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a b s t r a c t
Polycystic Ovarian Syndrome (PCOS) is the most common cause for menstrual disturbance and impaired
ovulation, effecting one in twenty women of reproductive age. As the majority of women with PCOS are
either overweight or obese, a dietary or adipose tissue related trigger for the development of the syndrome is quite possible. It has now well established that PCOS is characterised by a chronic state of
inflammation and insulin resistance, but the precise underlying triggers for these two key biochemical
disturbances is presently unknown. In this paper we present support for a microbiological hypothesis
for the development of PCOS. This novel paradigm in PCOS aetiology suggests that disturbances in bowel
bacterial flora (‘‘Dysbiosis of Gut Microbiota’’) brought about by a poor diet creates an increase in gut
mucosal permeability, with a resultant increase in the passage of lipopolysaccaride (LPS) from Gram negative colonic bacteria into the systemic circulation. The resultant activation of the immune system interferes with insulin receptor function, driving up serum insulin levels, which in turn increases the ovaries
production of androgens and interferes with normal follicle development. Thus, the Dysbiosis of Gut Microbiota (DOGMA) theory of PCOS can account for all three components of the syndrome-anovulation/
menstrual irregularity, hyper-androgenism (acne, hirsutism) and the development of multiple small
ovarian cysts.
Ó 2012 Elsevier Ltd. All rights reserved.

Introduction
Polycystic Ovarian syndrome (PCOS) affects between 4% and 8%
of reproductive aged women and is the most common cause of
menstrual irregularity and anovulatory infertility [1,2]. The syndrome, as defined in 2003 by the Rotterdam Consensus statement
[3], is characterised by the presence of at least two of the three
classical features of PCOS; menstrual irregularity (oligomenorrhoea or amenorrhoea), hyperandrogenism (acne, hirsutism), and
enlarged ‘‘polycystic’’ ovaries on pelvic ultrasound. Biochemically
PCOS is characterised by disordered gonadotrophin (LH and FSH)
secretion from the anterior pituitary, high free androgen levels (increased testosterone, decreased SHBG), insulin resistance and
Abbreviations: PCOS, Polycystic Ovarian Syndrome; LH, Lutenizing Hormone;
FSH, Follicle Stimulating Hormone; SHBG, Sex Hormone Binding Globulin; DOGMA,
Dysbiosis of Gut Microbiota; LPS, lipopolysaccaride; CFU, colony forming units;
SCFA, short chain fatty acids; IBS, Irritable Bowel Syndrome; CFS, Chronic Fatigue
Syndrome; DEXA, Dual-Energy X-Ray Absorptiometry; TNFa, Tumour Necrosis
Factor alpha; CRP, C-reactive protein; IL-6, interleukin 6; IGF-1, insulin like growth
factor 1; GLP-1, Glucagon Like Peptide 1.
⇑ Corresponding author at: Repromed, 180 Fullarton Road, Dulwich, South
Australia, Australia. Tel.: +61 883338111; fax: +61 883338188.
E-mail address: ktremellen@repromed.com.au (K. Tremellen).
0306-9877/$ - see front matter Ó 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.mehy.2012.04.016

chronic low grade inflammation [4–6]. It is believed that insulin
resistance and inflammation are responsible for the increased risk
of diabetes, metabolic syndrome and cardiovascular disease observed in long term PCOS patients [7,8]. In addition, the majority
of women with PCOS are overweight or obese, yet this is not universally the case [2,9,10].
The exact patho-physiology behind PCOS is presently unknown,
although genetic, neuroendocrine and metabolic causes have been
suggested [7,11–14]. It is possible that no single pathological process can account for all cases of PCOS since the disorder is somewhat heterogeneous, with many patients not exhibiting all three
cardinal features of the PCOS ‘‘triad’’ [14,15]. This view is supported by the conflicting definitions of PCOS generated by various
reproductive medicine societies before the publication of the Rotterdam consensus [3]. For example, the American National Institutes of Health (USA) 1990 definition of PCOS [16] placed
emphasis on the presence of hyperandrogenism and menstrual
irregularity, disregarding polycystic ovarian morphology. Conversely, the European view considered the presence of polycystic
ovarian morphology on ultrasound as being paramount for making
a diagnosis of PCOS [17]. Even since the publication of the Rotterdam consensus statement there is still considerable debate on
what exactly constitutes PCOS [18]. However, there is agreement
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that two key biochemical features, insulin resistance and chronic
inflammation, appear to be present in the vast majority of women
with PCOS and are likely to be central to the patho-physiology
underlying the syndrome [6,7,14]. This paper will attempt to link
these two cardinal features into a novel ‘‘microbiological’’ paradigm that may better explain the pathophysiology behind PCOS,
while also opening up the possibility of new treatment approaches.
It is the author’s hypothesis that imbalances in gut microbiology, often referred to as ‘‘Dysbiosis of Gut Microbiota’’, can result
in the activation of the host’s immune system, triggering a chronic
inflammatory response that impairs insulin receptor function and
initiates a state of insulin resistance. The resulting hyper-insulinaemia interferes with follicular development, while driving excess
androgen production by the thecal cells of ovary – thereby producing all three classical features of the PCOS. We propose to call this
novel microbiological paradigm for PCOS the DOGMA theory –
Dysbiosis of Gut Microbiota.
This paper will outline the scientific background for the DOGMA
theory in detail, but an initial brief overview may help the reader
better follow the scientific arguments put forward supporting a
microbiological cause for PCOS (Fig. 1). The key pathophysiological
links in the DOGMA theory of PCOS are twofold. Firstly, a diet high
in saturated fat and refined sugars, a common observation in overweight PCOS patients [19–22], is known to favour the growth of
‘‘bad’’ Gram negative bacteria within the gut; while reducing the
growth of beneficial ‘‘good’’ bacteria such as Bifidobacteria and
Lactobaccilus [24–28]. The cell wall of Gram negative bacteria contains a powerful immuno-stimulant called lipopolysaccaride (LPS),
which can cause profound activation of the innate immune system
if it is allowed to traverse the gut wall and enter the systemic circulation [24,29]. Secondly, the high saturated fat-sugar/low fibre
diet, as well as obesity per se, causes an increase in gut mucosal
permeability [29–32], facilitating the transfer of LPS from the gut
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lumen into the circulation, initiating a state of ‘‘metabolic endotoxaemia’’. The resultant chronic activation of hepatic and tissue
macrophages produces impaired insulin receptor function and
resulting insulin resistance [24,30,33]. Hyper-insulinaemia then
drives an increase in the ovaries production of androgens and halts
normal ovulatory processes [34–36], producing a ‘‘blockade’’ in
follicle development from small to medium size antral follicles
(2–10 mm) onto the mature ‘‘ovulatory’’ follicle [37]. As such, a
‘‘metabolic endotoxaemia’’ derived state of insulin resistance can
produce all three classical features of PCOS; an increase in the
number of small antral follicles seen on ultrasound scan, impaired
ovulation with menstrual irregularity and hyper-androgenism.
This paper will take the reader through the available human and
animal evidence supporting each of these key steps in the development of PCOS and will propose a novel alternative treatment for
the syndrome-prebiotic/probiotic therapy.
Scientific evidence supporting the DOGMA hypothesis
Colonic flora and the maintenance of mucosal integrity
The human gut is home to 1014 bacteria, a population which
outnumbers the bodies own eukaryotic cells by a 10-fold order
of magnitude [38]. At birth the gut of a neonate is sterile, but
quickly becomes colonised by bacteria derived from its mother’s
birth canal, the external environment and food. The adult bowel
microbiota harbours approximately 1000 different bacterial species, with Bacteroides (e.g. Prevotella and Bacteroides), Firmicutes
(e.g. Clostridia, Enterococcus, Lactobacillus) and Actinobacteria
(e.g. Bifidobacterium) being the dominant bacterial phyla [39,40].
The numbers of bacteria in the gastro-intestinal tract range
from low numbers in the hostile low pH of the stomach, with
approximately 103 colony forming units (CFU) per ml of gastric

