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Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of

reproductive age. Its clinical characteristics are mainly oligo-ovulation or

anovulation, hyperandrogenemia (HA) and insulin resistance (IR). PCOS is

considered to be one of the main causes of infertility in women of

childbearing age, and its pathogenesis is still unclear. Intestinal flora, known as

the “second genome” of human beings, is closely related to metabolic diseases,

immune diseases and infectious diseases. At the same time, mounting evidence

suggests that intestinal flora can regulate insulin synthesis and secretion, affect

androgen metabolism and follicular development, and is involved in the

occurrence of chronic inflammation and obesity. The imbalance of intestinal

flora is caused by the abnormal interaction between intestinal flora and host cells

caused by the change of intestinal microbial diversity, which is related to the

occurrence and development of PCOS. The adjustment of intestinal flora may be

a potential direction for the treatment of PCOS.

KEYWORDS
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1 Introduction

PCOS is a common endocrine disorder in women. The prevalence rate of PCOS among

women of childbearing age is 5% ~ 10% globally, and it is increasing year by year (1–3). PCOS

are mainly manifested by irregular menstruation or infertility, hirsutism, acne, obesity, HA, IR,

enlargement and polycystic changes of the ovaries (4–6). Currently, the Rotterdam criteria are

commonly used for the diagnosis of PCOS in clinical practice. According to this criteria, the

serum androgen level of patients with PCOS is remarkable increased, ovulation is significantly

decreased, and polycystic ovary appear. If two of the above criteria are met, they can be classified

as PCOS (7). Besides, PCOS is a high risk factor for diabetes, metabolic syndrome, endometrial

cancer, cardiovascular and cerebrovascular diseases and other diseases, which seriously affects

the health of women (8–10). Up to now, it is generally believed that PCOS is a disease caused by

multiple factors. Its etiology and pathogenesis usually involve genetics, inflammatory factors,
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intestinal flora, endocrine hormones and IR (11–13). In recent years,

the study of intestinal flora in patients with PCOS has attracted

widespread attention, and it has been found that intestinal flora plays

a key role in the occurrence and development of PCOS (14, 15).

The human gut is home to trillions of microorganisms, including

bacteria, archaea, fungi, protists and viruses, of which bacteria are the

main “residents” (16, 17). These bacteria contain 800 species and more

than 7,000 strains, about 1014, with a total mass of 1 ~ 2 kg, which is

known as the second genome of human (18). The microorganisms

living in the gastrointestinal system of the host mainly rely on the

digestion of the food residues in the host body to provide energy for

themselves, and these microorganisms together with their living

environment constitute the intestinal microecosystem (19–21). When

the number of harmful bacteria in the gut increases, it will cause physical

discomfort, and even cause serious inflammatory and immune

responses (22). When the body’s metabolic dysfunction, it is easy to

lead to the loss of bacteria with protective effect in the intestinal tract,

which will cause changes in the composition of microorganisms in the

intestine, and finally, the intestinal barrier is destroyed. Recent studies

have shown that changes in intestinal flora are common in patients with

PCOS. Moreover, the imbalance of intestinal microecology is related to

the occurrence and progression of PCOS, and intestinal flora is involved

in the pathological links of PCOS, such as HA, IR, chronic

inflammation, obesity, etc (23–26). Based on the etiology and

pathogenesis of PCOS in recent years, this article reviewed the

research progress of the relationship between intestinal flora and PCOS.
2 Relationship between intestinal
microecological disorders and
HA in PCOS

2.1 HA and PCOS

The abnormality of sex hormones is an important feature of PCOS,

in which the clinical or biochemical manifestations of HA are the main,

which is also belong to the core pathological manifestations of PCOS.

Hormonal abnormalities in PCOS patients are mainly manifested by

elevated testosterone levels (27). Some scholars pointed out that the

possibility of PCOS caused by excessive androgen secretion is 82%

through the study of more than 1200 women with high androgen levels

(3). The synthesis of androgens in women is closely related to the

hypothalamus-pituitary-ovarian axis. The hypothalamus secretes

gonadotropin-releasing hormone (GnRH), which leads to the release

of luteinizing hormone (LH) and follicle-stimulating hormone (FSH).

LH acts on theca cells to synthesize androgen, while FSH acts on

granulosa cells to convert androgen into estrogen (28). The mechanism

of androgen increase is that LH stimulates the transformation of

cholesterol in the follicular membrane cells into pregnenolone

through cytochrome P450 side chain lyase, which in turn synthesizes

androstenedione, and then finally convert into testosterone via 17P-

hydroxysteroid dehydrogenase (29). The androgen in thecal cells

diffuses to granulosa cells, FSH stimulates aromatase activity located

in granulosa cells, and eventually converts it into estradiol. The increase

of LH level can not only increase the androgen from the ovary, but also
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reduce the FSH level through the negative feedback effect of estrogen,

resulting in leads to the decrease of aromatase activity and the

reduction of androgen to estrogen conversion. However, the

exposure of immature oocytes to high androgen levels will cause

follicular growth arrest or even atresia, which is the occurrence of

ovulation disorder (30). Similarly, low level of FSH and insufficient

conversion of estradiol also lead to the occurrence of this process (31).

