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Abstract
According to epidemiological studies, twice as many women as men are affected by irritable bowel syndrome (IBS) in western countries, suggesting a role for sex hormones in IBS physiopathology. Despite growing evidence about sex hormones implication in IBS symptoms modulation, data on mechanisms by which they influence disease development are sparse. This review aims at compiling the state of knowledge about the role of sex hormones in sensorimotor dysfunctions and to address the possible interplay of sex hormones with common risk factors associated with IBS. The scientific bibliography was searched using the following keywords: irritable bowel syndrome, sex, gender, ovarian hormone, estradiol, progesterone, testosterone, symptoms, pain, sensitivity, motility, permeability, stress, immune system, brain activity, spinal, supraspinal, imaging. Ovarian hormones variations along the menstrual cycle affect sensorimotor gastrointestinal function in both healthy and IBS populations. They can modulate pain processing by interacting with neuromodulator systems and the emotional system responsible for visceral pain perception. These hormones can also modulate the susceptibility to stress, which is a pivotal factor in IBS occurrence and symptom severity. For instance, estrogen-dependent hyper-responsiveness to stress can promote immune activation or impairments of gut barrier function. In conclusion, whereas it is important to keep in mind that ovarian hormones cannot be considered as a causal factor of IBS, they arguably modulate IBS onset and symptomatology. However, our understanding of the underlying mechanisms remains very limited and studies assessing the link between IBS symptoms and ovarian hormones levels are needed to improve our knowledge of the disease evolution with regard to gender. Further studies assessing the role of male hormones are also needed to fully understand the role of sex hormones in IBS. Finally, investigation of brain-gut interactions is critical to decipher how stress, ovarian hormones, and female brain processing of pain can translate into gut dysfunctions.
© 2014 Baishideng Publishing Group Co., Limited. All rights reserved.
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Core tip: This review summarizes the current knowledge on the role of ovarian hormones in the pathophysiology of irritable bowel syndrome (IBS). A better understanding of gender differences in IBS may help unveil some key mechanisms contributing to IBS development. We present data on: (1) the modulatory role of ovarian hormones on IBS symptoms; (2) the influence of ovarian hormones on risk factors associated with IBS; and (3) the potential mechanisms of action, by which ovarian hormones can modulate and/or induce IBS symptoms.
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INTRODUCTION
Irritable bowel syndrome (IBS) is the most common functional gastrointestinal disorder. IBS is typically characterized by chronic abdominal pain and bowel habit disturbance[1]. The chronicity and the nature of IBS symptoms lead to tremendous impairment in patients’ quality of life and to significant financial burden for the public healthcare system[2]. However, IBS management remains very difficult because of the current lack of appropriate treatment. Consequently, understanding the pathophysiological mechanisms underlying IBS is a key issue for drug development.
Epidemiological data on sex ratio in IBS provides an intriguing and often overlooked potential avenue for deciphering the pathophysiological mechanisms of IBS: the role of sex hormones in IBS etiology. Indeed, IBS is predominantly diagnosed in women, with a female to male sex ratio ranging from 2:1 (questionnaire-based diagnostics) to 4:1 (practice-based diagnostics)[6]. It is also noteworthy that many if not all the comorbid diseases associated with IBS also share this female predominance. To name the most common, fibromyalgia[7], migraine[8], other functional gastrointestinal disorders such as functional dyspepsia[9], chronic pelvic pain[10], chronic fatigue syndrome[11], and depression[12] all have sex ratio skewed towards female gender[13].

Ovarian hormones can modulate intestinal function and transit speed[14–18]. These properties make ovarian hormones an interesting suspect for explaining gender differences in IBS. There is a strong correlation between IBS and dysmenorrhea[19] and variations in ovarian hormones levels during the menstrual cycle have been shown to modulate IBS symptomatology in women[17,20]. In particular, exacerbation of abdominal pain during perimenses (i.e., the menstruation phase period characterized by low ovarian hormones levels) has been consistently observed when compared to other phases of the menstrual cycle[6,16,21–23]. Interestingly, the same findings have also been observed in inflammatory bowel disease, another chronic intestinal disease[24]. Since lower ovarian hormone levels characterize the perimenses period, these observations suggest that female sex hormones may have a protective role against IBS-associated pain[25]. However, studies in this field of research are scarce and the mechanisms of action of ovarian hormones are unclear. For instance, no correlation has been found between plasma ovarian hormone levels and premenstrual symptoms[16,20,26], suggesting more complex interactions between hormones and the gut sensorimotor system.

The goal of this review is to summarize the current knowledge on the influence of ovarian hormones on the pathophysiology of IBS. A better understanding of gender differences in IBS may be a useful approach to unveil some key mechanisms contributing to its development and eventually, may provide with new therapeutic strategies. In this review, we present data on: (1) the modulatory role of ovarian hormones on IBS symptoms; (2) the influence of ovarian hormones on risk factors (e.g., stress, permeability and immune system dysfunction) associated with IBS; and (3) the potential mechanisms of action, by which ovarian hormones can modulate and/or induce IBS symptoms.
RESEARCH
Search strategy
A multidisciplinary search of the clinical and preclinical bibliography was conducted using Medline/PubMed to identify studies assessing involvement of sex hormones in the pathophysiology of IBS. The search was restricted to studies published in English through October 2013. The following key words were used to identify original articles with potential relevance to gender differences in IBS, effect of menstrual cycle, menopausal status or hormonal treatments on IBS symptomatology: irritable bowel syndrome, sex, gender, ovarian hormone, estradiol, progesterone, testosterone, symptoms, pain, sensitivity, motility, permeability, stress, immune system, brain activity, spinal, supraspinal, imaging.
Data extraction and exclusion criteria
The bibliography search yielded a total of 473 articles was found using the key words. The articles retrieved by the Medline/PubMed search were evaluated based on their title and abstract. Studies including patients diagnosed using Rome I, II or III criteria were included. Individual case reports, abstracts and studies published in languages other than English were excluded. Additionally, relevant publications cited in reviews, but which were not captured by the search strategy, were also considered. After selection, 175 papers were analyzed and used to write the review. The outcome measure was the description of ovarian-dependent changes in gut immunity, gut sensori-motricity, gut permeability, or pain processing, which were compared between IBS patients and healthy control. 