Fig. 1. The DOGMA theory for creation of PCOS.
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juice being present, to increasing numbers of bacteria in the large
colon where bacteria number 1012 CFU per gram of faecal material.
Indeed, 60% of the wet weight of colonic material is composed of
viable bacteria or the breakdown products of dead bacteria
[38,41]. The ileo-caecal valve helps prevent reflux of large bowel
contents and their associated bacteria into the small intestine,
resulting in relatively low numbers of bacteria in the ileum/jejunum. Therefore, when discussing gut bacteria, we are primarily
referring to the vast number of bacteria present in the large intestine (colon).
The gastrointestinal tract constitutes a large body surface area,
comparable in size to a tennis court in area. This mucosal surface
potentially could provide a large area of susceptibility for points
of entry of gut bacteria into the systemic circulation, overwhelming the bodies immune system and creating a rapidly lethal state
of systemic infection. Of course this does not normally occur as
the colonic mucosa has developed an intricate selective ‘‘barrier’’
capacity which allows the transfer of useful nutrients and water
across the bowel wall, while preventing the passage of potentially
harmful bacteria [32]. The manner in which the colon achieves this
barrier function is complex and has already been well described by
several recent reviews [32,42]. However, in summary the colonic
mucosal barrier consists of two key features. Firstly, goblet cells
within the mucosa produce a thick mucous barrier that prevents
colonic luminal bacteria from developing a close contact with the
mucosal surface [43]. Although small molecules can pass through
this heavily glycosylated mucous layer with relative ease, large
molecules and bacteria are prevented free passage. Mice that lack
specific genes encoding for the production of mucin have been
shown to have defective colonic mucous barrier protection, resulting in spontaneous bacterial colitis, attesting to the importance of
this mucous in maintenance of gut mucosal barrier integrity
[43,44]. Secondly, cell to cell adhesion proteins that allow selective
para-cellular passage of colonic luminal contents between mucosal
epithelial cells provides an important barrier function [32]. This is
because the mucosal epithelial cells lipid membranes are relatively
impermeable to most hydrophilic solutes in the absence of specific
trans-membrane transporter ‘‘shuttle’’ proteins. Tight junctions
between epithelial cells, formed by the interaction of adhesive proteins such as Claudins and Occludins (zona Occludens 1 and 2) provides a tight seal between adjacent epithelial cells and thereby
regulates the passage of solutes from the luminal space through
the colon wall into the circulation. Large molecules such as whole
bacteria cannot pass through these para-cellular pathways if tight
junctions are functioning normally [32].
Intestinal bacteria such as Bifidobacteria and Lactobacilli are often referred to as beneficial ‘‘good bacteria’’ as they play an important role in helping prevent the passage of potentially harmful
‘‘bad bacteria’’ (Enterococcus, Clostridia, Escherichia Coli, Proteus,
Pseudomonas) across the colonic mucosal barrier and into the systemic circulation [45]. This symbiotic relationship between beneficial ‘‘good bacteria’’ and their human host is mediated by these
bacteria’s ability to produce nutrients and regulatory substances
that enhance the function of the colonic epithelium. Short chain
fatty acids (SCFA) such as acetate, butyrate and proprionate are
produced by ‘‘good’’ bacteria through the fermentation of carbohydrates such as soluble fibre delivered undigested to the colon
[46–48]. These SCFA have been reported to enhance the colonic
mucosal cells production of MUC-2 mucin, boosting this ‘‘front
line’’ barrier against trans-mucosal passage of bacteria [49,50]. In
addition, SCFA provide an essential energy source for the colonic
epithelium, helping maintain tight junction integrity. The production of SCFA and lactic acid by Bifidobacteria and Lactobacillus also
helps to reduce the pH of the colonic lumen, providing conditions
which are hostile for the growth of a pathogenic ‘‘bad bacteria’’.
Finally, competition between ‘‘good’’ and ‘‘bad’’ bacteria for a finite