In addition, in the occurrence and development of PCOS, HA and IR

are closely connected and promote each other, eventually forming a

vicious cycle (32).
2.2 Relationship between intestinal flora
and HA in PCOS

Gut microbiota can change in response to changes in hormone

levels, which in turn affect sex hormone levels in the body. The research

on the relationship between sex hormones and intestinal flora mostly

focused on the serum testosterone. It was found that serum testosterone

and hirsutismwere negatively correlated witha diversity offlora (33, 34),

while the level of free testosterone was correlated to the ratio of

Firmicutes/Bacteroidetes (35). In the study of PCOS mouse model

induced by letrozole, HA was found to reduce the species and the

number of bacteria in the large intestine of mice. The main results

showed that the number of Bacteroides decreased, the number of

Firmicutes increased, body mass, fat mass and blood glucose level

increased compared with the control group, indicating that HA can

significantly change the intestinal flora (36). In a non-obese diabetic

mouse model, it was found that the microbial changes in the intestinal

flora could affect the sex hormone level of mice. Transplanting the

intestinal flora of mature male mice into the body of immature female

mice increased testosterone levels in the female mice (37). In another

study, the serum testosterone level of mice fed with lactobacillus was

remarkably higher than that of untreated mice. At the same time, the

testis of mice was significantly enlarged, the number of spermatogenesis

and testicular interstitial cells increased. This study indicated that the

change of intestinal flora can regulate the serum testosterone level, affect

the change of metabonomics, and promote the occurrence of islet

inflammation (38). The above studies showed that HA may interact

with intestinal flora in the pathophysiological process of PCOS. The

intestinal flora not only affects the level of androgen, but is regulated by

androgen in turn, as shown in Figure 1.
3 Relationship between intestinal
microecological disorders
and IR in PCOS

3.1 IR and PCOS

IR is one of the pathophysiological mechanisms leading to PCOS.

50%-70% of PCOS patients are accompanied by IR and compensatory

hyperinsulinemia (32, 39, 40). Insulin is a polypeptide secreted by

pancreatic b cells, consisting of 51 amino acids. Its physiological

function is to regulate the metabolism and gene expression of the
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body by activating PI3K/PKB and MAPK/Ras signal pathways after

binding to insulin receptor (41). When the insulin receptor and

corresponding signal pathway are interfered, the sensitivity of

peripheral tissue to insulin decreases, which leads to the obstruction

of glucose utilization in peripheral tissues. In order to regulate the

body’s blood sugar level, the body will secrete insulin compensatively,

resulting in high blood insulin level, that is, IR. Glucosemetabolism can

directly provide energy for follicular growth. Therefore, abnormal

glucose metabolism caused by IR will affect follicular growth and

ovulation in PCOS (40), which inevitably affects the normal

physiological function of ovary. The increase of fasting insulin level

can trigger the insulin receptor of the pituitary gland and stimulate the

secretion of LH by the pituitary. In addition, IR can also enhance the

effect of cytochrome P450C17a enzyme in theca cells through insulin-

like growth factor to improve the level of androgen (42). The elevated

androgen can cause symptoms such as hirsutism, acne and alopecia in

PCOS patients. More seriously, the increase of local androgen in the

ovary can cause premature follicular atresia and the formation of

dominant follicles, resulting in ovulation dysfunction. Meanwhile, the

increase of androgen level further promotes the development of IR,

thus forming a vicious cycle and aggravating the process of PCOS.
3.2 Relationship between intestinal flora
and IR in PCOS

In 2004, Gordon research team in the United States transplanted

intestinal flora of conventional mouse into germ-free mouse. In the

same feeding conditions, the body fat of sterile mice increased and IR

appeared, which was the first evidence that intestinal flora was related

to IR (43). The study showed (44) that compared with normal adult

women, PCOS patients had intestinal flora disorder, intestinal mucosal

barrier damage, increased intestinal wall permeability, and significantly

increased endotoxemia related indicators. Insulin sensitivity is

increased in patients with metabolic syndrome who are transplanted

with healthy human flora (45). One study showed that the degree of

tyrosine phosphorylation of insulin receptors in PCOS patients with IR
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was significantly lower than that in PCOS patients without IR, which

indicated that PCOS patients with IR had defects in their own insulin

receptor phosphorylation (46). It has also been suggested that intestinal

flora can also affect insulin sensitivity through the inflammatory

response mediated by branched amino acids (BCAAs) (15). Some

scholars (47) revealed the relationship between intestinal flora and

BCAAs, and found that Prevotella in human gut was involved in the

synthesis of BCAAs. Zhang CM et al. (48) found that the levels of

leucine and valine in follicular fluid of PCOS patients with IR were

significantly increased. In this regard, they speculated that the disorder

of amino acid metabolism would aggravate IR by altering glucose

metabolism or inducing inflammation. All the above studies suggest

that IR is correlated with the disruption of intestinal flora. Changes in

intestinal flora can lead to increased permeability of the intestinal wall

and the production of endotoxin factors, which enter the systemic

circulation to activate the immune system. Furthermore, the c-jun

amino-terminal kinase signaling pathway can be activated by nuclear

factor kB and mitogen-activated protein kinases signaling pathways.

And then, it causes the increase of serine phosphorylation of insulin

receptor substrate and the decrease of tyrosine phosphorylation,

leading to the disorder of insulin metabolism and triggering IR (49).