RESULTS
The first part of this review describes associations between gender and IBS intestinal symptoms, and aims at deciphering the influence of ovarian hormones on sensorimotor dysfunction. Sensorimotor dysfunction is the key feature of IBS pathophysiology and results in altered bowel habits and visceral hypersensitivity, the two major symptoms leading patients to seek medical attention. In the second part, the review details the impact of gender and ovarian hormones on central and peripheral alterations frequently associated with IBS, namely stress, gut barrier permeability and immune system activation.
Role of ovarian hormones in gastrointestinal motility impairments in IBS
Female gender and influence of ovarian hormones on gastrointestinal motility:
Generally, women display a slow gastrointestinal (GI) transit compared to men with a delayed gastric emptying[27] and a reduced colonic transit time[28]. This gender difference in GI motility could be, at least partially, due to ovarian hormones variations along the menstrual cycle. Indeed, it has been shown in healthy women that GI transit duration tends to be prolonged during the luteal phase and at onset of menses compared to the follicular phase[29], although this finding was not consistently replicated[30,31]. Further support is given to the idea of a modulatory role of ovarian hormones on GI motility by the frequent association between hormonal changes during pregnancy and the co-occurrence of GI motility disorders[32,33]. GI transit time is significantly prolonged in the third trimester of pregnancy when ovarian hormones levels are increased, compared to the postpartum period[32]. Although mechanical causes inherent to morphological changes during pregnancy can account for bowel habit disturbances[34], it seems that the endocrinological changes were more likely to be the accountable causes of GI motor impairments. Preclinical studies showed an increase in the release of nitric oxide (NO) in the vascular compartment and from the non-adrenergic ,non-cholinergic nerves, innervating the proximal colon, during late pregnancy compared with midpregnancy[35]. This NO increase is responsible for motility decrease in the GI tract and is thought to be mediated by estradiol[36]. Other animal studies confirmed the correlation between hormonal fluctuations and GI motility. In naive female rats, a biphasic transit pattern was observed during estrus cycling with a slow transit during proestrus and estrus (i.e., the period preceding ovulation and during which estrogen levels rise up) compared to metestrus-diestrus phases (i.e., the period following ovulation, characterized by decreased estrogen levels and increased progesterone levels)[37]. Moreover, pregnant animals have a transit time comparable to those of rats in proestrus-estrus phases, when estrogen levels are increased[37], thus supporting clinical observations.

GI complaints during the menstrual cycle can be related to motility changes and/or altered perception of intestinal motor events. These abnormalities can be, at least partially, mediated by changes in ovarian hormones levels as demonstrated by clinical and animal studies highlighting a differential role of these hormones on gastrointestinal motility. Indeed, it has been shown that estrogens inhibit colonic smooth muscle contractility via a non-genomic mechanism as suggested by the rapid-onset and reversible action of the ovarian/sex steroid[38]. Animal studies further showed that estrogens have a peripheral action on smooth muscle contractility. For instance, in ileal tissue isolated from ovariectomized rats, contractions induced by the cholinergic agonist carbachol were impaired in rats treated with estradiol for 3 d. This alteration is due to the inhibition by estradiol of RhoA signaling, a small GTPase protein known to regulate smooth muscle contractility[39]. Inhibitory effects of estrogen on colonic contractile activity have been confirmed on isolate rabbit distal colon in which estradiol potentiates the inhibitory effects of oxytocin on distal colonic contraction [40]. Interestingly, estradiol had no effects on oxytocin-induced decrease in motility in the proximal colon[41] suggesting a fine regulation of intestinal motility by ovarian hormones depending on GI segments. Oxytocin and estradiol display diverse and sometimes opposite effects depending on species, methods and gut segments considered, adding complexity to our limited understanding of these mechanisms[42,43]. Thus, another report demonstrated that in rats, systemic administration of oxytocin excited colonic motility during proestrus and estrus when estradiol concentration is elevated but not during diestrus when estradiol concentration is low[44].

Estrogen can also affect intestinal motility via the involvement of peptidergic hormones. For instance, in ovacteriomized rats, estradiol benzoate (EB), an estrogen-like hormone, inhibited GI transit and this inhibition was correlated with cholecystokinin (CCK) plasma concentration. CCK(A) receptor antagonists attenuated EB-induced inhibition of GI transit while CCK (B) receptor antagonists had no effects. These results suggest that GI transit estradiol-induced inhibition involves CCK and CCK(A) receptor activation[42]. 

