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Abstract

Inflammation is a biologic process that mediates tissue effects including vasodilation, hyperemia, 

edema, collagenolysis and cell proliferation through complex immunologic pathways. In regards 

to the ovary, inflammation has key physiologic roles in ovarian folliculogenesis and ovulation. On 

the other hand inflammatory processes are subject to underlying pathology and if pushed, pro-

inflammatory conditions may have a negative impact on ovarian follicular dynamics. Obesity and 

polycystic ovary syndrome (PCOS) serve as examples of conditions associated with chronic 

endogenous production of low-grade pro-inflammatory cytokines. Both conditions negatively 

impact ovarian folliculogenesis and ovulation. The pages that follow summarize the role of 

inflammation in normal ovarian follicular dynamics and evidence for its role in mediating the 

negative effects of obesity and PCOS on ovarian follicular dynamics. The review concludes with a 

summary supporting a role for lifestyle factors that favorably impact inflammatory process 

involved in obesity and PCOS to improve ovarian function.
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Introduction

Inflammation plays a key physiologic role in folliculogenesis and ovulation. However, 

increasing evidence demonstrates that aberrant inflammation can alter normal ovarian 

follicular dynamics resulting in impaired oocyte quality, anovulation, and associated 

infertility. Obesity and polycystic ovarian syndrome (PCOS) are both associated with 

chronic inflammation. Insulin resistance and hyperandrogenism are important in the 

pathophysiologic effects of these conditions on the ovary, but the chronic inflammation of 

these conditions is also important (1–3). In addition to summarizing the role of inflammation 

in normal ovarian function, this review highlights evidence for the role of inflammation in 
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the aberrant ovarian follicular dynamics of obesity and PCOS (Figure 1). The review 

concludes by summarizing the data supporting a role for diet and exercise in combating 

inflammation in PCOS and obesity to improve ovarian health.

Inflammation and Normal Ovarian Physiology

Ovulation is an essential component to mammalian reproduction and separates the menstrual 

cycle into two parts: folliculogenesis and luteinization. In order for ovulation to occur, 

normal ovarian tissue must rupture to allow expulsion of the mature oocyte. Early theories 

speculated that increasing intra-follicular pressure caused this rupture (4). However, we now 

know that inflammation, induced by gonadotropin stimulation, has a physiologic role 

creating a weakening in the follicle wall and eventual rupture (5, 6).

The ovary contains five layers overlying each oocyte. The most external layer is the 

epithelium, followed by the tunica albuginea, the theca externa, the theca interna, and 

finally, the granulosa. Ovulation is associated with significant tissue remodeling as the 

follicle increases in size, and the thecal layers fuse with the tunica albuginea and 

subsequently, thin to allow for ovarian rupture. In humans, this ovulatory process takes 

approximately forty hours. Inflammation has been theorized to induce both ovulation and its 

associated tissue remodeling. The inflammatory process includes direct and indirect actions 

to cause vasodilation, hyperemia, edema, collagenolysis, and cell proliferation; all of which, 

are mirrored in the process of ovulation.

The luteinizing hormone (LH) surge induces cyclic adenosine monophosphate (cAMP) 

production, steroidogenesis and the release of histamines as well as other inflammatory 

mediators. Prostaglandins, predominantly E2, and eicosanoids also increase in response to 

LH and concentrations peak at ovulation. Prostaglandins enhance the inflammatory reaction 

and activate thecal fibroblasts. Proteolytic enzymes released by prostaglandins and 

eicosanoids promote angiogenesis and hyperemia and activate collagenases and other 

proteolytic enzymes to degrade the follicle’s connective tissue and cause ovulation. In 

addition, bradykinin, which induces vasodilation, has been shown to increase 10-fold during 

the ovulatory process (6).

C-reactive protein (CRP) is an acute phase reactant produced by hepatocytes and is a marker 

for systemic inflammation. Serum CRP levels rise in response to increased production of 

tumor necrosis factor α (TNFα) and interleukin (IL) 6 from macrophages and adipocytes, 

which then activates an inflammatory response through the complement system (7). It has 

been hypothesized that CRP levels fluctuate in the menstrual cycle with a peak near 

ovulation. Clancy et al. demonstrated an elevated CRP concentration in women with three 

follicular waves rather than the more common, two follicular waves, suggesting that 

systemic CRP concentrations are altered with changes in follicular dynamics (8).