food supply helps the Bifidobacteria and Lactobacteria keep ‘‘bad
bacteria’’ numbers in check, reducing colonic luminal endotoxin
(LPS) formation [24,51].
Clinical conditions that have already been linked with Dysbiosis of the
Gut Microbiota and a ‘‘leaky gut’’
The importance of ‘‘good bacteria’’ in maintaining normal colonic mucosal barrier integrity is highlighted by the condition Irritable Bowel Syndrome (IBS), where it has been shown that gut
microbiological balance is disturbed [52,53]. Irritable Bowel Syndrome (IBS) is a common chronic gastrointestinal disorder characterised by the triad of abdominal pain, bloating and change in
bowel habit, with an absence of any overt mucosal abnormality,
thereby differentiating it from classical inflammatory bowel disease (Crohn’s Disease, Ulcerative Colitis). A consistent theme seen
in IBS patients is a relative reduction in numbers of Lactobacilli and
Bifidobacteria in faecal samples and a higher concentration of
Enterobacteria, coliforms and Bacteroides [52,53]. This selective
expansion in numbers of ‘‘bad bacteria’’ at the expense of ‘‘good
bacteria’’ has been linked with an increase in colonic mucosal permeability due to a decrease in tight junction function [54]. It has
been proposed that the breakdown of cell membranes from Gram
negative bacteria results in the production of LPS and its subsequent passage across the ‘‘leaky gut’’ wall into circulation resulting
in a systemic state of immune activation [52].
Chronic Fatigue Syndrome (CFS), a condition characterised by
chronic fatigue, malaise, muscle aches, gastro-intestinal upset
and cognitive impairment, is another condition recently linked
with a ‘‘leaky gut’’ and chronic activation of the immune system
[55]. Studies have identified significantly elevated levels of antibodies against endotoxins (LPS) of bowel Gram negative bacteria
in patients with CFS [56], with clinical improvement in this condition being associated with normalisation of this ‘‘metabolic endotoxinaemia’’ [57]. Therefore, it is now becoming recognised that a
disturbance in colon mucosal permeability (‘‘leaky gut syndrome’’),
potentially triggered by perturbations in the balance between
‘‘good’’ and ‘‘bad’’ bacteria in the gut, can produce a systemic state
of immune activation and associated symptomatology far removed
from the gastroenterological tract.
Evidence for microbiological Dysbiosis and a ‘‘leaky gut’’ in PCOS
No study has directly investigated potential differences in bowel flora between patients with PCOS and normal controls. However, it is well established that the majority of PCOS patients are
overweight or obese [2,9,10], with many of these women having
quite poor diets. Previous dietary surveys have identified that a
high energy intake, with abundant saturated fats and refined sugars, is more common in PCOS women than their normal or overweight ovulatory controls [19–22]. Both animal and human
studies have shown that a high-fat/high-sugar diet favours colonisation of the intestine with ‘‘bad’’ Gram negative bacteria, at the
expense of ‘‘good’’ Bifidobacteria [23–28], resulting in a metabolic
endotoxaemia induced inflammatory state [24,27,29,30,58]. Likewise, a diet low in indigestible fibre (e.g. inulin, plant fructose-oligosaccaride prebiotic fibre) results in a decrease in food available
to the Bifidobacteria in the colon, and a subsequent decrease in
the numbers of these beneficial bacteria in the gut [59–61]. The
net result of a high fat-sugar/low fibre diet is therefore likely to
be a decrease in Bifidobacteria numbers, an increase in gut permeability and a resulting chronic activation of the immune system
from colonic LPS derived metabolic endotoxaemia.
Obesity, a common co-morbidity in PCOS, has also been shown
to result in significant changes in gut permeability. A recent
prospective survey of 122 healthy normal to overweight female
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subjects identified a positive correlation between waist circumference, visceral fat content on DEXA assessment and increases in colonic gut permeability [31]. While an obesity-related poor diet
(high fat/refined sugar, low fibre) may account for some of these
differences in gut permeability, it has also been proposed that adipose tissue itself may trigger an increase in gut permeability. The
accumulation of visceral fat deposits has been linked with an increase in production of the pro-inflammatory cytokine Tumour
Necrosis Factor alpha (TNFa) by the adipose tissue macrophages
[62], while also resulting in a reduction in the production of the
adipocyte derived anti-inflammatory protein adiponectin [63].
The net pro-inflammatory state results in an increase in gut permeability due to a reduction in intestinal mucous production [64], and
an increase in intestinal tight junction permeability mediated by
TNFa’s action on tight junction proteins [65]. The increase in gut
permeability and resulting metabolic endotoxaemia would help
explain the observed positive correlation between markers of immune activation such as CRP and increasing BMI [66].
No study to date has directly measured differences in colonic
mucosal permeability between PCOS patients and normal controls,
yet several lines of research suggest that such a difference is likely
to exist. Firstly, Irritable Bowel Syndrome (IBS) and Chronic Fatigue
Syndrome (CFS), two chronic conditions previously linked to increased gut permeability and metabolic endotoxaemia [54,56],
have both been shown to be significantly more common in PCOS
patients. A prospective survey of 65 reproductive aged subjects
(36 PCOS, 29 healthy controls) from the USA identified a fourfold
increase in the prevalence of IBS in the PCOS group compared to
the healthy controls, with a staggering 41.7% of the PCOS cohort
complaining of gastrointestinal symptoms of IBS [67]. Similarly, a
retrospective case-control study of 227 women with Chronic Fatigue Syndrome identified a nearly fivefold increase in the odds ratio
of them having PCOS as a co-morbidity [68]. Since both IBS and CFS
have been conclusively linked with an increase in gut permeability,
metabolic endotoxaemia and a systemic state of immune activation, it is highly probable that a very significant number of women
with PCOS experience a similar ‘‘leaky gut’’ syndrome, based on the
common co-morbidities of IBS, CFS and PCOS.
Chronic low grade inflammation as a cornerstone of PCOS pathology
While no study to date has investigated the correlation of PCOS
with a state of ‘‘leaky gut’’ related metabolic endotoxaemia, there
is extremely good evidence linking PCOS with a pro-inflammatory
state. A recent meta-analysis of 31 studies has identified chronic
low-grade inflammation in the majority of PCOS patients, with circulating C-reactive protein (CRP) levels being twice as high in PCOS
than controls [6]. As the majority of PCOS patients are overweight
or obese, it is likely that the presence of excess adipose tissue is
causing some of this inflammation mediated by TNFa release from
adipose macrophages [62,63]. However, the correlation between
PCOS and elevated circulating CRP levels remains significant in this
meta-analysis [6] even after controlling for mismatches in obesity
or BMI between groups, suggesting that PCOS itself is associated
with chronic activation of the immune system independent of
obesity.
Molecular studies have identified a possible genetic co-factor
responsible for the chronic state of immune activation seen in
PCOS subjects, with variants in genes encoding for the pro-inflammatory cytokines TNFa and interleukin-6 (IL-6) being reported to
be more common in the PCOS population [69,70]. An increase in
activity of these pro-inflammatory cytokines is known to interfere
with tight barrier function in the colonic epithelium, resulting in an
increase in gut permeability, increased transfer of endotoxin across
the mucosal epithelium and a resulting metabolic endotoxaemia-a
clear potential positive feedback loop.
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Chronic inflammation as a cause of insulin resistance
Numerous studies have documented that insulin resistance is
common in both obese and lean women with PCOS, affecting up
to 70% of the PCOS population [7,8,14]. This observation, together
with the fact that there is a 5 to 10-fold higher prevalence and later
conversion to frank diabetes in the PCOS cohort compared to the
general population [7,8,11], underlines the strength of association
between the PCOS condition and insulin resistance. While some
studies support a genetic predisposition to insulin resistance
[71], there is mounting evidence suggesting that the chronic state
of inflammation seen in PCOS may be responsible for initiating
insulin resistance.
An increased production of the pro-inflammatory cytokines
TNFa and IL-6 by tissue macrophages and stromal cells contained
in adipose tissue has been observed in the majority of overweight
individuals [6,62,66]. Even in lean PCOS individuals, the presence
of a ‘‘leaky gut’’ would generate an increase in serum TNFa and
IL-6 mediated by endotoxin induced activation of macrophages.
Both TNFa and IL-6 have been linked to the generation of insulin
resistance. The cytokine TNFa is thought to activate JNK1 and
NF-jB which results in phosphorylation of the serine residues on
the insulin receptor substrate-1 (IRS-1) protein, thereby preventing its interaction with the insulin receptor beta subunit, impeding
the insulin signalling pathway and generating a state of insulin
resistance [72,73]. Furthermore, the administration of recombinant
TNFa to mice renders them insulin resistant [72], while TNFa
receptor-null mice have an increased sensitivity to insulin [74],
emphasising the important role of TNFa in the maintenance of normal insulin sensitivity. Similarly, IL-6 has been identified to cause
insulin resistance [75], but the molecular mechanisms for this
impairment are presently unknown.
Several studies suggest that gut microbiota would be capable of
initiating a state of insulin resistance if the passage of LPS from
these bacteria into the systemic circulation is permitted by an increase in colonic mucosal permeability (‘leaky gut’’). The direct
administration of LPS into the circulation of mice [24] and humans
[76] has been shown to cause an increase in fasting glucose and
insulin levels, confirming insulin resistance. Secondly, in animal
models the administration of an antibiotic has been reported to decrease the caecal content of Gram negative bacteria, resulting in a
reduction in systemic absorption of endotoxin, a reduction in systemic inflammation and an improvement in insulin sensitivity/glucose homeostasis [29,30]. Finally, human studies have reported
that a beneficial adjustment in the balance between ‘‘good’’ and
‘‘bad’’ bowel bacteria using Lactobacillus and Bifidobacterium probiotics can result in improved insulin sensitivity [77–79].
Insulin resistance – the last frontier in PCOS pathophysiology
Insulin resistance, an abnormality seen in the majority of PCOS
patients, is the final link in the generation of all three classical clinical features of PCOS-hyper-androgenism (acne, hirsuitism, high
serum free androgens), the formation of multiple small follicular
cysts within the ovary and impaired ovulation. The inflammation
induced impairment of the insulin receptors function produces
an increase in serum insulin concentrations, which increases serum free testosterone levels via two mechanisms. Firstly, insulin
drives excess androgen production by the ovarian theca cells
[34–36]. Secondly, insulin reduces the production of Sex Hormone
Binding Globulin (SHBG) by the liver, producing an increase in free
(bioavailable) testosterone [80]. The net effect of these changes is a
marked increase in androgen availability within the skin, resulting
in the acne and hirsutism features of PCOS.
The paradox of PCOS is that while soft tissue such as the liver
and muscle exhibit impaired insulin action, this state of insulin
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resistance does not extend to the ovary itself [81]. It has been suggested that insulin could act on the ovaries of insulin-resistant women with PCOS through either homodimeric IGF-1 receptors, or
heterodimeric receptors having one insulin receptor subunit and
one IGF-1 receptor subunit [81]. Furthermore, insulin inhibits the
production of insulin like growth factor 1 binding protein (IGFBP1), which in turn increase the amount of free IGF-1 available to
stimulate thecal androgen production [82]. A local ovarian milieu
containing high concentrations of androgens, insulin and IGF-1
activity may impair the normal development of follicles from the
small antral follicles (2–10 mm), through to maturation [37]. This
of course would provide the mechanism for the development of
the last two cardinal features of PCOS-multiple sub-capsular small
ovarian cysts and impaired ovulation/menstrual irregularity.
Potential novel treatments for PCOS – the DOGMA approach
Current treatments for PCOS
Traditionally in PCOS patients three different approaches have
been used to help initiate normal ovarian function, with variable
success. The ideal initial approach is ‘‘lifestyle’’ modification to produce weight reduction through a combination of diet and exercise
[11,83,84]. It has now been well established that decreasing energy
intake, especially when combined with exercise, results in
improvements in insulin sensitivity and may lead to a resumption
of normal ovarian function with ovulation [83,84]. While this ‘‘lifestyle’’ approach has the advantage of improving overall health, at a
minimal cost, it is successfully achieved by only the minority of
PCOS patients. This may be due to a lack of ‘‘willpower’’ on the part
of PCOS patients to change life-long poor habits, or a reticence to
try diet and exercise because of poor physical health and multiple
past failures in ‘‘healthy living’’. A second approach to managing
PCOS is the use of insulin sensitizing medications such as Metformin, which normalise insulin sensitivity, leading to an improvement in ovarian function [83,84]. Finally, the direct application of
recombinant Follicle Stimulating Hormone (FSH) injections, or
the triggering of the pituitary’s own release of FSH by estrogen
antagonists (Clomiphene Citrate) or aromatase inhibitors (Anastrazole) have all been shown to successfully induce ovulation in
PCOS patients. However, these ‘‘ovulation induction’’ agents have
the disadvantage of often producing multiple mature oocytes in
each menstrual cycle, with a significant risk of higher-order pregnancies (twins, triplets), as well as having no effect on the hyperandrogen symptoms of PCOS (84–85). Therefore, there is a significant unmet demand for effective new treatment approaches to
PCOS.
Probiotics and Prebiotics – potential new treatment for PCOS
Introduction
Modification of the colonic bacterial balance through the use of
prebiotics and probiotics has the potential to be an effective treatment of PCOS, with several advantages over traditional treatments
since it targets the proposed initial pathological insult in the condition – microbiological Dysbiosis and the resulting ‘‘leaky gut’’.
A probiotic, as defined by the WHO (2002), is a ‘‘live microorganism which, when administered in adequate amounts, confers
a health benefit to the host’’ [85]. Therefore, three main criteria
needed to be met by a microorganism in order for it to be considered a probiotic. Firstly, the organism must be resistant to gastric
acidity and bile acid toxicity so that it may transit through the
upper gastrointestinal tract and still be viable once it reaches the
lower regions of the gut. Secondly, the probiotic organism must adhere to the intestinal epithelial cells or mucous coat so that it is not