Similarly to estrogen, data from studies performed in different species suggests an inhibitory effect of progesterone on GI tract motility[45–49]. However, it is noteworthy that depending on the dose, progesterone displays opposite effects. Indeed, while a decrease in GI motility is generally described with high doses, low dose of progesterone seems to induce a motility increase[47]. Several mechanisms have been proposed to explain the differential effects of progesterone. In the guinea pig distal colon, progesterone inhibits transit by altering the normal levels of prostaglandins that induce contraction (PGF2) and relaxation (PGE2) of intestinal muscles. This is the result of changes in the pattern of G proteins which regulate prostaglandins expression[48]. Similar mechanisms have been observed in intestinal muscle cells from women with chronic constipation, in which G proteins promoting contractions were downregulated and inhibitory G proteins were, by contrast, upregulated. In this study, these abnormalities were reproduced in vitro by pretreatment of normal colonic muscle cells with progesterone, suggesting a direct involvement of progesterone and its receptor activation on colonic muscle contractility [48]. Interplay between progesterone and serotoninergic system could also underlie altered bowel habits in women. Serotonin (5-Hydroxytryptamine or 5-HT) is known to play a key role in the motor function of the GI tract by regulating smooth muscle contractility[50]. It has been shown that progesterone administration globally increased 5-HT levels by decreasing the level of serotonin transporter (SERT) which participate to 5-HT re-uptake[51], monoamine oxidase (MAO) mRNA[52,53] expression and increasing the availability of 5-HT precursor, tryptophan[53]. This effect of progesterone on the serotoninergic system can be surprising since 5-HT, in many cases, promotes peristalsis. However, recent studies demonstrated that in women with slow transit constipation (STC), progesterone receptors were overexpressed in colonic muscle[54] and epithelial cells[55]. SERT levels were lower and 5-HT concentration was higher than in healthy controls. These results are difficult to explain but the authors hypothesized that increased levels of 5-HT are mostly ineffective in female patients with STC because of the overexpression of progesterone receptors in muscle cells, which impairs the contraction of the circular muscle layer[55]. Nevertheless, the interaction between progesterone, 5-HT and muscle contractions remains to clarify.
Influence of ovarian hormones on motility in IBS pathophysiology: The aforementioned studies were conducted in healthy volunteers, naive animals or isolated organs. Only few studies on the effects of ovarian hormones on intestinal motility are available in IBS patients or in animal models of impaired motility. Female IBS patients are more likely to report constipation-related symptoms including abdominal distension, bloating, infrequent stools and hard stools than men with IBS[56]. In contrast, men report more frequently diarrhea-related symptoms of loose stools and increased stool frequency[57]. Interestingly, at the time of menses, when ovarian hormones are low, diarrhea symptoms become more prevalent in women than constipation[56]. It is important to notice that menstrual cycle effects on motility symptoms were similar in healthy women and IBS patients but symptom severity was greater in women with IBS[58–60][56]

 ADDIN ZOTERO_TEMP . The 5-HT system plays a pivotal role in motility impairment associated with IBS since it has been shown that postprandial platelet-depleted plasma (PDP) 5-HT concentration was abnormally elevated in IBS patients with diarrhea (IBS-D)  but reduced in IBS patients with constipation (IBS-C)[60,61] compared with healthy volunteers. These observations are consistent with animal studies reporting accelerated GI transit induced by increased 5-HT levels[62]. Houghton et al highlighted the influence of the menstrual status on plasma 5-HT concentration by showing that IBS-D women who exhibit lower estrogen and progesterone levels at time of menses have an increased 5-HT plasmatic concentration compared to IBS-D women with high ovarian hormones levels[63]. Although no correlation with motility symptoms were made in this study, it pointed out differential 5-HT metabolism depending on the cycle phases considered in IBS-D patients. Given the involvement of 5-HT system in GI motor function, these data suggest a dynamic role for ovarian hormones in GI transit impairments observed in IBS-D patients.
Key point:  Women display slow gastrointestinal transit compared to men; Transit time is prolonged when ovarian hormones levels are high; Estrogen and progesterone inhibit smooth muscle contraction; Progesterone modulates the colonic 5HT system, which is known to regulate peristalsis; Female IBS patients report constipation-related symptoms more often than men except at the time of menses, when ovarian hormones levels are low; Ovarian hormones may contribute to altered motility in IBS-D patients by interacting with the 5HT system
Role of ovarian hormones in visceral hypersensitivity in IBS
Influence of gender and sex hormones on visceral pain: Over the past 20 years, clinical studies regarding the influence of gender on pain responses have built up a body of evidence demonstrating that women are at greater risk for many pain conditions than men. It is now well established that prevalence of most common forms of pain is higher in women than men and they display increase sensitivity to several forms of experimentally induced pain including visceral pain[13,64,65]. Accordingly, women are more likely to report abdominal pain, increased pain perception and discomfort to CRD, and pain-related IBS symptoms than men[56,66,67]. Similar observations have been made in rodents, in which females have greater viscero-motor response to CRD than males[68–72]. The influence of gonadal hormones on nociception could explain these gender-related differences. Accordingly, animal studies showed that hormonal status is able to modulate visceral and somatic sensitivity to different nociceptive stimuli[73–77]. 
Modulation of peripheral pain processing by ovarian hormones: Altered visceromotor response to CRD in rodents after ovariectomization indicate that ovarian hormones modulate gut sensitivity[78–80] and this is corroborated by changes in visceral sensitivity along the estrus cycle. Indeed, in female rats, visceral sensitivity is increased during proestrus compared to met/diestrus[81,82]. In ovacteriomized rats, estradiol administration increased visceromotor response to a visceral painful stimulation consisting of colon or bladder distension[75,76,78,79,83–87] whereas progesterone is thought to counteract the effects of estradiol by an anti-nociceptive action[83]. However, depending on the dose, ovarian hormones can have opposite effects, and if estrogens are thought to be pro-nociceptive at physiological concentrations, a study showed that estradiol can be anti-nociceptive at supraphysiological levels[88]. Furthermore, conflicting results come from studies in different species. For instance, unlike rats, ovacteriomized mice displayed long lasting visceral hyperalgesia, which was reversed by estradiol administration[26].
Estrogen Receptors (ER) and  (ER) are both expressed at peripheral level in small diameter dorsal root ganglia (DRG) neurons conducting nociceptive information[89]. ERs activation can modulate nociception by regulating the expression of ion channels and receptors in sensory neurons. Estradiol can inhibit high-voltage activated calcium channel of L and N type expressed on primary afferents[90]. Moreover, the adenosine triphosphate (ATP) purinoceptor P2X3 and the capsaicin-sensitive TRPV1 receptor, known to participate to visceral nociceptive integration, are both downregulated in ER and ER knock-out (KO) mice[91]. Further studies demonstrated that ATP-induced [Ca2+] in DRG neurons is attenuated following estradiol administration in wild type and ERKO but not in ERKO mice[92,93] suggesting that this attenuation depends on ER receptors specifically. Thus an interaction between P2X3 and ER in primary sensory neurons could underlie gender differences mechanisms in visceral nociception. Finally, recent research highlighted the potential role of a new estrogen receptor called GPR30 in estrogen-dependent visceral hypersensitivity induced by 5-hydroxytryptophan[94].
Modulation of central pain processing by ovarian hormones: Modulation of visceral nociceptive signal by sex hormones at the spinal cord level is also complex. ER is expressed predominantly in the superficial dorsal horn, which receives information from nociceptive sensory neurons while ER is expressed in deeper layers suggesting a differential function for these receptors in nociceptive processing. Spinal ERs are thought to play an important role in the modulation of visceral sensitivity as suggested by the finding that administration of the ER agonist 4,4',4''-[4-propyl-(1H)-pyrazole-1,3,5-triyl]tris-phenol (PPT) via intrathecal route increases visceromotor response to CRD in ovacteriomized rats[87]. On the other hand, the administration of the ER agonist diaryl proprionitrile (DPN) attenuates the response of visceroceptive dorsal horn neurons and the visceromotor response during CRD suggesting antinociceptive action of ER[95]. The proposed mechanism of action of ERs on visceral sensitivity at spinal level is gating of synaptic transmission by modulation of ion channel activity[71,84,96]. Some studies have explored the possible interaction between ER and the NR1 subunit of the glutamate N-Methyl-D-Aspartate receptor (NMDA). Both receptors are co-expressed in dorsal horn neurons and it was shown that estradiol increases spinal processing of visceral nociception by upregulating NR1 expression and activity following PKA-mediated NR1 phosphorylation. On the other hand, ovariectomy increases the potency of the NMDA receptor antagonist APV in modulating the visceromotor response to CRD[71,84]. Taken together, these data confirm the pronociceptive effect induced by spinal ER activation in the rat. 