Proinflammatory cytokines are produced throughout folliculogenesis and participate in 

ovulation induction. Studies evaluating the follicular fluid of women undergoing assisted 

reproductive technologies (ART) describe differences in cytokine levels that correspond to 

their infertility diagnosis and their stimulation protocol (9, 10). For example, IL-8 has 

chemotactic activity that encourages migration of neutrophils. This cytokine was present in 
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the follicular fluid of all samples in one study. IL-18 induces cytokines, IL-1β and TNF-α, 

essential to follicular growth and oocyte maturation. The role of IL-18 was supported by a 

positive correlation between its follicular levels and the number of oocytes retrieved, 

successful implantation and parity, whereas women with unexplained infertility had lower 

levels of IL-18. These findings suggest that an unperturbed inflammatory response is 

necessary for appropriate folliculogenesis and that impaired inflammation maybe contribute 

to infertility.

Inhibition of cyclooxygenase-2 (COX-2) prevents follicle rupture but not the other aspects 

of luteinization. Data regarding nonsteroidal anti-inflammatory agents, such as 

indomethacin, suggest that administration during the first 80% of the ovulatory process will 

inhibit ovulation (6). Overall, patients, particularly those with demonstrated infertility, 

should be advised to avoid the use of drugs that inhibit prostaglandin synthesis (11–13).

Inflammation and Abnormal Ovarian Physiology

Obesity

It is well known that maternal body weight influences reproductive function (1). Obesity has 

established associations with anovulation, infertility, miscarriage and pregnancy 

complications. The mechanisms behind these associations are likely multifactorial, but 

growing evidence supports a correlation between obesity’s associated low-grade, chronic 

inflammation and impaired folliculogenesis (14). Although inflammation as the definitive, 

direct mechanism linking obesity with impaired reproductive performance cannot be 

concluded, the literature posits that inflammation likely plays at least some role in the 

pathophysiologic mechanism.

Several clinical studies support the impact of obesity on oocyte quality. Marquard et al. 

showed that oocytes from women with obesity were significantly smaller than normal 

weight controls (15). In 2011, Shah et al. demonstrated a connection between morbid obesity 

and decreased fertilization rates (16) as well as decreased pregnancy rates. Luke et al. 

showed that using donor oocytes normalized the pregnancy rates in obese women, providing 

further evidence that oocyte quality is affected by BMI. Although obesity has also been 

linked to increased miscarriage rates, obesity has not been correlated with embryo 

aneuploidy (17–20).

More than the storage of triglycerides, adipose tissue is an endocrine organ generating 

cytokines and free fatty acids (FFAs)—mostly in the form of palmitic acid, a long-chain 

saturated fatty acid. The inflamed adipose tissue induces a systemic chronic inflammatory 

response, which makes other tissue susceptible to conditions such as insulin resistance, 

hypertension and cardiovascular disease. A strong correlation exists between body mass 

index (BMI) and CRP levels, but perhaps of more importance than BMI is the amount of 

visceral adiposity, which correlates with CRP concentrations independent of total adiposity. 

Visceral adipocytes are likely potently inducing the inflammatory pathway creating a 

chronic, low-grade inflammatory state.
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Follicular fluid in obese women has also shown elevated levels of CRP as well as leptin (14). 

Leptin is a protein that acts as a signaling factor from adipose tissue to the central nervous 

system, serves as a metabolic indicator of energy stores, and interacts with the reproductive 

axis at multiple sites. As an acute phase reactant, leptin modulates hematopoietic and 

immunomodulatory activity.

Understanding the mechanism by which obesity affects oocyte quality is imperative to 

developing therapeutic interventions (21). Murine studies utilizing a diet high in saturated fat 

to induce obesity have shown that oocytes from obese mice have increased lipid 

deposits (22). Exposure to high levels of lipids and saturated fatty acids damage 

mitochondria as evidenced by altered mitochondrial morphology, a compensatory increase 

in mitochondrial deoxynucleic acid (DNA) copy number and impaired mitochondrial 

function (23, 24). Specifically, the quantity of reactive oxygen species (ROS) seen in oocytes 

was significantly increased. ROS are important to ovulation, but in excess they are cytotoxic 

to the cell and organelles, and without a responsive increase in antioxidants, oocytes are 

subsequently damaged or of poorer quality through the phenomenon known as 

lipotoxicity (22, 25). The combination of lipotoxicity and chronic inflammation inducing 

oxidative stress on the oocyte likely impairs oocyte quality and therefore, reduces obese 

women’s reproductive potential. This may explain why women who are obese but ovulatory 

experience a longer time to pregnancy than non-obese, ovulatory women (26).