rapidly lost in the faecal material, but instead has a chance to replicate in the intestinal lumen. Finally, the probiotic organism must
convey a benefit to the host human – implying it is non pathogenic
(safe) and must produce antimicrobial substances that favour a
healthy gut microflora composition. The two most commonly used
probiotic organisms are Bididobacteria and Lactobacillus, since
they meet all of these desired criteria for a positive effect on the
host [85].
Prebiotics are best described as a selective food source for beneficial ‘‘good’’ bacteria. The concept of prebiotics was first introduced by Gibson and Roberfroid [45] as an alternative way of
boosting the number of ‘‘good’’ bacteria within the gut, rather than
by direct application of these bacteria (prebiotic approach). Prebiotics are defined as ‘‘a selectively fermented ingredient that allows
specific changes, both in the composition and/or activity in the gastrointestinal microflora that confers benefits upon host wellbeing
and heath’’ [85,86]. Therefore, two key criteria are required to be
considered a prebiotic. Firstly, the substance cannot be digested
by the host, instead being delivered relatively intact to the colonic
lumen where it can act as a bacteria food source. Secondly, the prebiotic substance must selectively support the growth and function
of beneficial bacteria such as Bifidobacteria and Lactobacteria,
while not facilitating the growth or function of non-beneficial
‘‘bad’’ bacteria [86]. Currently, only fructo-oligosaccharides (FOS),
inulin (a long chain form of FOS), galactooligosaccharides and lactulose meet the European Union’s criteria for bioactive prebiotics
[85]. Probiotic oligosaccarides are found naturally in several different foods such as leek, asparagus, artichoke, garlic, onion, wheat,
oats and banana [86]. However, the amounts of FOS in these plants
is relatively low, making artificial supplementation with soluble fibre inulin derived from chicory roots a more attractive probiotic
therapy. To date, over 20 studies have shown that inulin and FOS
prebiotic have the capacity to selectively increase the number/proportion of beneficial Bifidobacterium in the colon or faecal material, with some studies showing a similar effect on Lactobacillus
numbers [86]. In addition to increasing the number of beneficial
bacteria, some studies have also confirmed a reduction in the number or proportion of harmful ‘‘bad’’ bacteria in the gut with prebiotic use [86].
Symbiotics is a type of combinational therapy consisting of a
prebiotic and a probiotic, with the obvious target synergy being
that the prebiotic will selectively stimulate the growth and/or
activity of both the endogenous and exogenously applied (prebiotic) beneficial bacteria [85]. This type of symbiotic therapy is
likely to have an advantage over a pure prebiotic approach if the
host has a diet that has insufficient dietary fibre to support the
optimal growth and function of the colonic microbiota.

Current evidence supporting the use of probiotics and prebiotics in
PCOS
To date, no study has been conducted using prebiotics, probiotics or symbiotic therapy as a treatment for PCOS [87]. One large
prospective study of 2165 women with infertility identified a very
significant reduction in the incidence of anovulatory infertility
(primarily PCOS mediated) if the subject consumed high amounts
of whole milk, compared to those subjects drinking skim or low
fat milk [88]. While the authors of this study were uncertain on
the underlying cause for this observation, a prebiotic effect of
whole milk is possible. Bovine whole milk is known to contain probiotic oligosaccarides, often bound to milk-fat globules [89]. The
ingestion of oligosaccarides in human milk has been shown to enhance the growth of colonic Bifidobacteria in infants [90], raising
the possibility that bovine whole milk may have a similar bifidogenic effect. The removal of oligosaccarides bound to milk-fat globules in the production of low fat milk may help explain why this
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type of milk had no protective effect on the incidence of anovulatory infertility in the Chavarro study [88].
While direct evidence supporting the use of prebiotics/probiotics in PCOS is presently very weak, two indirect lines of evidence
suggest that such an approach may be beneficial. Firstly, several
animal studies have now shown that prebiotic [91] and probiotic
[76,77,79,92–94] supplements can help prevent impaired insulin
resistance, a central driver of PCOS pathology. These animal studies
are backed up by a large trial of 256 pregnant women who were
randomised to probiotic treatment (Lactobacillus rhamnosus GG,
Bifidobacterium lactis Bb12) or placebo in their first trimester of
pregnancy and then followed for the development of gestational
diabetes/insulin resistance during the pregnancy and postnatal
period [77,79]. Prebiotic treatment significantly reduced the incidence of gestational diabetes (36% v 13%, p = 0.003), while also
improving insulin sensitivity in both the pregnancy and 12-month
post natal period [79]. We therefore propose that if prebiotics can
improve insulin sensitivity in reproductive age women, they certainly have the potential to drive down insulin levels in women
with PCOS, thereby reducing the anovulatory and hyperandrogenism symptoms triggered by hyperinsulinaemia.
It has been well established that a reduction in body fat stores
brought about by a combination of diet and exercise has the potential to initiate normal ovulation in PCOS patients, as well as normalise androgen, glucose/insulin and lipid profiles [11,83,84].
There is now mounting evidence that probiotics/prebiotics may
help with weight loss and therefore treat PCOS via a weight loss
mechanism. The proposed manner in which probiotics and prebiotic may enhance weight loss is threefold. Firstly, studies suggest
that prebiotic fibre increases faecal energy and fat excretion [95],
effectively reducing energy intake. Secondly, the production of
SCFA by beneficial bacteria has been shown by in vitro [96] and
in vivo animal studies [97] to increase the colonic mucosa’s production of the ‘‘satiety’’ hormone Glucagon-Like Peptide-1 (GLP1). This GLP-1 peptide is known to have a central action on the
brain reducing appetite and therefore energy intake. The prebiotic
oligosaccharide has also been shown to increase serum GLP-1 levels in humans [98], supporting a role for prebiotics in controlling
human nergy intake. Finally, research now suggests that changes
in bowel flora may even be directly responsible for obesity by
increasing the energy harvest from the colonic luminal contents.
Gut microbes process indigestible dietary polysaccharides by fermentation, producing the SCFA’s butyrate, acetate and propionate.
While the majority of butyrate is used as an energy source for colonic epithelial cells, acetate and propionate are primarily absorbed by the gut and delivered to the liver where they are used
for de novo lipidogenesis [99]. Since obese humans have been reported to have increased concentrations of SCFA in their faeces
due to an imbalance in bowel flora [100], they are predisposed to
further excessive weight gain. While still a developing area, a recent randomised-controlled trial (RCT) has confirmed the ability
of a Lactobacillus gasseri containing probiotic to cause a significant
reduction in abdominal adiposity and body weight, without the
need for an increase in exercise or change in energy intake [101].
If future RCTs confirm this observation, one would expect that probiotic assisted weight loss would be an effective treatment for
PCOS, given the currently well established beneficial effects of
weight loss through diet and exercise.