In the brain, a recent study showed in ovacteriomized rats receiving implants of estradiol that elevated levels of estradiol in the amygdala correlated with increased visceromotor response to CRD. Estradiol administration to adjacent brain areas had no such effect and did not affect somatic sensitivity [80]. The underlying mechanisms of the central action of estrogens in the amygdala have not been investigated yet but could involve opioid receptors, which are highly expressed in this brain area[97–99] and have been implicated in the estrogen-dependent differential effects of morphine[70,100]. 
Gender and ovarian hormones influences on hypersensitivity in IBS
Gender differences in peripheral visceral pain processing and IBS pathophysiology: Gender-related differences in somatic and visceral sensitivity in the general population have been widely described, however, the link between gender and pain-related symptoms in IBS is still discussed. The most recent meta-analysis[56] did not reveal any difference in visceral pain-related symptoms between men and women in IBS population. This finding contrasts with several studies reporting greater abdominal pain and a reduction in discomfort thresholds during phasic CRD in women compared with men[66,67,101]. Discrepancies between these studies may be attributed to the fact that menstrual cycle phase, menopausal status and hormonal therapy were not taken into account.
Only a limited number of studies have investigated correlations between pain perception and hormonal status. Yet, sex hormones are likely to play an important role in the pathogenesis of visceral hypersensitivity in IBS. This is supported by observations that premenopausal patients present exacerbation of their abdominal pain symptoms at the time of menses[102,103]. Moreover, when considering the different phases of the cycle a worsening of abdominal pain and an increased rectal perception in response to CRD specifically is observed at the time of menses compared with other phases in IBS patients[25]. Interestingly, it was shown in healthy volunteers that rectal sensitivity was not influenced by the menstrual cycle suggesting that ovarian hormones fluctuations only affects lower GI sensitivity in pathological conditions[22]. Globally, a negative correlation between female gonadal hormones levels and pain severity is pointed out in several studies supporting a protective role of ovarian hormones. For example, a recent analysis using a population-based questionnaire reported that abdominal pain/discomfort increases after menopause, when ovarian hormones levels fall down, compared to pre-menopausal women [104]. Nevertheless some data are conflicting since another work reported that abdominal pain is reduced in women over 50 years old suggesting a benefit of menstrual cycle cessation[105]. Discrepancies may result from different clinical designs, since the studies used different diagnostic criteria for IBS and different recruitment strategies (i.e., 10-year longitudinal follow-up vs. single questionnaire). In a recent meta-analysis comparing relative risk of individual IBS symptoms between men and women at different time point of the cycle, Adeyemo et al[56] concluded that sensitivity was globally increased during menses compared to other phases of the cycle but further analysis are needed in order to strictly conclude on the involvement of hormonal status in visceral pain. It is noteworthy that these clinical observations are not consistent with preclinical results since increased sensitivity in women is observed when estrogen levels are low whereas estrogen has globally a pro-nociceptive effect in the rat. These data suggest that some of the effects of estradiol on visceral nociception are species-dependent. Moreover, estrogens may have differential effects depending on the organ considered. Indeed, results from experiments investigating the role of ovarian hormones on vaginal sensitivity in a rat model of ureteral stone suggested an anti-nociceptive role of estradiol. The study showed that lower vaginal sensitivity during proestrus/estrus (high estradiol levels), than during met/di-estrus[73]. These dual effects could result from different functions of ER and ER.

On the fringe of research on the link between IBS and sex hormones, a few authors have raised the question of the possible protective effect of male sex hormones. In a study including 50 male IBS patients compared to 25 controls, serum testosterone and free testosterone, were measured and correlated to sensitivity to CRD. Sensory thresholds for urgency and discomfort in patients were negatively correlated with testosterone levels indicating a potential sensitizing effect of male hormones[106]. In animals, one study evaluated the effects of testosterone administration in a visceral pain model induced by artificial calculus. They concluded that testosterone had no effect on visceral pain since operated animals presented increase in frequency and duration of ureteral crises independently from testosterone treatment[88].