Finally, it is important to consider the cohort of obese women who are without metabolic 

changes (27). Is it the adipose tissue itself or downstream effects of insulin resistance and 

hyperglycemia that generate inflammation? Data suggests that obesity without symptoms of 

metabolic syndrome does not increase the risk for cardiovascular disease compared to 

normal weight individuals (28). In a cross-sectional analysis of postmenopausal women in 

the Women’s Heath Initiative Observational Study, obese women with and without 

metabolic features were compared to normal weight women also with and without metabolic 

symptoms (29). Obese women without a clustering of cardiovascular risk factors still possess 

abnormal levels of inflammatory markers. Whether there is something about metabolically 

abnormal obese women versus those who do not have metabolic effects that impact their 

follicular development, oocyte quality and subsequent pregnancy rates requires further 

research.

Polycystic Ovarian Syndrome

Polycystic ovarian syndrome (PCOS) is the most common reproductive disorder in the 

United States (2) and is characterized by three key features: clinical or laboratory evidence of 

excess androgen activity, oligo- or anovulation, and polycystic appearing ovaries. The 

Androgen Excess Society stresses the importance of hyperandrogenism as the most 

consistent and obvious diagnostic feature of the syndrome. However, a broad range of 

phenotypes identify with this syndrome varying by age, BMI, ethnicity and associated co-

morbidities. Despite the diversity in presentation, inflammation has been proposed as 

unifying feature among women with PCOS. Inflammation is also associated with other 

aspects of the syndrome, such as obesity, type 1 diabetes, hyperandrogenemia, insulin 

resistance and an increased risk for cardiovascular disease.
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PCOS ovaries are characterized by an increased number of antral follicles and an increased 

stromal volume. This alteration in architecture is reflected by variations in function as well. 

Theca cells produce increased amounts of androgens and granulosa cells produce elevated 

levels of anti-Müllerian hormone. Additionally, several proinflammatory markers and 

mediators have been demonstrated to be elevated in women with PCOS, including CRP, 

leukocytes, cytokines, and ROS (30).

Several studies have shown changes in the expression of inflammatory genes. Schmidt et al. 

demonstrated up regulation of IL8, IL1B, nitric oxide synthase 2 (NOS2), and prostaglandin-

endoperoxide synthase 2 (PTGS2) in granulosa cells and hypothesized that early expression 

of these inflammatory markers may induce a premature influx of leukocytes and as a result, 

impair maturation and subsequent ovulation (31). Leukocytosis is more prevalent in women 

with PCOS than normal cycling controls and importantly, is also predictive of 

cardiovascular risks, such as obesity and hyperlipidiemia (32–34).

Interestingly, IL1 was under expressed in the ovarian stroma as compared to normal 

controls. Because of the proposed role of IL1 in the inhibition of gonadotropin-stimulated 

androstenedione production, the authors suggest that the down regulation of IL1 may be 

contributing to the elevated androgens levels that characterize this syndrome (35).

In 2011, a meta-analysis evaluating the association between inflammation and PCOS 

demonstrated a 96% increase in serum CRP levels in women with PCOS when compared to 

controls, independent of BMI (36). Kelly et al. also showed that women with PCOS have 

significantly higher levels of CRP (2.12 versus 0.67 mg/L, P=0.016) when compared to 

controls (37). Age and BMI were positively correlated with CRP levels as well, but after 

adjusting for these variables, the association with PCOS remained significant. However, this 

significance was lost after adjustment for insulin sensitivity, suggesting that inflammation is 

highly correlated with the level of insulin resistance rather than hyperandrogenemia. These 

data are relevant as even subtle increases in serum CRP levels have been strongly predictive 

of cardiovascular risks (38).