Overview and future research directions
Summary of the DOGMA theory of PCOS
A diet high in fat and sugar, yet low in fibre, alters the normal
balance of beneficial and harmful bacteria in the gut lumen.
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‘‘Good’’ bacteria such as Bifidobacteria and Lactobacteria limit
the growth of ‘‘bad’’ bacteria by reducing colonic pH and competing for nutrients, while also producing beneficial SCFA that act as a
food source for the colonic epithelium. Any decline in beneficial
bacteria numbers will result in impairment of the colonic epithelial
cells production of essential factors required for maintenance of
the intestinal barrier (mucins, tight junction proteins), and a reduction in the colon’s production of the satiety hormone GLP-1. When
serum GLP-1 levels decline, hunger increases, resulting in an increased energy intake and the potential for a positive feedback
loop. The increase in gut permeability (‘‘leaky gut’’) produced by
poor diet related changes in gut bacteria, together with a direct
inflammatory effect of excess adiposity, combined with a possible
increase in numbers of Gram negative ‘‘bad’’ bacteria, results in an
increase in the translocation of immuno-stimulatory LPS molecules
from gut lumen into the systemic circulation. This state of ‘‘metabolic endotoxaemia’’ activates macrophages in the fat, liver and
muscle, leading to the release of high levels of TNFa and the initiation of insulin resistance. This state of hyper-insulinaemia interferes with normal follicle development in the ovary, causing a
halt in follicular development with the generation of multiple
small follicles (typical polycystic morphology on ultrasound), and
impaired ovulation with its associated menstrual irregularity. High
serum insulin also drives excessive androgen production by ovarian thecal cells, while depressing hepatic production of SHBG,
resulting in a net increase in free androgen availability and the
development of acne and hirsuitism. Fig. 1 summarises these proposed steps in the patho-physiology behind the generation of PCOS
according to the DOGMA theory.
The symbiotic application of a probiotic containing Bifidobacteria and Lactobacterium, together with an appropriate prebiotic
‘‘food source’’ (inulin, fructose oligosaccharide) is likely to improve
intestinal barrier function (increased mucin production, better
tight junction integrity), while possibly reducing the colonic Gram
negative bacterial load. These changes should result in a reduction
in transfer of LPS across the mucosal wall, reducing metabolic
endotoxaemia. A probiotic mediated increase in colonocyte production of the satiety hormone GLP-1 will reduce energy intake,
producing a drop in adipose tissue mass and a decrease in inflammation, with a resulting further improvement in gut mucosal barrier function. The net reduction in colonic mucosal permeability
and resulting metabolic endotoxaemia will lead to an improvement in insulin receptor function, a drop in serum insulin and a
normalisation of ovarian function. These beneficial changes
brought about by prebiotic/probiotic use are summarised pictorially in Fig. 2.
Future research directions
While we have outlined abundant circumstantial evidence supporting a link between gut microbiota dysbiosis, ‘‘leaky gut’’ and
PCOS, this association needs further study before a causal link
can be proven. It is proposed that future prospective studies should
be conducted measuring differences in intestinal permeability and
serum endotoxin (LPS) levels between women with PCOS and ovulatory controls (both normal and increased BMI). If our Dysbiosis
Of Gut Microbiota/leaky gut theory is correct, the PCOS cohort
should have increased gut permeability and serum endotoxin
(LPS) levels compared to their lean or BMI matched ovulatory controls. Furthermore, studies analysing differences in colonic microbiology between PCOS and normal ovulatory women would be
helpful to establish the voracity of the DOGMA theory for creation
of the PCOS clinical state.
While the available animal and human evidence suggest that
prebiotic/probiotic use should result in an improvement in gut
mucosal barrier function, a drop in metabolic endotoxaemia and
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Fig. 2. A symbiotic approach to the management of PCOS.

an improvement in insulin sensitivity, no study to date has examined if prebiotic/probiotic supplementation can normalise ovarian
function in PCOS women. If such a trial was to be conducted, preferably in a randomised placebo-controlled manner, we suggest
that a good first-line choice for a probiotic would be the bacteria
Lactobacillus rhamnosus GG, Lactobacillus gasseri (LG2055) and
Bifidobacterium lactis Bb12, as these strains have been confirmed
in human RCTs to improve insulin sensitivity and reduce body
fat stores [77,79,101]. An appropriate probiotic would be inulin
or FOS, in sufficient dosage to increase Bifidobacteria numbers
[86], without producing adverse symptoms such as bloating,
‘‘wind’’ pain and flatulence commonly seen with excessive prebiotc
use. If short-term trials do confirm that prebiotic/probiotics can
normalise the clinical and biochemical features of PCOS, a longer
term study could be conducted to analyse if prebiotics/probiotics
can reduce some of the adverse long term complications of PCOS,
namely increased rates of cardiovascular disease (hypertension,
ischemic heart disease, CVAs), diabetes and cancer [11,84].
We believe that there is excellent circumstantial evidence supporting the conduct of these types of experimental studies in PCOS
women. Furthermore, a recent survey of 648 women with PCOS
were asked the question, ‘‘If your PCOS could be safely and effectively helped by something besides fertility drugs or birth control
pills, would that interest you?’’ An overwhelming 99% of respondents stated that they would be interested in such a Complementary and Alternative Medicine (CAM) approach [102]. Therefore,
there is likely to be a high patient driven demand for a prebiotic/
probiotic approach to management of PCOS. The public generally
perceive CAM to be safe and with minimal side effects, thereby
explaining their popularity. While probiotics are known to be safe,
it is presently unknown if PCOS women contemplating pregnancy
perceive a live bacterial probiotic ‘‘medicine’’ as being safe, especially given the high profile concerns of miscarriage and intra-uterine fetal death associated with the accidental ingestion of Listeria

bacteria during pregnancy. Future surveys of the community
regarding their perception of the safety of probiotics in women
contemplating pregnancy are therefore also required.