IR caused by intestinal flora disturbance leads to abnormal glucose

metabolism, HA and follicular dysplasia of PCOS. IR, in turn,

exacerbates the disruption of the intestinal flora, which eventually

causes the ovaries to produce more androgens, affecting the normal

development of follicles, as shown in Figure 2.
4 Relationship between intestinal
microecological disorders and chronic
inflammation in PCOS

4.1 Chronic inflammation and PCOS

The view that the patients with PCOS have chronic low-grade

inflammation was first put forward by Kelly et al. (50), who believed
FIGURE 1

The intrinsic relationship between HA, intestinal flora and PCOS.
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that it was related to IR and abdominal obesity. In recent years,

studies have shown that the chronic inflammatory state of PCOS is

not only manifested in the infiltration of macrophages and

lymphocytes in the local pathology of ovary of patients with

PCOS, but also the changes in the level of relevant inflammatory

factors in vivo, such as hypersensitive C-reactive protein,

interleukin-6, tumor necrosis factor, etc (50, 51). Inflammatory

factors can affect insulin signal transduction by activating JNK,

changing the phosphorylation level of insulin receptors, and

blocking the expression of glucose transporter 4 (52, 53). In

addition, the activation of JNK also promotes NF-kB signaling

pathway in the islet, which in turn stimulates the production of

more pro-inflammatory cytokines. Therefore, this vicious cycle of

inflammatory cytokines will lead to islet b-cell dysfunction (54). In

addition to inducing IR through a common signaling pathway,

inflammatory factors can also stimulate the body to produce a large

number of reactive oxygen species, which directly damage the

insulin beta-cell sensitive to ROS, resulting in the reduction of

the number of insulin beta cells or loss of function, and then lead to

the occurrence of IR (55). Some studies have confirmed that the

degree of oxidative stress and the level of inflammatory factors in

patients with PCOS are positively correlated with the level of

androgen (56). More directly, various inflammatory factors can

trigger the production of excessive ovarian androgens or inhibit the

aromatization of androgen into estrogen (57, 58). Obesity is a

metabolic state characterized by chronic inflammation. In obese

women with PCOS, the levels of some inflammatory mediators such

as TNF-a, IL-6 and CRP are high, and they aggravate the

inflammatory state of patients with PCOS by activating IKK

signaling pathway (59, 60). In conclusion, the increased

expression levels of some pro-inflammatory cytokines in patients

with PCOS are also closely related to metabolic disorders such as IR,

HA and obesity. Therefore, the pro-inflammatory cytokines have a

certain influence on patients with PCOS directly or indirectly, and

interact with other factors to aggravate the disease of PCOS.
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4.2 Relationship between intestinal flora
and chronic inflammation in PCOS

The occurrence of chronic inflammation is related to the

changes of intestinal flora to some extent. The inflammatory

factors generated by chronic inflammation may directly act on

the hypothalamic-pituitary-gonadal axis, thus affecting the process

of follicular development, maturation and ovulation in patients with

PCOS. Cani et al. (61) proposed for the first time that

“endotoxemia” produced by intestinal flora may be an important

factor to initiate inflammatory activities. Xue et al. (62) found that

in the PCOS mouse model induced by DHEA and high fat, the

ovarian inflammatory indexes including TNF-a, IL-6 and IL-17A in

the inulin group were significantly reduced compared with the

model group. According to the sequencing and analysis of intestinal

flora, compared with the model group, the number of

bifidobacterium in the inulin group was increased. The correlation

analysis also proved that intestinal flora was related to inflammatory

factors, and inulin can alleviate the inflammatory state of PCOS by

anti-inflammatory and improving intestinal microflora. A high fat

diet for 4 weeks increased plasma LPS concentrations by two to

three times, and this critical point is called metabolic endotoxemia.

Endotoxemia caused by intestinal flora imbalance may be an

important factor in the development of inflammation-mediated

obesity and IR (61). When the ecosystem of intestinal flora is

unbalanced, the intestinal permeability will increase, which enables

LPS to enter the systemic circulation through the damaged

intestinal mucosal barrier (63). Then, the carrier protein

transports LPS to the membrane and binds with CD14. It

stimulates the expression and production of various inflammatory

factors by activating TLR4, resulting in IR, which then participates

in the HA and metabolic abnormalities of PCOS (64). In

conclusion, the inflammation state mediated by intestinal flora

plays a significant role in the pathological process of IR and

PCOS. There is a cross action between inflammatory signaling
FIGURE 2

The internal relationship between IR, intestinal flora and PCOS.
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pathway and insulin signaling pathway. Endotoxemia caused by

intestinal flora imbalance may be the key cause of inflammation, IR,

HA and obesity (65), and the possible mechanism is shown

in Figure 3.
5 Relationship between intestinal
microecological disorders
and obesity in PCOS

5.1 Obesity and PCOS

Obesity is a disease with excessive body fat, which is closely

related to IR and increases the risk of metabolic diseases, including

type 2 diabetes and cardiovascular disease (39, 66, 67). Obesity is

not unique to PCOS, but women with PCOS are at a higher risk of

overweight, obesity, central obesity and weight gain compared to

non-PCOS women (68). Compared with overall obesity, obesity in

PCOS is mostly abdominal obesity, that is, fat mainly accumulates

in the abdominal wall and omentum. In the case of obesity and

other metabolic disorders, the production and secretion of various

fat factors (such as leptin) are significantly changed, and their

functions are also substantially impaired. Obesity usually

exacerbates PCOS through the production of adipokines and the

reduction of SHBG (66). On the one hand, adipose tissue secretes

adipokines that directly induce IR and adrenal androgen overload,

leading to HA and hyperinsulinemia, or abnormal release of

gonadotropin (elevated LH/FSH ratio) from the hypothalamus,

leading to ovarian dysfunction, which in turn leads to PCOS-

related HA and ovulation dysfunction. On the other hand, obesity

can inhibit the synthesis of SHBG in the liver, thus promoting the

secretion of androgen and insulin, which leads to IR, while high

levels of insulin and androgen further aggravate the abnormal fat

distribution. At the same time, obesity aggravates the metabolic

dysfunction of PCOS patients, which leads to more prone to IR (69–

71). Hence, obesity and PCOS are mutually causal. Obesity in

adolescence can cause irregular menstruation and thin ovulation,

thus promoting the occurrence of PCOS, while obesity in PCOS
Frontiers in Endocrinology 05
patients can lead to more serious HA, IR and other endocrine