Peripheral mechanisms underlying visceral hypersensitivity in IBS patients are widely unknown. Clinical trials using pharmacological drugs targeting the serotoninergic system in patients with visceral hypersensitivity have led to propose that gender differences may rely upon 5-HT-dependent mechanisms. In particular, the 5-HT3 antagonist alosetron provided abdominal pain relief with a greater effect in women than men[107]. This difference of efficacy could be explained by ovarian hormones driven 5-HT3 upregulation, making women more sensitive to this therapeutic agent. Nevertheless, studies are needed to understand the link between 5-HT receptors, estrogens and visceral hypersensitivity in IBS pathology.
Gender differences in central visceral pain processing and IBS pathophysiology: In IBS, the diminished thresholds of perception to visceral experimental stimulations in women compared to men can result not only from sex-related differences in peripheral encoding of the visceral pain message but also from differences in spinal and supraspinal processing of this message, and/or from a greater reactivity of arousal (attention) and emotional (stress) circuits.
Gender differences in visceral pain perception in IBS have originally been attributed to hypervigilance, and it was suggested that this pronounced hypervigilance was primarily driven by greater anxiety in females[108]. Kilpatrick and colleagues confirmed the involvement of hypervigilance but only in naturally cycling female IBS patients[109], thus stressing the complex involvement of ovarian hormones in the process.

Gender-differences in pain perception can also reflect structural and functional differences in central visceral nociceptive pathways. Indeed, women display differences in the processing of pain messages, such as enhanced “wind-up” in the spinal cord for instance[110,111] which corresponds to the progressive increase of the electrical response to repeated nociceptive stimulation in spinal cord neurons, possibly via the involvement of sex hormones and their spinal receptors[112].

Functionally, fMRI and PET studies showed that colorectal stimulations and expectation of abdominal pain activate preferentially the arousal/emotional circuits (anterior cingulate cortex and amygdala) in female patients while male patients present greater activation of the cortical regions (insula and dorsal prefrontal cortex)[113–118]. These patterns of activation were replicated with remarkable similarity in rodents using cerebral blood flow-related tissue autoradiography after aversive CRD[119,120]. The results indicate that sex-related differences in brain response to visceral stimulation are mainly due to alterations in the emotional arousal circuitry rather than visceral afferent processing circuits. However, in a task-free resting-state fMRI study, although disease-related differences (IBS vs healthy controls) were observed, no differences in emotional arousal circuit activation were evidenced between male and female IBS patients[121]. Moreover, the idea of a greater subjectivity and emotional response in women and of greater cortical control of limbic structures in men was recently challenged by an imaging study monitoring brain activity following the presentation of more "male-oriented emotions" to female and male patients. In this study, and contrary to previous reports, presentation of faces expressing fear and anger elicited greater activation of the emotional arousal circuits in males and greater activation of the cortical modulatory circuits in females[122]. Thus, the nature and the emotional valence of the stressor are critical to explain gender differences in brain activation patterns.

Structurally, there are widespread gray matter changes in IBS patients although the data is equivocal. Reductions have been reported in the insular and anterior cingulate cortices[123] while another study found increased gray matter thickness in viscera and somatosensory regions (insula, somatosensory cortex S2) with no change in the cingulate[124]. A recent study found no disease-related difference at all between patients and controls[125]. However, the same study reported a sex-related difference in patients, with IBS female subjects showing decreased cortical thickness in the anterior cingulate and insula, and increased cortical thickness in somatosensory and primary motor cortex when compared to female healthy controls. These alterations correlated with IBS symptom severity[125]. White matter and connectivity alterations have also been observed in IBS patients and are more marked in female than male subjects[126,127]. The data indicates that IBS patients have greater connectivity, with sex-specific patterns. Males have stronger connectivity between anterior cingulate subregions, amygdala, and insula, while females have stronger connectivity to and from the prefrontal modulatory regions[127].

If progresses have been made in identifying circuits involved in gender-differences in IBS, little is known about their molecular determinants. One study evaluated the impact of serotonin transporter gene polymorphism on brain activation upon CRD and found that subjects with a weak function of the serotonin transporter (s/s genotype) respond with more activation in emotion-regulating brain regions such as the amygdala[128]. Similar alterations of amygdala reactivity were observed during emotional face processing [129]. Further support to the idea of sexual dimorphism of the serotonergic system came from a study in rodents, which showed that in response to CRD, female but not male rats showed significant changes in cerebral blood flow in the raphe nucleus and in many target regions of its serotonergic efferent projections [120]. Estrogens can act centrally as steroid neuromodulators to alter the function of glutamatergic or GABAergic systems and modulate synaptic plasticity [72,130]. Moreover, estrogens are known for their ability to shape dendritic spines and modify synaptic plasticity[131–133]. It is therefore likely that gender-related differences in these systems underlie gender-related differences in central processing of pain in IBS, especially during periods when estrogen levels are high. Further studies addressing these questions are warranted.

Key points:  In IBS patients, heightened abdominal pain sensation is observed at the time of menses (low ovarian hormones concentrations), which suggests a protective role of estrogens;  Estrogens modulate peripheral and central nociceptive pathways and have a pro- or anti-nociceptive action on visceral sensation depending on the model studied and the neurotransmitter system considered (MOR, NMDA, GABA, NK1); The 5-HT system may contribute to gender differences in pain-related IBS symptoms via modulation of gut sensitivity in the periphery and modulation of pain-associated emotional circuits in the brain; Female IBS patients present higher activity of brain structures involved in emotional processing of pain sensation (i.e. insula, cingulate cortex and amygdala) and greater connectivity between brain structures involved in cortical control (i.e. prefrontal cortex).
Stress and ovarian hormones interactions in the pathophysiology of IBS
Stress and female-gender in IBS:  Since women are more vulnerable to life stress[134,135], are more prone to anxiety and depression[136], are exposed to life traumas more often than men[137], and present exacerbated IBS symptoms under stress[16], it was proposed that the interaction between ovarian and stress hormones may explain female predominance in IBS[138–142].
However, studies assessing gender difference in response to different types of stress failed to show a correlation between women’s vulnerability to stressful adverse life events and neuroendocrine responses. On the contrary, it was observed that male IBS patients have greater autonomic responses to a visceral stressor (rectosigmoid balloon distension)[143] and have greater autonomic responses and ACTH and cortisol release to stress[144,145] than female patients. These results suggest that gender differences in the effects of sex hormones on the autonomic systems and hypothalamo-pituitary axis (HPA) cannot account for differential responses to stress in IBS. However, the parameters of autonomic response assessed in these studies were indirect (e.g., skin conductance, heart rate) and stress hormones levels were determined only in plasma and saliva but not in tissue. Also, methodological confounders such as menstrual phase of the cycle in female patients are not always factored in the data analyses or the clinical designs.

