, Hadziomerovic-Pekic D, Wildt L, Seeber BE. Metformin 
induces a prompt decrease in LH-stimulated testosterone response in 
women with PCOS independent of its insulin-sensitizing effects. Reprod 
Biol Endocrinol. 2014;12:98.

 42. Richards JS, Ren YA, Candelaria N, Adams JE, Rajkovic A. Ovarian follicular 
theca cell recruitment, differentiation, and impact on fertility: 2017 
update. Endocr Rev. 2018;39:1–20.

 43. Briley SM, Jasti S, McCracken JM, Hornick JE, Fegley B, Pritchard MT, et al. 
Reproductive age-associated fibrosis in the stroma of the mammalian 
ovary. Reproduction. 2016;152:245–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Elevated SAA1 promotes the development of insulin resistance in ovarian granulosa cells in polycystic ovary syndrome
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Recruitment of patients and collection of blood, follicular fluid and ovarian granulosa cells
	Examination of hormonal profiles
	Determination of insulin sensitivity in granulosa cells from PCOS and non-PCOS patients
	Measurement of SAA1 abundance in PCOS and non-PCOS patients with and without IR
	Study of SAA1 expression in granulosa cells
	Examination of effects of SAA1 on insulin sensitivity in granulosa cells
	Extraction of RNA and analysis with qRT-PCR
	Extraction of protein and analysis with Western blotting
	Statistical analysis

	Results
	Clinical characteristics and cycle outcomes of recruited PCOS and non-PCOS patients
	Impaired insulin signaling and sensitivity in granulosa cells from PCOS patients with IR
	SAA1 abundance in serum, follicular fluid and granulosa cells in PCOS patients
	Expression and production regulation of SAA1 in granulosa cells
	Effects of SAA1 on insulin signaling pathway and glucose uptake in granulosa cells
	Roles of TLR24 and NF-κB in SAA1-induced IR in human granulosa cells

	Discussion
	Conclusions
	Acknowledgements
	References