disorders (72).
5.2 Relationship between intestinal flora
and obesity in PCOS

The imbalance of intestinal flora will directly affect the

metabolism and immunity of the host and induce metabolic

diseases of the host. Intestinal flora plays an important role in the

development of obesity (73). By observing the changes in the weight

of mice fed with sterile high-fat diet and normal low-fat diet, it was

found that the weight increase of mice fed with high-fat diet was

significantly lower than that of normal mice, which indicated that

intestinal flora played a key role in the process of diet-induced

obesity (74). A study found that leptin can reduce the weight of mice

fed with high-fat diet, and its mechanism was mainly related to the

increase of the diversity of intestinal flora and the reduction of

endotoxin content, thus reducing the inflammatory state (74). The

occurrence of obesity is mainly related to the high-fat diet.

The intestinal flora is disturbed under the high-fat diet, resulting

in the increase of LPS production and the decrease of SCFAs

production (75). Modern research has found that the imbalance of

intestinal flora may lead to obesity and lipid metabolism disorder

through the SCFAs and G protein coupling, bile acid metabolism

(76) and LPS pathway (65). The content of SCFAs in obese patients

with PCOS is lower than that in healthy women. SCFAs coupled

with GPR41 and GPR43 can promote the secretion of PYY and

GLP-1 by intestinal L cells, which can delay gastric emptying and

increase satiety, thus controlling the intake of diet and improving

the abnormality of glucose and lipid metabolism (77). Therefore, the

disturbance of intestinal flora will lead to the decrease of GLP-1

secretion, accelerate gastric emptying through the stimulation of

gut-brain axis, improve the appetite for food, and then affect glucose

and lipid metabolism, causing IR and obesity. Meanwhile, the

disturbance of intestinal flora in PCOS patients increases LPS with

endotoxin function and changes intestinal permeability. The

increased LPS in the blood causes endotoxemia and chronic
FIGURE 3

The internal relationship between chronic inflammation, intestinal flora and PCOS.
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inflammation of the body, affects the function of insulin receptor,

and then leads to IR and obesity (78). In addition, some intestinal

flora, such as Firmicutes and Bacteroidetes (79), can encode bile

brine hydrolyzase, which can metabolize primary bile acid into

secondary bile acid. The composition of bile acid pool is changed by

the farnesoid X receptor and the G protein-coupled bile acid

receptor 1, or by dehydrogenation, dehydroxylation and

epimerization, thus affecting the lipid metabolism and glucose

homeostasis (80). The high-fat diet will lead to the imbalance of

intestinal flora in patients, which will further affect the metabolism

of glucose and lipid in patients and promote metabolic diseases such

as obesity. Obesity can aggravate the IR and androgen level of PCOS

patients, which may further exacerbate the metabolic disorder in

PCOS patients, as shown in Figure 4. Therefore, weight loss through

improving diet structure, exercise, surgery and other methods can

effectively correct intestinal flora disorders (81). Improving

intestinal permeability and alleviating IR can ameliorate the

symptoms of HA and metabolic disorders in PCOS to a

certain extent.
6 Discussion

The relationship between intestinal flora and PCOS has

gradually become the focus of many studies in recent years. In

2012, Tremellen et al. (63) first proposed the hypothesis that PCOS

is related to intestinal flora, suggesting that the imbalance of

intestinal flora is associated with various manifestations of PCOS,

such as HA, multiple ovarian cysts, and anovulation. Since then, the

research on the relationship between intestinal flora and PCOS has

started. Some studies have found that the overall diversity of

intestinal flora is significantly different between patients with

PCOS and healthy people, mainly reflected in the reduction of a
diversity (82). Other studies have found that in the intestinal flora of

patients with PCOS, specific microflora have changed, such as the

change of the balance between Bacteroides and Firmicutes (83, 84),

which will affect the production of short-chain fatty acids and have

a negative impact on metabolism, intestinal barrier integrity and

immunity. Liu et al. (85) conducted a controlled study of patients

with PCOS and healthy subjects to explore the correlation between
Frontiers in Endocrinology 06
PCOS and intestinal flora. The 16SrRNA sequencing data showed

that the intestinal flora diversity of patients with PCOS was lower

than that of healthy people. The increase of relative abundance of

Firmicutes and Bacteroidetes was positively correlated with

androgen, body mass index and IR (86). In addition, after

transplanting the intestinal flora of adult male mice into juvenile

female mice, Markle et al. (37) found that the testosterone level in

juvenile female mice increased. This indicated that the change of

intestinal flora will affect the level of androgen in the serum of

female mice, and indirectly participate in the occurrence and

development of PCOS. Thus, intestinal flora may become a new

therapeutic target for PCOS.

Although the relationship between the change of intestinal flora

and PCOS has been found, there is no consensus on which bacteria

are most relevant to PCOS, and the causal relationship between the

two is not yet clear (87). Intestinal flora is the “endocrine organ” to

maintain human health. The microbiota in the gut affects the

reproductive endocrine system by interacting with estrogen,

androgen, insulin, etc (63). A prospective study (88) involving 24

patients with PCOS and 19 healthy women confirmed that

endotoxemia caused by gastrointestinal leakage was related to

chronic inflammation, IR, fat accumulation and HA through 16S

rRNA gene amplification and sequencing analysis. Kimural et al.