Hence, one cannot rule out the possibility of subtle hormone level changes in specific windows of time, or that molecular and cellular changes occur at the tissue level. Indeed, in rodent models, where the experimental designs can be controlled in a tighter manner and where invasive methodologies (e.g., cerebral infusions of hormones) can be employed, it was shown that there is a positive correlation between the levels of estradiol and progesterone and the levels of cortisol, corticotropin releasing hormone (CRH) and its receptors[146–149]. This is particularly true during the proestrus phase, where the levels of estradiol are at their nadir[150–152]. Consequently, these data indicate that ovarian hormones can increase HPA axis activation and that further studies in humans are required. Accordingly, the most recent research has been focusing on the link between ovarian hormones and gut response to stress (see below "Stress, ovarian hormones and IBS pathophysiology").
Finally, discrepant findings in humans can also be explained by the fact that ovarian hormones may influence stress responses through other ways than a direct action on the HPA axis, primarily by inducing changes in emotion regulation strategies through tuning up of limbic system reactivity [114,122,141]. In IBS patients, it was observed that women are psychologically more reactive to stress as showed by suggestive stress ratings[153]. A study showed that female IBS patients also had increased negative affect both at baseline and in response to a psychological stressor even though this was not associated with any change in autonomic responses[154]. This altered emotional balance may explain IBS patients’ somatic and psychiatric comorbidities as well as heightened awareness of bodily sensations[155,156]. In line with the higher prevalence of stress and abuse history in women with IBS, it is thus possible to hypothesize that early traumatic experience can later influence vulnerability to stress mediated by altered limbic system activation[157].

Stress, ovarian hormones and IBS pathophysiology: Preclinical studies performed in rodents have shown that stress can have deleterious effects on gut physiology via mechanisms involving ovarian hormones. For instance, restraint stress can decrease colon motility and increase colon contractility in ovariectomized rats when compared to the sham group and these alterations are reversed by administration of estradiol and progesterone[158]. The effects of ovarian hormones in this paradigm were mediated by the serotonin receptor 5-HT3R[158], the neurokinin receptor NK1[159] and the stress-related hormone thyrotropin-releasing hormone (TRH)[160]. Most importantly, extensive work by Yvette Taché’s group showed that the interplay between CRH and estrogen signaling pathways, both peripherally and centrally, modulates visceral hypersensitivity induced by colorectal distension in rodents[161–163]. These data suggest that overactivity of CRH signaling in the brain and the gut could explain the comorbidity of stress, depression and IBS in women[162].
In humans, it was shown by comparing healthy women with a life stress history and low-stressed women, equilibrated by menstrual phase, that life stress can confer a gut vulnerability[164]. In this study, women experiencing significant life events presented increased jejunal permeability and diminished secretory ability after being subjected to a mild cold pain stress. Interestingly, the abnormal jejunal epithelial response occurred independently of any autonomic activation or stress hormones release, and was not associated with changes in the levels of ovarian hormones. These findings suggest that a history of stress can induce maladaptive intestinal epithelial response to new stressors, even mild stressors, which do not induce autonomic or HPA activation[164].

A follow up study by the same group addressed the question whether gender differences underlie maladaptive intestinal response to stress and showed that the mild cold pain stress specifically increased jejunal intestinal macromolecular permeability in women. No differences were detected in the autonomic, hormonal and psychological responses to acute stress parameters between men and women, hence suggesting that the maladaptive gut response is due to gender differences in the intestinal barrier [165]. The molecular mechanisms underlying such a vulnerability are still unclear but animal models suggest that CRH can enhance gut permeability by activating epithelial mast cells [166–170] and subsequent mast cell-dependent decrease of tight junction proteins expression[171,172].

Key points: IBS onset and symptoms severity are associated with acute or chronic stress; IBS female patients present emotional hyper reactivity to stress (limbic system hyper reactivity to stress); Levels of estradiol, progesterone and stress hormones are positively correlated in rodent models of IBS; Female intestinal barrier vulnerability in response to stress may underlie gender differences in IBS.
Effects of ovarian hormones on gut permeability and relevance to IBS