Additionally, inflammation has been associated with oxidative stress, and oxidative stress 

has been shown to induce inflammation, thus suggesting a perpetuating cycle. Data 

demonstrate that women with PCOS have an increase in oxidative stress as well as a 

decrease in antioxidant capacity (39). Blair et al. showed that even when women with PCOS 

are matched for age, BMI and insulin resistance, oxidative stress was significantly elevated 

in the PCOS cohort (40). Gonzalez et al. has suggested that women with PCOS are 

particularly susceptible to the effects of hyperglycemia on mononuclear cells in the 

induction of ROS (41). ROS then trigger a chain reaction of inflammatory markers, such as 

nuclear factor-κB and TNFα, which subsequently mediate insulin resistance. ROS have also 

been correlated with mitochondrial dysfunction, impaired spindle formation and abnormal 

chromosome arrangement, which in turn, increase the risk for oocyte aneuploidy (23). One 

could hypothesize that both chronic inflammation and ROS generation contribute to the 

increased rate of miscarriage in women with PCOS (42).
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Although evidence demonstrates a correlation between PCOS and chronic low-grade 

inflammation, controlling for strong confounders, such BMI and insulin resistance, has not 

elucidated a direct link. It is imperative that future research clearly defines PCOS by society-

recognized criteria, that data are stratified for BMI and adjusted for co-morbidities. Finally, 

while the diagnostic criteria for PCOS are essential for generalizability and reproducibility 

in research, patient care should be individualized with focus on treating symptoms rather 

than the diagnosis.

Lifestyle Factors and Ovarian Physiology

Diet

Beyond the effects of BMI and the diagnosis of PCOS, diet may be independently and/or 

synergistically influencing systemic inflammation and as a result, ovarian function and 

follicular development. High inflammatory foods are those with saturated fats, high 

glycemic indices, and animal protein other than fish. Diet interventions, such as the 

Mediterranean diet, have been shown to decrease features of metabolic syndrome. In 2004, a 

randomized controlled trial compared 180 patients with metabolic syndrome who were 

assigned to either a Mediterranean diet or a control, calorie-prudent diet. The intervention 

group had significantly lower levels of serum CRP, IL-6, and decreased insulin resistance.

Data published from the Nurses’ Health Study II (NHS II) revealed a correlation between 

dietary intake and the presence of ovulatory disorder infertility (3). The authors assigned a 

“fertility diet” score according to the quantity and quality of dietary components that had 

previously been shown to predict infertility associated with ovulatory disorders. When 

comparing the highest quintile score to the lowest, women with the highest “fertility diet” 

score had a 66% lower risk of ovulatory disorder infertility and a 27% lower risk of 

infertility due to other causes. Analyses were adjusted for known confounders, including 

age, parity, and BMI. Proteins from vegetable and nut sources rather than animal sources, 

monounsaturated fats rather than trans-fats, high fiber intake, and carbohydrates lower in 

glycemic index were all associated with a decreased risk of ovulatory disorder infertility. 

Although systemic markers for inflammation were not evaluated, a low “fertility diet” score 

was composed of foods considered as pro-inflammatory. One could conjecture that dietary 

intake of certain micronutrients may alter inflammatory pathways and impair 

folliculogenesis and subsequent ovulation.

FFAs are important for normal physiologic function in the body as well as granulosa cell 

function and oocyte maturation. Maturing oocytes generate energy through mitochondrial 

oxidation of FFAs generated through lipolysis (43). The LH surge converts cortisone to 

cortisol, which promotes cumulus cell lipid metabolism and successful ovulation and 

pregnancy (44). However, elevated total levels of FFAs have been correlated with pro-

inflammatory states, such as obesity, PCOS, metabolic syndrome, and cardiovascular 

disease (45, 46).

After adjusting for age, BMI and other confounders, Jungheim, et al. revealed that elevated 

levels of follicular FFAs correlated with abnormal cumulus oocyte complex 

morphology (47). The authors proposed that excess FFAs adversely influence ovarian 

Boots and Jungheim Page 6

Semin Reprod Med. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



follicular function via effects on peroxisome proliferator-activated receptor γ with 

subsequent impairments in fatty acid metabolism or via altered lipogenic pathways essential 

to granulosa cell function and steroidogenesis. On the other hand, specific FFAs serve 

specific purposes.