Conflict of Interest Statement
None.
References
[1] Asunción M, Calvo RM, San Millán JL, Sancho J, Avila S, Escobar-Morreale HF. A
prospective study of the prevalence of the polycystic ovary syndrome in
unselected Caucasian women from Spain. J Clin Endocrinol Metab
2000;85(7):2434–8.
[2] Azziz R, Woods KS, Reyna R, Key TJ, Knochenhauer ES, Yildiz BO. The
prevalence and features of the polycystic ovary syndrome in an unselected
population. J Clin Endocrinol Metab 2004;89(6):2745–9.
[3] Rotterdam ESHRE/ASRM-Sponsored PCOS consensus workshop group.
Revised 2003 consensus on diagnostic criteria and long-term health risks
related to polycystic ovary syndrome (PCOS). Hum Reprod 2004;19(1):41–7.
[4] Hart R, Hickey M, Franks S. Definitions, prevalence and symptoms of
polycystic ovaries and polycystic ovary syndrome. Best Pract Res Clin
Obstet Gynaecol 2004;18(5):671–83.
[5] Moran L, Teede H. Metabolic features of the reproductive phenotypes of
polycystic ovary syndrome. Hum Reprod Update 2009;15(4):477–88.
[6] Escobar-Morreale HF, Luque-Ramírez M, González F. Circulating
inflammatory markers in polycystic ovary syndrome: a systematic review
and metaanalysis. Fertil Steril 2011;95(3):1048–58.
[7] Dunaif A, Segal KR, Futterweit W, Dobrjansky A. Profound peripheral insulin
resistance, independent of obesity, in polycystic ovary syndrome. Diabetes
1989;38(9):1165–74.
[8] Moran LJ, Misso ML, Wild RA, Norman RJ. Impaired glucose tolerance, type 2
diabetes and metabolic syndrome in polycystic ovary syndrome: a systematic
review and meta-analysis. Hum Reprod Update 2010;16(4):347–63.
[9] Balen AH, Conway GS, Kaltsas G, Techatrasak K, Manning PJ, West C, et al.
Polycystic ovary syndrome: the spectrum of the disorder in 1741 patients.
Hum Reprod 1995;10(8):2107–11.
[10] Glueck CJ, Dharashivkar S, Wang P, Zhu B, Gartside PS, Tracy T, et al. Obesity
and extreme obesity, manifest by ages 20–24 years, continuing through 32–
41 years in women, should alert physicians to the diagnostic likelihood of

Author's personal copy

K. Tremellen, K. Pearce / Medical Hypotheses 79 (2012) 104–112

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]
[33]
[34]

[35]

[36]

[37]
[38]

polycystic ovary syndrome as a reversible underlying endocrinopathy. Eur J
Obstet Gynecol Reprod Biol 2005;122(2):206–12.
Ehrmann DA. Polycystic ovary syndrome. N Engl J Med 2005;352(12):
1223–36.
Balen A. The pathophysiology of polycystic ovary syndrome: trying to
understand PCOS and its endocrinology. Best Pract Res Clin Obstet
Gynaecol 2004;18(5):685–706.
Hughes C, Elgasim M, Layfield R, Atiomo W. Genomic and post-genomic
approaches to polycystic ovary syndrome–progress so far: mini review. Hum
Reprod 2006;21(11):2766–75.
Goodarzi MO, Dumesic DA, Chazenbalk G, Azziz R. Polycystic ovary
syndrome: etiology, pathogenesis and diagnosis. Nat Rev Endocrinol
2011;7(4):219–31.
Welt CK, Gudmundsson JA, Arason G, et al. Characterizing discrete subsets of
polycystic ovary syndrome as defined by the Rotterdam criteria: the impact
of weight on phenotype and metabolic features. J Clin Endocrinol Metab
2006;91(12):4842–8.
Zawadski JK, Dunaif A. Diagnostic criteria for polycystic ovary syndrome:
toward a rational approach. In: Dunaif A, Givens JR, Haseltine F, editors.
Polycystic ovary syndrome. Boston: Blackwell Scientific Publications; 1992. p.
377–84.
Adams J, Polson DW, Franks S. Prevalence of polycystic ovaries in women
with anovulation and idiopathic hirsutism. Br Med J (Clin Res Ed)
1986;293(6543):355–9.
Azziz R. Controversy in clinical endocrinology: diagnosis of Polycystic
Ovarian Syndrome: the Rotterdam criteria are premature. J Clin Endocrinol
Metab 2006;91(3):781–5.
Wild RA, Painter PC, Coulson PB, Carruth KB, Ranney GB. Lipoprotein lipid
concentrations and cardiovascular risk in women with polycystic ovary
syndrome. J Clin Endocrinol Metab 1985;61(5):946–51.
Carmina E, Legro RS, Stamets K, Lowell J, Lobo RA. Difference in body weight
between American and Italian women with polycystic ovary syndrome:
influence of the diet. Hum Reprod 2003;18(11):2289–93.
Álvarez-Blasco F, Luque-Ramírez M, Escobar-Morreale HF. Diet composition
and physical activity in overweight and obese premenopausal women with or
without polycystic ovary syndrome. Gynecol Endocrinol 2011;27(12):
978–81.
Barr S, Hart K, Reeves S, Sharp K, Jeanes YM. Habitual dietary intake, eating
pattern and physical activity of women with polycystic ovary syndrome. Eur J
Clin Nutr 2011;65(10):1126–32.
Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, et al. High-fat diet determines
the composition of the murine gut microbiome independently of obesity.
Gastroenterology 2009;137(5):1716–24.
Cani PD, Amar J, Iglesias MA, et al. Metabolic endotoxemia initiates obesity
and insulin resistance. Diabetes 2007;56(7):1761–72.
Cani PD, Delzenne NM. Interplay between obesity and associated metabolic
disorders: new insights into the gut microbiota. Curr Opin Pharmacol
2009;9(6):737–43.
Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight R, Gordon JI. The effect of
diet on the human gut microbiome: a metagenomic analysis in humanized
gnotobiotic mice. Sci Transl Med 2009;1(6):6–14.
de La Serre CB, Ellis CL, Lee J, Hartman AL, Rutledge JC, Raybould HE.
Propensity to high-fat diet-induced obesity in rats is associated with changes
in the gut microbiota and gut inflammation. Am J Physiol Gastrointest Liver
Physiol 2010;299(2):G440–8.
Wu GD, Chen J, Hoffmann C, et al. Linking long-term dietary patterns with gut
microbial enterotypes. Science 2011;334(6052):105–8.
Cani PD, Neyrinck AM, Fava F, et al. Selective increases of bifidobacteria in gut
microflora improve high-fat-diet-induced diabetes in mice through a
mechanism
associated
with
endotoxaemia.
Diabetologia
2007;50(11):2374–83.
Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al.
Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice.
Diabetes 2008;57(6):1470–81.
Gummesson A, Carlsson LM, Storlien LH, et al. Intestinal permeability is
associated with visceral adiposity in healthy women. Obesity (Silver Spring)
2011;19(11):2280–2.
Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol 2009;9(11):799–809.
Anderson PD, Mehta NN, Wolfe ML, et al. Innate immunity modulates
adipokines in humans. J Clin Endocrinol Metab 2007;92(6):2272–9.
Cara JF, Rosenfield RL. Insulin-like growth factor I and insulin potentiate
luteinizing hormone-induced androgen synthesis by rat ovarian thecalinterstitial cells. Endocrinology 1988;123(2):733–9.
Barbieri RL, Makris A, Ryan KJ. Insulin stimulates androgen accumulation in
incubations of human ovarian stroma and theca. Obstet Gynecol 198;
64(Suppl. 3):73S–80S.
Hernandez ER, Resnick CE, Holtzclaw WD, Payne DW, Adashi EY. Insulin as a
regulator of androgen biosynthesis by cultured rat ovarian cells: cellular
mechanism(s) underlying physiological and pharmacological hormonal
actions. Endocrinology 1988;122(5):2034–43.
Franks S, Hardy K. Aberrant follicle development and anovulation in
polycystic ovary syndrome. Ann Endocrinol (Paris) 2010;71(3):228–30.
Neish AS. Microbes in gastrointestinal health and disease. Gastroenterology
2009;136(1):65–80.