Estrogens and the gut barrier: ERα and ERβ have been identified in the gastrointestinal tract, where ERβ is preferentially expressed on colon epithelial cells[173–177]. Estrogen functions in the gut encompass development and regulation of gut barrier, cell differentiation and proliferation, and architectural maintenance of intestinal epithelium[178,179,177]. Studies on the role of estrogens on paracellular permeability and gut barrier integrity are scarce but there is now growing evidence that ERs play a key role in their regulation. Indeed, ERs have been implicated in chloride ion secretion[180] and nutrient transluminal transport[181,182]. Also, indirect evidence from contraceptive use, pregnancy, and hormone replacement therapy in patients with barrier dysfunction related pathologies such as inflammatory bowel diseases show that fluctuations in ovarian hormones levels influence the course of and the risk for these diseases [183–185]. Altogether, these observations suggest that ovarian hormones modulate gut permeability. Hence, they have prompted interest in studying the link between estrogens and gut barrier integrity, and especially paracellular permeability. Recent studies in female rodents have provided insights into how estrogens and estrogen receptor-β signaling can modulate paracellular permeability. These pharmacological studies showed that distal colon epithelial paracellular permeability varies during the sexual cyclic fluctuations of estrogen levels due to variations in tight junction protein expression. Specifically, estrogen level peak during the follicular phase correlated with improved epithelial barrier as shown in the ileum of pro-estrus rats[186]. Decreased intestinal permeability in male rats was also found following estradiol supplementation[186]. Subsequent investigation of the link between estrogens and the regulation of paracellular spaces found that estradiol influence during the follicular phase resulted in decreased colonic permeability and ERβ-mediated up-regulation of the tight junction proteins occludin and junctional adhesion molecule-A (JAM-A) in epithelial cells[187]. Similarly, the xenoestrogen bisphenol A dose-dependently decreased basal paracellular permeability through upregulation of JAM-A and occludin[188]. Interestingly, progesterone had no effect in these experimental designs. The effects of estrogens on tight junction proteins upregulation were also observed in human colon cell line Caco-2 [187,188]. In another study, ERs expression and colon permeability were negatively correlated in mice and in human HT-29 and T84 colonic epithelial monolayers, hereby confirming a role for estrogens in the maintenance of epithelial permeability in the colon[189]. Finally, chronic oral administration of estrogen compounds (17b-estradiol benzoate and the phytoestrogen-rich soy germ fermented ingredient SG) was associated with less colon permeability during the follicular phase in female rats although the authors did not report any associated effect on occludin expression[190]. Overall, these studies support the idea that estrogens reinforce the gut epithelial barrier through ERβ-mediated up-regulation of the tight junction proteins occludin and JAM-A. As such, it is reasonable to propose that estrogens can have a protective role on colon physiology and it has been shown that low ER levels are a vulnerability factor to colon inflammation[186,188,189].
Ovarian hormones, gut barrier and IBS: In the last couple of years, several studies have reported increased intestinal epithelial permeability in IBS patients (for review, see Matricon et al[5] 2012). Intestinal permeability is correlated with IBS symptoms severity[191,192]. However, no study has evaluated the link between permeability, symptoms and ovarian hormones so far. Preclinical studies indicate that estrogens are protective but on the contrary, the clear IBS female predominance points to more complex mechanisms. Indeed, the scarce data on this topic suggests the existence of estrogen-dependent maladaptive intestinal epithelial responses to environmental factors such as stress. For instance, Alonso and coworkers specifically showed in healthy women (but not in men) that life or even acute stress could result in decreased jejunal secretory response and increased jejunal permeability [164,165]. Strikingly, these changes were independent of estrogen blood levels. These findings raise the interesting possibility that female over susceptibility to IBS might be due to a dynamic estrogen-driven maladaptive response of the intestinal barrier to certain risk factors (e.g., stress) rather than an phase-dependent intestinal hyper permeability.
Key points: A subset of IBS patients has increased intestinal permeability; Estrogens reduce epithelial barrier permeability by upregulating tight junctions proteins; In IBS patients, no correlation between ovarian hormones levels and intestinal permeability has been found.
Effects of ovarian hormones on immune activation and relevance to IBS

Effects of ovarian hormones on immune activation: Although immune response is a predominant function of the gut, very little is known about the contribution of sex hormones to gut-associated lymphoid tissue (GALT) activation and most of our knowledge comes from experiments performed in blood samples. A recent immunophenotypic study analyzed lymphocytes population and lymphocyte gene expression in both peripheral blood samples and small intestine biopsies of healthy men and women. This study demonstrated that immune activation and inflammation-associated gene expression were increased in women compared to men[193]. Gender-related differences in immune activation have been pinpointed by the observation of higher incidence of autoimmune diseases in women than in men and are mediated by both humoral and adaptative responses[194]. Gene expression analysis of isolated peripheral blood mononuclear cells recently showed a marked increase in the expression of inflammatory/cytotoxic effector genes, such as interferon, lymphotoxin and interleukin 12 receptor 2, in women compared to men[195]. The differential immune cells gene expression profile detected in women was indicative of enhanced cytotoxic T cell responses compared to men[195]. Sex hormones are thought to play a crucial role in the modulation of immune responses[196–198], possibly by direct action on immune cells. Indeed, a large number of these cells, including T cells and macrophages, expresses ovarian hormones receptors and in particular estrogen receptors[199–202]. Thus, estrogen signaling can modulate directly immune responses by regulating immune cell activation and proliferation and cytokine production[203–206]. T cell function is particularly affected by hormonal regulation since both estrogen and progesterone enhance their cytotoxic activity by stimulating reactive oxygen species production[207–209]. In mast cells, progesterone inhibits histamine secretion, which may explain the partial remission in certain inflammatory conditions during pregnancy when progesterone levels are high[210]. By contrast, mast cells express high affinity estrogen receptors and their activation by estradiol has been shown to potentiate histamine and serotonin secretions in mast cells pretreated with the mast cell secretagogue 48/80[211]. Only one study has considered the role of male hormones in immunity. Castration experiments in rats induced a significant decrease in CD4+ and CD25+ T cells and an alteration of CD8+ T cells activation which could be prevented by testosterone administration[212]. These results show that testosterone can modulate T cell mediated immunity and support the notion of gender-related differences in cell-mediated immune response depending on sex hormones.
Ovarian hormones, immune activation and IBS: To our knowledge, only one study established a potential link between gender differences in IBS pathophysiology and immune activation. In this work, Cremon et al[213] performed quantitative immunohistochemistry of colonic immunocytes on endoscopic biopsies of IBS-D and IBS-C patients and compared the results to patients suffering from microscopic colitis or ulcerative colitis and to healthy controls. IBS patients showed a significant increase in mucosal immune cell counts compared to healthy controls but the magnitude of the immune infiltration was significantly lower than in microscopic and ulcerative colitis. Further analyses concluded that immune activation in IBS patients was characterized by increased CD3+, CD4+, CD8+ T cells and mast cells numbers. Mast cells were significantly increased in female IBS patients, whereas CD3+ and CD8+ T cells were decreased in males[213]. It is noteworthy that mast cells are involved in several diseases among which some are frequently associated with IBS and affect women particularly (painful bladder syndrome, chronic fatigue syndrome, fibromyalgia)[214]. As described previously, mast cell degranulation is inhibited by progesterone and stimulated by estradiol[210,211]. An imbalance in ovarian hormones levels in IBS patients could, consequently, explain the mast cell mediated immune activation while increased T-cell mediated in men could be due to testosterone modulation[212]. However, further studies are needed to elucidate the mechanisms of interaction between sex hormones and immune cells and to tear apart the differential effects of sex hormones. In this regard, studies assessing changes in GI immune activation along the menstrual cycle in correlation with ovarian hormones levels are warranted.
Key points: Recent findings suggest associations between immune activation and IBS, and especially, GI mucosal mast cell infiltration is consistently reported in IBS patients; Estrogens promote mast cell activation; The only study assessing the effect of gender on mast cell infiltration in IBS found a specific increase of mucosal mast cell counts in the colon of female IBS patients.
CONCLUSION
Data summary