(89) found that the body fat rate of GPR43-deficient mice was

greatly increased, whereas the mice with increased GPR43 were still

thin even after being fed a high-fat diet. This suggested that after

ingestion of food, the body transmits signals through GPR43, a G-

protein-coupled receptor for short-chain fatty acids (SCFAs), to

produce and release energy to various tissues. As a protective barrier

of intestinal microecology, SCFAs trigger the secretion of glucagon-

like peptide through GPR43 and act on pancreatic islet P cells to

regulate the production of insulin in the body, thus affecting the

metabolism of PCOS. Bile acid, as a compound synthesized from

cholesterol, can effectively help the utilization and digestion of lipids

in the body’s lipid metabolism to improve the accumulation of

lipids. However, bile acid in the gut, under the stimulation of

SCFAs, can promote the synthesis and secretion of incretin by

intestinal cells to participate in the regulation of blood glucose (90).

Zhang J et al. (91) found that the patients with PCOS have a positive

effect on the production of butyric acid by improving the
FIGURE 4

The internal relationship between obesity, intestinal flora and PCOS.
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homeostasis of intestinal flora and stimulating the secretion of lactic

acid, which promotes the regulation of intestinal microorganisms

and improves metabolic disorders. Intestinal flora can act on the gut

brain axis through gastrointestinal hormones and other mediators,

and regulate the central nervous system by mediating the release of

hypothalamic gonadotrophin releasing hormone (GnRH), which

can aggravate the progression of PCOS (92). Currently, more than

20 of the 50 gastrointestinal hormones are known to be involved in

brain-gut axis interactions (93). In conclusion, intestinal flora

disorders are involved in endotoxemia, the production of SCFAs,

bile acid metabolism, brain-gut axis and other processes, which are

related to HA, IR, chronic inflammatory response, obesity and other

manifestations of PCOS (94). Therefore, intestinal flora may

participate in the pathogenesis of PCOS by influencing follicular

development, sex hormone and metabolic level through HA, IR,

chronic inflammation and obesity, as shown in Figure 5.
7 Conclusion

As a complex endocrine and metabolic disorder, PCOS is

closely related to HA, IR, chronic inflammatory, obesity, etc. The

intestinal flora not only affects the metabolism of androgen, but also

leads to IR, inflammatory reaction and obesity, which plays a key

role in the occurrence and development of PCOS. In the past,

genetic factors were considered to be one of the important causes of

PCOS, but so far, no exact pathogenic genes have been found. As

exogenous genetic material, intestinal flora will inevitably

communicate with the host’s own genetic information, which will

change the expression of host genes and trigger PCOS. It is precisely

because the pathogenesis of PCOS is still unclear, so the treatment

of PCOS is limited to the improvement of clinical symptoms such as

IR, HA and ovulation disorders, rather than the radical treatment.

However, with the deepening of research, the role of intestinal flora

in PCOS will be gradually revealed, which is bound to provide new

therapeutic strategies for PCOS.
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The internal relationship between intestinal flora and PCOS.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1151723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1151723
References
1. Escobar-Morreale HF. Polycystic ovary syndrome: definition, aetiology, diagnosis
and treatment. Nat Rev Endocrinol (2018) 14(5):270–84. doi: 10.1038/nrendo.2018.24

2. Aversa A, La Vignera S, Rago R, Gambineri A, Nappi RE, Calogero AE, et al.
Fundamental concepts and novel aspects of polycystic ovarian syndrome: Expert
consensus resolutions. Front Endocrinol (Lausanne) (2020) 11:516. doi: 10.3389/
fendo.2020.00516

3. Azziz R, Sanchez LA, Knochenhauer ES, Moran C, Lazenby J, Stephens KC, et al.
Androgen excess in women: experience with over 1000 consecutive patients. J Clin
Endocrinol Metab (2004) 89(2):453–62. doi: 10.1210/jc.2003-031122

4. Armanini D, Boscaro M, Bordin L, Sabaddin C. Controversies in the
pathogenesis, diagnosis and treatment of PCOS: Focus on insulin resistance,
inflammation, and hyperandrogenism. Int J Mol Sci (2022) 23(8):4110. doi: 10.3390/
ijms23084110

5. Sirmans SM, Pate KA. Epidemiology, diagnosis, and management of polycystic
ovary syndrome. Clin Epidemiol (2013) 6:1–13. doi: 10.2147/CLEP.S37559

6. Palomba S, de Wilde MA, Falbo A, Koster MPH, Battista La Sala G, Fauser BC.
Pregnancy complications in women with polycystic ovary syndrome. Hum Reprod
Update (2015) 21(5):575–92. doi: 10.1093/humupd/dmv029

7. Lizneva D, Suturina L, Walker W, Brakta S, Gavrilova-Jordan L, Azziz R. Criteria,
prevalence, and phenotypes of polycystic ovary syndrome. Fertil Steril (2016) 106(1):6–
15. doi: 10.1016/j.fertnstert.2016.05.003

8. Sangaraju SL, Yepez D, Grandes XA, Manjunatha RT, Habib S. Cardio-metabolic
disease and polycystic ovarian syndrome (PCOS): A narrative review. Cureus (2022) 14
(5):e25076. doi: 10.7759/cureus.25076

9. Teede H, Deeks A, Moran L. Polycystic ovary syndrome: a complex condition
with psychological, reproductive and metabolic manifestations that impacts on health
across the lifespan. BMC Med (2010) 8:41. doi: 10.1186/1741-7015-8-41