111

[39] Eckburg PB, Bik EM, Bernstein CN, et al. Diversity of the human intestinal
microbial flora. Science 2005;308(5728):1635–8.
[40] Qin J, Li R, Raes J, Arumugam M, et al. A human gut microbial gene catalogue
established by metagenomic sequencing. Nature 2010;464(7285):59–65.
[41] Zoetendal EG, Vaughan EE, de Vos WM. A microbial world within us. Mol
Microbiol 2006;59(6):1639–50.
[42] Duerr CU, Hornef MW. The mammalian intestinal epithelium as integral
player in the establishment and maintenance of host-microbial homeostasis.
Semin Immunol 2011 [Epub ahead of print].
[43] Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The
inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of
bacteria. Proc Natl Acad Sci USA 2008;105(39):15064–9.
[44] Heazlewood CK, Cook MC, Eri R, et al. Aberrant mucin assembly in mice
causes endoplasmic reticulum stress and spontaneous inflammation
resembling ulcerative colitis. PLoS Med 2008;5(3):e54.
[45] Gibson GR, Roberfroid MB. Dietary modulation of the human colonic
microbiota: introducing the concept of prebiotics. J Nutr 199;125(6):1401–
12.
[46] Wong JM, de Souza R, Kendall CW, Emam A, Jenkins DJ. Colonic health:
fermentation and short chain fatty acids. J Clin Gastroenterol 2006;40(3):
235–43.
[47] Rossi M, Corradini C, Amaretti A, Nicolini M, Pompei A, Zanoni S, et al.
Fermentation of fructooligosaccharides and inulin by bifidobacteria: a
comparative study of pure and fecal cultures. Appl Environ Microbiol
2005;71(10):6150–8.
[48] Bang MH, Chio OS, Kim WK. Soyoligosaccharide increases fecal bifidobacteria
counts, short-chain fatty acids, and fecal lipid concentrations in young Korean
women. J Med Food 2007;10(2):366–70.
[49] Willemsen LE, Koetsier MA, van Deventer SJ, van Tol EA. Short chain fatty
acids stimulate epithelial mucin 2 expression through differential effects on
prostaglandin E(1) and E(2) production by intestinal myofibroblasts. Gut
2003;52(10):1442–7.
[50] Burger-van Paassen N, Vincent A, Puiman PJ, et al. The regulation of intestinal
mucin MUC2 expression by short-chain fatty acids: implications for epithelial
protection. Biochem J 2009;420(2):211–9.
[51] Gibson GR, McCartney AL, Rastall RA. Prebiotics and resistance to
gastrointestinal infections. Br J Nutr 2005;93(Suppl 1):S31–4.
[52] Parkes GC, Brostoff J, Whelan K, Sanderson JD. Gastrointestinal microbiota in
irritable bowel syndrome: their role in its pathogenesis and treatment. Am J
Gastroenterol 2008;103(6):1557–67.
[53] Kerckhoffs AP, Samsom M, van der Rest ME, de Vogel J, Knol J, Ben-Amor K,
et al. Lower Bifidobacteria counts in both duodenal mucosa-associated and
fecal microbiota in irritable bowel syndrome patients. World J Gastroenterol
2009;15(23):2887–92.
[54] Piche T, Barbara G, Aubert P, et al. Impaired intestinal barrier integrity in the
colon of patients with irritable bowel syndrome: involvement of soluble
mediators. Gut 2009;58(2):196–201.
[55] Maes M, Twisk FN, Kubera M, Ringel K. Evidence for inflammation and
activation of cell-mediated immunity in Myalgic Encephalomyelitis/Chronic
Fatigue Syndrome (ME/CFS): increased interleukin-1, tumor necrosis factora, PMN-elastase, lysozyme and neopterin. J Affect Disord 2011 [Epub ahead of
print].
[56] Maes M, Twisk FN, Kubera M, Ringel K, Leunis JC, Geffard M. Increased IgA
responses to the LPS of commensal bacteria is associated with inflammation
and activation of cell-mediated immunity in chronic fatigue syndrome. J
Affect Disord 2011 [Epub ahead of print].
[57] Maes M, Leunis JC. Normalization of leaky gut in chronic fatigue syndrome
(CFS) is accompanied by a clinical improvement: effects of age, duration of
illness and the translocation of LPS from Gram negative bacteria. Neuro
Endocrinol Lett 2008 Dec;29(6):902–10.
[58] Serino M, Luche E, Gres S, et al. Metabolic adaptation to a high-fat diet is
associated with a change in the gut microbiota. Gut 2011 [Epub ahead of
print].
[59] Gibson GR, Beatty ER, Wang X, Cummings JH. Selective stimulation of
bifidobacteria in the human colon by oligofructose and inulin.
Gastroenterology 1995;108(4):975–82.
[60] Kolida S, Tuohy K, Gibson GR. Prebiotic effects of inulin and oligofructose. Br J
Nutr 2002;87(Suppl 2):S193–7.
[61] Bouhnik Y, Raskine L, Simoneau G, Vicaut E, Neut C, Flourié B, et al. The
capacity of nondigestible carbohydrates to stimulate fecal bifidobacteria in
healthy humans: a double-blind, randomized, placebo-controlled, parallelgroup, dose-response relation study. Am J Clin Nutr 2004;80(6):1658–64.
[62] Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased
adipose tissue expression of tumor necrosis factor-alpha in human obesity
and insulin resistance. J Clin Invest 1995;95(5):2409–15.
[63] Tilg H, Moschen AR. Adipocytokines: mediators linking adipose tissue,
inflammation and immunity. Nat Rev Immunol 2006;6(10):772–83.
[64] Swidsinski A, Loening-Baucke V, Theissig F, Engelhardt H, Bengmark S, Koch S,
et al. Comparative study of the intestinal mucus barrier in normal and
inflamed colon. Gut 2007;56(3):343–50.
[65] Ye D, Ma I, Ma TY. Molecular mechanism of tumor necrosis factor-alpha
modulation of intestinal epithelial tight junction barrier. Am J Physiol
Gastrointest Liver Physiol 2006;290(3):496–504.
[66] Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB. Elevated Creactive protein levels in overweight and obese adults. JAMA
1999;282(22):2131–5.