Sex ratio in IBS is highly skewed towards female gender. This suggests that sex hormones play a key role in IBS physiopathology as suggested by some findings reporting fluctuations in IBS symptoms along the menstrual cycle, especially exacerbation of abdominal pain at menses (i.e., when ovarian hormones levels are low). However, the mechanisms underlying these gender-related differences are unclear. Clinical studies in the field remain scarce and the data obtained in humans is still weak and sometimes conflicting with findings from preclinical models. Moreover, our understanding is hampered by the fact that differences seen between male and female IBS patients are multifactorial and result from intrinsic differences in male and female hormonal system, stress reactivity and emotionality, nociceptive system and inflammatory response, as well as sociocultural differences.

Nonetheless, the data available currently provides some insights on the potential mechanisms at play (Figure 1). In female IBS patients, estrogens seem to have a modulatory effect on GI pain by slowing down intestinal motor activity via mechanisms that likely involve the 5HT system. Interactions between the 5HT system and ovarian hormones have also been involved in differential peripheral pain processing. Moreover, in line with the frequent history of stress and adverse life events in female IBS patients, altered responsiveness of the HPA axis to stress and abnormal CRH signaling have been pinpointed as major factors responsible for IBS prevalence in women. It is not completely clear whether alterations of the "emotional motor system"[215] are cause or consequence of the altered patterns of activity of the limbic system seen in female IBS patients, who display hyper activity of emotional and attentional circuits (especially the amygdala, a key structure in the processing of aversive experiences). Reciprocal positive feedback in these systems could explain ongoing hyper-reactivity to stress in patients. Indeed, it has been shown in animal models of IBS that stress and hormones can have a synergistic action and result in changes in the periphery leading to IBS-like pathological features such as increased intestinal barrier vulnerability in response to stress or increased intestinal mast cell activation and infiltration.

Proposed integrative model

Given the diversity of pathophysiological mechanisms known as yet, it is essential to develop a disease model integrating the multifactorial aspects of gender-related differences in IBS. Such a model could be helpful to identify research avenues leading to a better understanding of IBS etiology. An integrative "multiple hits" model can thus be proposed to account for the numerous IBS risk factors, their possible interplay, and their time scale in the course of IBS development (Figure 2).

In this model, gender-based genetic differences (e.g., polymorphisms in 5HT genes) confer a vulnerability to women to risk factors such as stress. Subsequent early life adverse events during childhood contribute to develop a hyper reactive stress system, with hyper-responsiveness of HPA and emotional brain circuits leading to heightened pain perception and cognition. In these predisposed patients, after puberty, ovarian hormones could act as triggering factors to further sensitize this priming and ultimately contribute to the adult onset of IBS. Several mechanisms can be put forward to explain the transition to disease. Ovarian hormones may have synergistic actions with stress mediators and receptors to deleteriously impact nociceptive processes (i.e., interaction with key neuromodulator systems such as 5HT and CRH, changes in neuroplasticity) and gut function (i.e., GI immune system, gut permeability and sensori-motricity). Interestingly, one can also integrate other IBS risk factors in this scenario, and diet, GI infection or dysbiosis can all be considered as possible additional "hits" leading to IBS development. Finally, symptom-related anxiety and lifestyle can explain the lasting and intermittent course of IBS in the long run.
Future directions

This review highlights the complexity of the multiple actions of ovarian hormones in IBS and the key role played by stress. Consequently, it appears crucial to better understand brain-gut interactions and how ovarian hormones modulate them. Animal models can be highly valuable to this end and could shed light on the role of genes and environment in gender-related differences in IBS. Another element stressed by the data reported herein is the scarcity of information regarding sex hormones involvement in patients. There is a need for powerful longitudinal studies taking into account phases of cycles and correlating symptoms and ovarian hormones levels. These studies should also use matched-pair cohorts and factor IBS subtypes in their analysis to minimize methodological confounders. Finally, assessing the role of male sex hormones has remained an unexplored research avenue even though such studies could prove very insightful.
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Figure 1 Possible mechanisms of action of ovarian hormones in the pathophysiology of irritable bowel syndrome. Arrows show increase or decrease. The symbol "+" after the name of a protein (e.g., "occludin +") indicates upregulation of the protein. The symbol "-" (e.g., "TRPV1-") indicates downregulation of the protein. CCK: Cholecystokinin, CRH: Corticotropin releasing hormone, ER: Estrogen receptor, E2: Estradiol, HPA: Hypothalamo-pituitary-adrenal axis, IBS: Irritable bowel syndrome, JAM: Junctional adhesion molecule, NK: Neurokinin, PG: Prostaglandin, P4: Progesterone, TRH: Thyrotropin-releasing hormone, TRPV1: Transient receptor potential vanilloid type1; VGCC: Voltage-gated calcium channel; 5-HT: Serotonin.
Figure 2 Integrative "multiple hits" model of irritable bowel syndrome pathophysiology. CNS: Central nervous system; ENS: Enteric nervous system; ER: Estrogen receptor; 5-HT: Serotonin. Adapted from Mayer et al, Am J Physiol Gastrointest Liver Physiol 2001; 280: G519-24.
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