10. Shawky NM. Cardiovascular disease risk in offspring of polycystic ovary
syndrome. Front Endocrinol (Lausanne) (2022) 13:977819. doi: 10.3389/
fendo.2022.977819

11. Giampaolino P, Foreste V, Di Filippo C, Gallo A, Mercorio A, Serafino P, et al.
Microbiome and PCOS: State-of-Art and future aspects. Int J Mol Sci (2021) 22
(4):2048. doi: 10.3390/ijms22042048

12. Sadeghi HM, Adeli I, Calina D, Docea AO, Mousavi T, Daniali M, et al.
Polycystic ovary syndrome: A comprehensive review of pathogenesis, management,
and drug repurposing. Int J Mol Sci (2022) 23(2):583. doi: 10.3390/ijms23020583

13. Stener-Victorin E, Padmanabhan V, Walters KA, Li XY, Wu Y, Tan ZJ, et al.
Animal models to understand the etiology and pathophysiology of polycystic ovary
syndrome. Endocr Rev (2020) 41(4):bnaa010. doi: 10.1210/endrev/bnaa010

14. Wang L, Zhou J, Gober HJ, Leung WT, Huang ZS, Pan XY, et al. Alterations in
the intestinal microbiome associated with PCOS affect the clinical phenotype. BioMed
Pharmacother (2021) 133:110958. doi: 10.1016/j.biopha.2020.110958

15. He FF, Li YM. Role of gut microbiota in the development of insulin resistance
and the mechanism underlying polycystic ovary syndrome: a review. J Ovarian Res
(2020) 13(1):73. doi: 10.1186/s13048-020-00670-3

16. Zhou B, Yuan Y, Zhang S, Guo G, Li XL, Li GY, et al. Intestinal flora and disease
mutually shape the regional immune system in the intestinal tract. Front Immunol
(2020) 11:575. doi: 10.3389/fimmu.2020.00575

17. Guo K, Xu S, Zhang Q, Peng MJ, Yang ZY, Li WG, et al. Bacterial diversity in the
intestinal mucosa of mice fed with asparagus extract under high-fat diet condition.
3 Biotech (2020) 10(5):228. doi: 10.1007/s13205-020-02225-1

18. Fassarella M, Blaak EE, Penders J, Nauta A, Smidt H, Zoetendal EG. Gut
microbiome stability and resilience: elucidating the response to perturbations in order
to modulate gut health. Gut (2021) 70(3):595–605. doi: 10.1136/gutjnl-2020-321747

19. Adelman MW,Woodworth MH, Langelier C, Busch LM, Kempker JA, Kraft CS,
et al. The gut microbiome's role in the development, maintenance, and outcomes of
sepsis. Crit Care (2020) 24(1):278. doi: 10.1186/s13054-020-02989-1

20. Mousa WK, Chehadeh F, Husband S. Microbial dysbiosis in the gut drives
systemic autoimmune diseases. Front Immunol (2022) 13:906258. doi: 10.3389/
fimmu.2022.906258

21. Zhang CY, Peng XX, Shao HQ, Li XY, Wu Y, Tan ZJ. Gut microbiota
comparison between intestinal contents and mucosa in mice with repeated stress-
related diarrhea provides novel insight. Front Microbiol (2021) 12:626691. doi: 10.3389/
fmicb.2021.626691

22. Li C, Zhou K, Xiao N, Peng MJ, Tan ZJ. The effect of qiweibaizhu powder crude
polysaccharide on antibiotic-associated diarrhea mice is associated with restoring
intestinal mucosal bacteria. Front Nutr (2022) 9:952647. doi: 10.3389/fnut.2022.952647

23. He F, Li Y. The gut microbial composition in polycystic ovary syndrome with
insulin resistance: findings from a normal-weight population. J Ovarian Res (2021) 14
(1):50. doi: 10.1186/s13048-021-00799-9

24. Jeanes YM, Reeves S. Metabolic consequences of obesity and insulin resistance
in polycystic ovary syndrome: diagnostic and methodological challenges. Nutr Res Rev
(2017) 30(1):97–105. doi: 10.1017/S0954422416000287
Frontiers in Endocrinology 08
25. Fox CW, Zhang L, Sohni A, Doblado M, Wilkinson MF, Chang RJ, et al.
Inflammatory stimuli trigger increased androgen production and shifts in gene
expression in theca-interstitial cells. Endocrinology (2019) 160(12):2946–58. doi:
10.1210/en.2019-00588

26. Chen W, Pang Y. Metabolic syndrome and PCOS: Pathogenesis and the role of
metabolites. Metabolites (2021) 11(12):869. doi: 10.3390/metabo11120869

27. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycystic
ovary syndrome: Pathogenic role of androgen excess and potential therapeutic
strategies. Mol Metab (2020) 35:100937. doi: 10.1016/j.molmet.2020.01.001

28. Rosenfield RL, Ehrmann DA. The pathogenesis of polycystic ovary syndrome
(PCOS): The hypothesis of PCOS as functional ovarian hyperandrogenism revisited.
Endocr Rev (2016) 37(5):467–520. doi: 10.1210/er.2015-1104

29. Lebbe M, Woodruff TK. Involvement of androgens in ovarian health and
disease. Mol Hum Reprod (2013) 19(12):828–37. doi: 10.1093/molehr/gat065