While some FFAs serve as important substrates for energy production or steroidogenesis, 

others play important roles in the synthesis of prostaglandins. Polyunsaturated fatty acids 

(PUFAs) such as omega-6 and omega-3, are derived from the diet. The end products of 

omega-6 fatty acid metabolism are generally pro-inflammatory and include arachidonic acid 

and leukotrienes, whereas the end products of omega-3 fatty acid metabolism include the 

anti-inflammatory eicosapentaenoic acid and docosahexanoic acid. Looking specifically at 

PUFAs, Jungheim, et al. went on to show that serum PUFA levels influence pregnancy rate 

in women undergoing ART (48). However, in this work it was the ratio rather than the 

independent quantity of PUFAs was particularly pertinent. Specifically, the ratio of linoleic 

acid (an omega-6 fatty acid) to α-linolenic acid (an omega-3 fatty acid) was critical as they 

are metabolized by the same enzyme and as a result, excess of one influences the availability 

of the other. Women with elevated linoleic to α-linolenic acid ratios had higher pregnancy 

rates than women with lower ratios. The extent of the effects of PUFAs on follicular 

development and resultant oocyte quality in addition to implantation is not known. 

However, murine models have shown that increased dietary intake of omega-3 fatty acids 

led to altered oocyte mitochondrial distribution, increased ROS, and impaired embryonic 

competence (49).

Exercise

In addition to diet, exercise is an important, modifiable lifestyle factor that may favorably 

impact systemic inflammation. In the case of obesity and PCOS, this may result in improved 

ovarian function. Importantly, data from NHS II demonstrated that for every one hour per 

week of vigorous activity, women have a 5% reduction in the risk of ovulatory infertility—

independent of body mass index and dietary factors (3, 50). Other work in women with PCOS 

demonstrates that exercise results in a reduction in circulating white blood cells and 

inflammatory markers, including CRP and TNFα (51, 52). Whether or not improvements in 

inflammatory profiles associated with exercise in women with PCOS are important to 

improved ovulatory function is yet to be determined.

Conclusion

Successful folliculogenesis, oocyte maturation and ovulation require a healthy inflammatory 

response. Obesity is well documented to be associated with chronic, low-grade inflammation 

and has also been shown to increase the time to conception, the risk for anovulation, and 

infertility. The definition of PCOS includes ovulatory dysfunction and although the 

phenotype is diverse, inflammation has been proposed as the unifying feature. In addition, a 

diet rich in foods considered to be proinflammatory, such as trans-fats, animal protein, foods 

high on the glycemic index and low in fiber, have been associated with ovulatory disorder 

infertility. The literature documents elevated serum and follicular levels of CRP, leptin and 
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multiple cytokines in both obesity and PCOS, and alterations in these levels have been 

correlated with differing diagnoses of infertility as well as ART stimulation protocols.

While the association between inflammation and follicular development is well supported in 

the literature, further research is needed to elucidate a direct link. Multiple confounders, 

including BMI, visceral adiposity, insulin resistance, hyperlipidemia, etc., independently 

increase the risk for inflammation and continue to cloud the relationship. Future research 

must clearly define obesity, using the World Health Organization’s recommended 

categorization, and also clearly define PCOS, using society recommended guidelines. 

Finally, stratifying or adjusting by metabolic confounders is essential to identifying the 

pathophysiologic etiology of impaired folliculogenesis and oocyte quality associated with 

inflammatory conditions, such as obesity and PCOS.

Acknowledgments

C.E.B. received support from the National Research Training Program in Reproductive Medicine sponsored by the 
National Institute of Health (T32 HD040135-13) and the Scientific Advisory Board of Vivere Health. E.S.J. 
received support from the Women’s Reproductive Health Research Program sponsored by the National Institute of 
Health (K12 HD063086), the Institute of Clinical and Translational Sciences at Washington University (UL1 
TR000448), the Barnes Jewish Hospital Foundation, and the March of Dimes.

Abbreviations

PCOS Polycystic ovarian syndrome

FFA free fatty acids

CRP c-reactive protein

IL interleukin

cAMP cyclic adenosine monophosphate

LH luteinizing hormone

TNFα tumor necrosis factor α

ART assisted reproductive technologies

COX-2 cyclooxengenase-2

BMI body mass index

DNA deoxynucleic acid

ROS reactive oxygen species

NOS2 nitric oxide synthase 2

PTGS2 prostaglandin-endoperoxide synthase 2
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Figure 1. 
Inflammation and Abnormal Ovarian Physiology

Although inflammation is required for normal folliculogenesis and ovulation, chronic 

inflammation caused by obesity, PCOS, poor diet or minimal physical activity impairs 

follicular dynamics and subsequent reproductive potential.

Abbreviations: CRP, c-reactive protein; FFAs, free fatty acids; PCOS, polycystic ovarian 

syndrome; ROS, reactive oxygen species; TNFα, tumor necrosis factor α; WBCs, white 

blood cells
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