Author's personal copy

112

K. Tremellen, K. Pearce / Medical Hypotheses 79 (2012) 104–112

[67] Mathur R, Ko A, Hwang LJ, Low K, Azziz R, Pimentel M. Polycystic ovary
syndrome is associated with an increased prevalence of irritable bowel
syndrome. Dig Dis Sci 2010;55(4):1085–9.
[68] Harlow BL, Signorello LB, Hall JE, Dailey C, Komaroff AL. Reproductive
correlates of chronic fatigue syndrome. Am J Med 1998;105(3A):94S–9S.
[69] Peral B, San Millán JL, Castello R, Moghetti P, Escobar-Morreale HF. Comment:
the methionine 196 arginine polymorphism in exon 6 of the TNF receptor 2
gene (TNFRSF1B) is associated with the polycystic ovary syndrome and
hyperandrogenism. J Clin Endocrinol Metab 2002;87(8):3977–83.
[70] Villuendas G, San Millán JL, Sancho J, Escobar-Morreale HF. The 597 G–A
and 174 G–C polymorphisms in the promoter of the IL-6 gene are associated
with hyperandrogenism. J Clin Endocrinol Metab 2002;87(3):1134–41.
[71] Norman RJ, Masters S, Hague W. Hyperinsulinemia is common in family
members of women with polycystic ovary syndrome. Fertil Steril
1996;66(6):942–7.
[72] Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor
necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science
1993;259(5091):87–91.
[73] Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF, Spiegelman BM. IRS1-mediated inhibition of insulin receptor tyrosine kinase activity in TNFalpha- and obesity-induced insulin resistance. Science 1996;271(5249):
665–8.
[74] Uysal KT, Wiesbrock SM, Marino MW, Hotamisligil GS. Protection from
obesity-induced insulin resistance in mice lacking TNF-alpha function.
Nature 1997;389(6651):610–4.
[75] Lagathu C, Bastard JP, Auclair M, Maachi M, Capeau J, Caron M. Chronic
interleukin-6 (IL-6) treatment increased IL-6 secretion and induced insulin
resistance in adipocyte: prevention by rosiglitazone. Biochem Biophys Res
Commun 2003;311(2):372–9.
[76] Andreasen AS, Larsen N, Pedersen-Skovsgaard T, Berg RM, Møller K, Svendsen
KD, et al. Effects of Lactobacillus acidophilus NCFM on insulin sensitivity and
the systemic inflammatory response in human subjects. Br J Nutr
2010;104(12):1831–8.
[77] Laitinen K, Poussa T. Nutrition, allergy, mucosal immunology and intestinal
microbiota group. Probiotics and dietary counselling contribute to glucose
regulation during and after pregnancy: a randomised controlled trial. Br J
Nutr 2009;101(11):1679–87.
[78] Andersson U, Bränning C, Ahrné S, Molin G, Alenfall J, Onning G, et al.
Probiotics lower plasma glucose in the high-fat fed C57BL/6J mouse. Benef
Microbes 2010;1(2):189–96.
[79] Luoto R, Laitinen K, Nermes M, Isolauri E. Impact of maternal probioticsupplemented dietary counselling on pregnancy outcome and prenatal and
postnatal growth: a double-blind, placebo-controlled study. Br J Nutr
2010;103(12):1792–9.
[80] Nestler JE, Powers LP, Matt DW, Steingold KA, Plymate SR, Rittmaster RS, et al.
A direct effect of hyperinsulinemia on serum sex hormone-binding globulin
levels in obese women with the polycystic ovary syndrome. J Clin Endocrinol
Metab 1991;72(1):83–9.
[81] Poretsky L. On the paradox of insulin-induced hyperandrogenism in insulinresistant states. Endocr Rev 1991;12(1):3–13.
[82] Bergh C, Carlsson B, Olsson JH, Selleskog U, Hillensjö T. Regulation of
androgen production in cultured human thecal cells by insulin-like growth
factor I and insulin. Fertil Steril 1993;59(2):323–31.
[83] Thessaloniki ESHRE/ASRM-Sponsored PCOS consensus workshop group.
Consensus on infertility treatment related to polycystic ovary syndrome.
Hum Reprod 2008;23(3):462–77.

[84] Teede HJ, Misso ML, Deeks AA, Moran LJ, Stuckey BG, Wong JL, et al. Guideline
development groups. Assessment and management of polycystic ovary
syndrome: summary of an evidence-based guideline. Med J Aust
2011;195(6):S65–S112.
[85] Kolida S, Gibson GR. Synbiotics in health and disease. Annu Rev Food Sci
Technol 2011;2:373–93.
[86] Roberfroid M, Gibson GR, Hoyles L, et al. Prebiotic effects: metabolic and
health benefits. Br J Nutr 2010;104(Suppl. 2):S1–S63.
[87] Raja-Khan N, Stener-Victorin E, Wu X, Legro RS. The physiological basis of
complementary and alternative medicines for polycystic ovary syndrome. Am
J Physiol Endocrinol Metab 2011;301(1):E1–E10.
[88] Chavarro JE, Rich-Edwards JW, Rosner B, Willett WC. A prospective study of
dairy foods intake and anovulatory infertility. Hum Reprod 2007;22(5):
1340–7.
[89] Gopal PK, Gill HS. Oligosaccharides and glycoconjugates in bovine milk and
colostrum. Br J Nutr 2000;84(Suppl 1):S69–74.
[90] Sela DA. Bifidobacterial utilization of human milk oligosaccharides. Int J Food
Microbiol 2011;149(1):58–64.
[91] Yamashita K, Kawai K, Itakura M, et al. Effects of fructo-oligosaccharides on
blood glucose and serum lipids in diabetic subjects. Nutr Res 1984;4:961–6.
[92] Yadav H, Jain S, Sinha PR. Oral administration of dahi containing probiotic
Lactobacillus acidophilus and Lactobacillus casei delayed the progression of
streptozotocin-induced diabetes in rats. J Dairy Res 2008;75(2):189–95.
[93] Ma X, Hua J, Li Z. Probiotics improve high fat diet-induced hepatic steatosis
and insulin resistance by increasing hepatic NKT cells. J Hepatol
2008;49(5):821–30.
[94] Everard A, Lazarevic V, Derrien M, et al. Responses of gut microbiota and
glucose and lipid metabolism to prebiotics in genetic obese and diet-induced
leptin-resistant mice. Diabetes 2011;60(11):2775–86.
[95] Astrup A, Kristensen M, Gregersen NT, Belza A, Lorenzen JK, Due A, et al. Can
bioactive foods affect obesity? Ann NY Acad Sci 2010;1190:25–41.
[96] Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E,
Cameron J, Grosse J, Reimann F, Gribble FM. Short-Chain fatty acids stimulate
Glucagon-Like Peptide-1 secretion via the G-Protein-Coupled Receptor
FFAR2. Diabetes 2011 [Epub ahead of print].
[97] Delzenne NM, Cani PD, Daubioul C, Neyrinck AM. Impact of inulin and
oligofructose on gastrointestinal peptides. Br J Nutr 2005;93(Suppl 1):
S157–61.
[98] Piche T, Des Varannes SB, Sacher-Huvelin S, Holst JJ, Cuber JC, Galmiche JP.
Colonic fermentation influences lower esophageal sphincter function in
gastroesophageal reflux disease. Gastroenterology 2003;124(4):894–902.
[99] Samuel BS, Shaito A, Motoike T, et al. Effects of the gut microbiota on host
adiposity are modulated by the short-chain fatty-acid binding G proteincoupled receptor, Gpr41. Proc Natl Acad Sci USA 2008;105(43):16767–72.
[100] Schwiertz A, Taras D, Schäfer K, Beijer S, Bos NA, Donus C, et al. Microbiota
and SCFA in lean and overweight healthy subjects. Obesity (Silver Spring)
2010;18(1):190–5.
[101] Kadooka Y, Sato M, Imaizumi K, et al. Regulation of abdominal adiposity by
probiotics (Lactobacillus gasseri SBT2055) in adults with obese tendencies in
a randomized controlled trial. Eur J Clin Nutr 2010;64(6):636–43.
[102] Sills ES, Perloe M, Tucker MJ, Kaplan CR, Genton MG, Schattman GL.
Diagnostic and treatment characteristics of polycystic ovary syndrome:
descriptive measurements of patient perception and awareness from 657
confidential self-reports. BMC Wom Health 2001;1(1):3.