30. Laven JSE. Follicle stimulating hormone receptor (FSHR) polymorphisms and
polycystic ovary syndrome (PCOS). Front Endocrinol (Lausanne) (2019) 10:23. doi:
10.3389/fendo.2019.00023

31. Dumesic DA, Oberfield SE, Stener-Victorin E, Marshall JC, Laven JS, Legro RS.
Scientific statement on the diagnostic criteria, epidemiology, pathophysiology, and
molecular genetics of polycystic ovary syndrome. Endocr Rev (2015) 36(5):487–525.
doi: 10.1210/er.2015-1018

32. Wang J, Wu D, Guo H, Li MX. Hyperandrogenemia and insulin resistance: The
chief culprit of polycystic ovary syndrome. Life Sci (2019) 236:116940. doi: 10.1016/
j.lfs.2019.116940

33. Jobira B, Frank DN, Pyle L, Silveira LJ, Kelsey MM, Garcia-Reyes Y, et al. Obese
adolescents with PCOS have altered biodiversity and relative abundance in
gastrointestinal microbiota. J Clin Endocrinol Metab (2020) 105(6):e2134-44. doi:
10.1210/clinem/dgz263

34. Torres PJ, Siakowska M, Banaszewska B, Pawelczyk L, Duleba AJ, Kelley ST,
et al. Gut microbial diversity in women with polycystic ovary syndrome correlates with
hyperandrogenism. J Clin Endocrinol Metab (2018) 103(4):1502–11. doi: 10.1210/
jc.2017-02153

35. Zeng B, Lai Z, Sun L, Zhang Z, Yang J, Li Z, et al. Structural and functional
profiles of the gut microbial community in polycystic ovary syndrome with insulin
resistance (IR-PCOS): a pilot study. Res Microbiol (2019) 170(1):43–52. doi: 10.1016/
j.resmic.2018.09.002

36. Kelley ST, Skarra DV, Rivera AJ, Thackray VG. The gut microbiome is altered in
a letrozole-induced mouse model of polycystic ovary syndrome. PloS One (2016) 11(1):
e0146509. doi: 10.1371/journal.pone.0146509

37. Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-
Kampczyk U, et al. Sex differences in the gut microbiome drive hormone-dependent
regulation of autoimmunity. Science (2013) 339(6123):1084–8. doi: 10.1126/
science.1233521

38. Xie F, Anderson CL, Timme KR, Kurz SG, Fernando SC, Wood JR, et al.
Obesity-dependent increases in oocyte mRNAs are associated with increases in
proinflammatory signaling and gut microbial abundance of lachnospiraceae in
female mice. Endocrinology (2016) 157(4):1630–43. doi: 10.1210/en.2015-1851

39. Calcaterra V, Verduci E, Cena H, Magenes VC, Todisco CF, Tenuta E, et al.
Polycystic ovary syndrome in insulin-resistant adolescents with obesity: The role of
nutrition therapy and food supplements as a strategy to protect fertility. Nutrients
(2021) 13(6):1–32. doi: 10.3390/nu13061848

40. Li M, Chi X, Wang Y, Setrerrahmane S, Xie WW, Xu HM, et al. Trends in
insulin resistance: insights into mechanisms and therapeutic strategy. Signal Transduct
Target Ther (2022) 7(1):216. doi: 10.1038/s41392-022-01073-0

41. Xu Y, Fu JF, Chen JH, Zhang ZW, Zou ZQ, Han LY, et al. Sulforaphane
ameliorates glucose intolerance in obese mice via the upregulation of the insulin
signaling pathway. Food Funct (2018) 9(9):4695–701. doi: 10.1039/C8FO00763B

42. Ding H, Zhang J, Zhang F, Zhang SG, Chen XZ, Liang WQ, et al. Resistance to
the insulin and elevated level of androgen: A major cause of polycystic ovary syndrome.
Front Endocrinol (Lausanne) (2021) 12:741764. doi: 10.3389/fendo.2021.741764

43. Bäckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al. The gut
microbiota as an environmental factor that regulates fat storage. Proc Natl Acad Sci
U.S.A. (2004) 101(44):15718–23. doi: 10.1073/pnas.0407076101

44. Dubey P, Reddy S, Boyd S, Bracamontes C, Sanchez S, Chattopadhyay M, et al.
Effect of nutritional supplementation on oxidative stress and hormonal and lipid
profiles in PCOS-affected females. Nutrients (2021) 13(9):2938. doi: 10.3390/
nu13092938

45. Vrieze A, Van Nood E, Holleman F, Salojärvi J, Kootte RS, Bartelsman JFWM,
et al. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in
individuals with metabolic syndrome. Gastroenterology (2012) 143(4):913–6.e7. doi:
10.1053/j.gastro.2012.06.031

46. Mor E, Zograbyan A, Saadat P, Bayrak A, TourgemanDE, Zhang C, et al. The insulin
resistant subphenotype of polycystic ovary syndrome: clinical parameters and pathogenesis.
Am J Obstet Gynecol (2004) 190(6):1654–60. doi: 10.1016/j.ajog.2004.02.052
frontiersin.org

https://doi.org/10.1038/nrendo.2018.24
https://doi.org/10.3389/fendo.2020.00516
https://doi.org/10.3389/fendo.2020.00516
https://doi.org/10.1210/jc.2003-031122
https://doi.org/10.3390/ijms23084110
https://doi.org/10.3390/ijms23084110
https://doi.org/10.2147/CLEP.S37559
https://doi.org/10.1093/humupd/dmv029
https://doi.org/10.1016/j.fertnstert.2016.05.003
https://doi.org/10.7759/cureus.25076
https://doi.org/10.1186/1741-7015-8-41
https://doi.org/10.3389/fendo.2022.977819
https://doi.org/10.3389/fendo.2022.977819
https://doi.org/10.3390/ijms22042048
https://doi.org/10.3390/ijms23020583
https://doi.org/10.1210/endrev/bnaa010
https://doi.org/10.1016/j.biopha.2020.110958
https://doi.org/10.1186/s13048-020-00670-3
https://doi.org/10.3389/fimmu.2020.00575
https://doi.org/10.1007/s13205-020-02225-1
https://doi.org/10.1136/gutjnl-2020-321747
https://doi.org/10.1186/s13054-020-02989-1
https://doi.org/10.3389/fimmu.2022.906258
https://doi.org/10.3389/fimmu.2022.906258
https://doi.org/10.3389/fmicb.2021.626691
https://doi.org/10.3389/fmicb.2021.626691
https://doi.org/10.3389/fnut.2022.952647
https://doi.org/10.1186/s13048-021-00799-9
https://doi.org/10.1017/S0954422416000287
https://doi.org/10.1210/en.2019-00588
https://doi.org/10.3390/metabo11120869
https://doi.org/10.1016/j.molmet.2020.01.001
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1093/molehr/gat065
https://doi.org/10.3389/fendo.2019.00023
https://doi.org/10.1210/er.2015-1018
https://doi.org/10.1016/j.lfs.2019.116940
https://doi.org/10.1016/j.lfs.2019.116940
https://doi.org/10.1210/clinem/dgz263
https://doi.org/10.1210/jc.2017-02153
https://doi.org/10.1210/jc.2017-02153
https://doi.org/10.1016/j.resmic.2018.09.002
https://doi.org/10.1016/j.resmic.2018.09.002
https://doi.org/10.1371/journal.pone.0146509
https://doi.org/10.1126/science.1233521
https://doi.org/10.1126/science.1233521
https://doi.org/10.1210/en.2015-1851
https://doi.org/10.3390/nu13061848
https://doi.org/10.1038/s41392-022-01073-0
https://doi.org/10.1039/C8FO00763B
https://doi.org/10.3389/fendo.2021.741764
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.3390/nu13092938
https://doi.org/10.3390/nu13092938
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.1016/j.ajog.2004.02.052
https://doi.org/10.3389/fendo.2023.1151723
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1151723
47. Pedersen HK, Gudmundsdottir V, Nielsen HB, Hyotylainen T, Nielsen T, Jensen
BAH, et al. Human gut microbes impact host serum metabolome and insulin
sensitivity. Nature (2016) 535(7612):376–81. doi: 10.1038/nature18646

48. Zhang CM, Zhao Y, Li R, Yu Y, Yan L-Y, Li L, et al. Metabolic heterogeneity of
follicular amino acids in polycystic ovary syndrome is affected by obesity and related to
pregnancy outcome. BMC Pregnancy Childbirth (2014) 14:11. doi: 10.1186/1471-2393-
14-11

49. Bremer AA, Miller WL. The serine phosphorylation hypothesis of polycystic
ovary syndrome: a unifying mechanism for hyperandrogenemia and insulin resistance.
Fertil Steril (2008) 89(5):1039–48. doi: 10.1016/j.fertnstert.2008.02.091

50. Kelly CC, Lyall H, Petrie JR, Gould GW, Connell JMC, Sattar N. Low grade
chronic inflammation in women with polycystic ovarian syndrome. J Clin Endocrinol
Metab (2001) 86(6):2453–5. doi: 10.1210/jcem.86.6.7580

51. Alanbay I, Ercan CM, Sakinci M, Coksuer H, Ozturk M, Tapan S. A macrophage
activation marker chitotriosidase in women with PCOS: does low-grade chronic
inflammation in PCOS relate to PCOS itself or obesity? Arch Gynecol Obstet (2012)
286(4):1065–71. doi: 10.1007/s00404-012-2425-0

52. Solinas G, Becattini B. JNK at the crossroad of obesity, insulin resistance, and
cell stress response. Mol Metab (2017) 6(2):174–84. doi: 10.1016/j.molmet.2016.12.001

53. Hameed I, Masoodi SR, Mir SA, Nabi M, Ghazanfar K, Ganai BA, et al. Type 2
diabetes mellitus: From a metabolic disorder to an inflammatory condition. World J
Diabetes (2015) 6(4):598–612. doi: 10.4239/wjd.v6.i4.598

54. Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J Clin
Invest (2001) 107(1):7–11. doi: 10.1172/JCI11830

55. Gong Y, Luo S, Fan P, Zhu H, Li Y, Huang W. Growth hormone activates PI3K/
Akt signaling and inhibits ROS accumulation and apoptosis in granulosa cells of
patients with polycystic ovary syndrome. Reprod Biol Endocrinol (2020) 18(1):121. doi:
10.1186/s12958-020-00677-x

56. Pandey AK, Gupta A, Tiwari M, Prasad S, Pandey AN, Yadav PK, et al. Impact
of stress on female reproductive health disorders: Possible beneficial effects of shatavari
(Asparagus racemosus). BioMed Pharmacother (2018) 103:46–9. doi: 10.1016/
j.biopha.2018.04.003

57. Schiffer L, Bossey A, Kempegowda P, Taylor AE, Akerman I, Scheel-Toellner D,
et al. Peripheral blood mononuclear cells preferentially activate 11-oxygenated
androgens. Eur J Endocrinol (2021) 184(3):353–63. doi: 10.1530/EJE-20-1077
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