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Abstract: Premenstrual syndrome (PMS) and premenstrual dysphoric disorder (PMDD) encompass
a variety of symptoms that occur during the luteal phase of the menstrual cycle and impair daily life
activities and relationships. Depending on the type and severity of physical, emotional or behavioral
symptoms, women of reproductive age followed for at least two prospective menstrual cycles may
receive one of the two diagnoses. PMDD is the most severe form of PMS, predominantly charac-
terized by emotional and behavioral symptoms not due to another psychiatric disorder. PMS and
PMDD are common neuro-hormonal gynecological disorders with a multifaceted etiology. Gonadal
steroid hormones and their metabolites influence a plethora of biological systems involved in the
occurrence of specific symptoms, but there is no doubt that PMS/PMDD are centrally based disorders.
A more sensitive neuroendocrine threshold to cyclical variations of estrogens and progesterone under
physiological and hormonal therapies is present. Moreover, altered brain sensitivity to allopreg-
nanolone, a metabolite of progesterone produced after ovulation potentiating GABA activity, along
with an impairment of opioid and serotoninergic systems, may justify the occurrence of emotional
and behavioral symptoms. Even neuro-inflammation expressed via the GABAergic system is under
investigation as an etiological factor of PMS/PMDD. Pharmacological management aims to stabilize
hormonal fluctuations and to restore the neuroendocrine balance. The rationale of suppressing
ovulation supports prescription of combined hormonal contraception (CHC). Its effect on mood
is highly variable and depends on biochemical characteristics of exogenous steroids and on type
and severity of symptoms. Hormonal regimens reducing the estrogen-free interval or suppressing
menstruation seem better choices. Psychoactive agents, such as serotonin reuptake inhibitors (SSRIs),
are effective in reducing the symptoms of PMS/PMDD and may be prescribed continuously or only
during the luteal phase. Novel therapeutic approaches include inhibition of progesterone receptors
in the brain, i.e., with ulipristal acetate, reduced conversion of progesterone with dutasteride, and
modulation of the action of allopregnanolone on the brain GABAergic system with sepranolone.

Keywords: premenstrual syndrome; premenstrual dysphoric disorder; estrogen; progesterone;
allopregnanolone; combined hormonal contraception (CHC); serotonin reuptake inhibitors (SSRls);
sepranolone; neuro-inflammation; neurosteroids

1. Introduction

Periodic menstrual blood loss is the hallmark of womanhood from menarche to
menopause and represents a clear biological sign of gonadal hormonal variation [1]. The
menstrual lens allows a catamenial view of a multitude of symptoms and conditions re-
lated to reproductive function [2,3], which ultimately indicates female adaptive abilities
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in order to ensure fertility goals. However, menstruation is much more than a biologi-
cal phenomenon and still represents a clear “gender gap”. Its significance has evolved
over time and across culture encompassing intrapersonal and interpersonal aspects [1].
Currently, women have better control over their menstrual periodicity, but catamenial
manifestations may generate a significant burden in daily living activities and a certain
amount of stigma [4]. Extensive literature covers menstrual health in order to hormonally
manage predictable pain syndromes, including menstrual headaches and other conditions
associated with the menstrual cycle [5-7]. Premenstrual syndrome (PMS) and premenstrual
dysphoric disorder (PMDD) are common medical conditions lacking objective measures
or laboratory testing to confirm the diagnosis [8]. The main challenges include the sub-
jective nature of premenstrual symptoms and the variability of menstrual patters across
different reproductive stages, which require adequate diagnostic self-report methods or
semi-structured clinical interviews in routine practice [8].

In this paper, we present an overview on the evidences supporting the role of the neu-
roendocrine system in the clinical manifestation of PMS and PMDD. We also describe possi-
ble novel therapeutic strategies based on the use of neuroactive and hormonal compounds.

2. Definitions of Premenstrual Disorders

PMS is a multifaceted complex disorder, and very common in women of reproductive
age. It encompasses at least one physical, emotional or behavioral symptom, which appears
following ovulation in the luteal phase of the menstrual cycle and resolves shortly after
the onset of menstruation [9]. A variety of symptoms have been attributed to the premen-
strual phase, the most common being breast tenderness, bloating, headache, mood swings,
depression, anxiety, anger, and irritability. Moderate—severe PMS is diagnosed when symp-
toms interfere with daily personal and occupational life during two menstrual cycles of
prospective recording [10] (Figure 1). The most severe form of PMS is defined as PMDD, a
condition predominantly characterized by emotional and affective symptoms not due to
another psychiatric disorder [11]. PMDD diagnosis requires the presence of at least one
mood symptom (depressed mood, anxiety or tension, marked affective lability, irritability)
in a group of at least five symptoms that affect the luteal phase of two ovulatory cycles
prospectively recorded (Figure 1). Symptoms must be associated with clinically significant
distress regarding social, academic or working activities and should not be the exacerbation
of a chronic condition or the effect of medications [12]. The International Society for Pre-
menstrual Disorders (ISPMD) distinguishes PMS/PMDD, the core premenstrual disorders,
from variant premenstrual disorders. The latter includes premenstrual exacerbation of
other clinical conditions (i.e., asthma, allergies, epilepsy, migraine, diabetes, irritable bowel
syndrome, autoimmune disorders) and symptoms that occur from ovarian activity other
than ovulation or even in the absence of ovulation (exogenous progesterone/progestogens
administration or suppression of menstruation) [13].

PMDD is a diagnostic category of depressive disorders in the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5) [14], recently coded as a gynecological diagnosis in
the World Health Organization’s International Statistical Classification of Diseases (ICD-
11) [15]. The recognition of PMDD as a neuro-hormonal gynecological disorder and not
only as a psychiatric disorder is of paramount importance, pinpointing accurate definition
of conditions under the umbrella of “reproductive depression” [16]. Indeed, PMS/PMDD,
peri/postnatal and peri/postmenopausal depressive disorders are closely linked, sharing a
neuroendocrine vulnerability to critical reproductive events, and should not be confused
with other severe psychiatric disorders [17]. Therefore, in the context of a multi-specialty
process of care to exclude co-occurrence with bipolar disorders and other mental health
conditions [13,18], PMS/PMDD should be a legitimate part of the reproductive history and
screened routinely with appropriate psychometric tools [19] to identify women who may be
responsive to neuroactive and hormonal treatments [13,17]. There are many screening tools
available [19] offering a retrospective diagnosis, for instance, the Premenstrual Symptoms
Screening Tool (PSST) [20], and a prospective assessment as the calendar of premenstrual
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PMS

Generally Moderate-Severe in the
luteal phase of the menstrual cycle

At least 1
EMOTIONAL or

I feel angry... 1

| feel depressed... ‘
‘

| feel confused...

| wanna be alone...

experiences (COPE) [21]. Both approaches carry some biased reporting which affects the
“true” epidemiology of PMS/PMDD [22].

PMDD
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phase of the menstrual cycle

At least 1*EMOTIONAL  + at least 4 of OTHER
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| feel very low energy...
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S
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| cannot concentrate... \

Figure 1. Heterogeneity of PMS/PMDD symptoms [10,11]. * means emotional symptoms in the

| feel swollen...

| gain weight... I gain weight...

legend of Figure 1.
3. Epidemiology and Risks Factors of PMS/PMDD

Premenstrual symptoms are very common, affecting about half of women in repro-
ductive age worldwide [22]. However, prevalence rates vary widely in different studies
and countries depending on samples, methods of investigation and diagnostic criteria.
Disparities may also derive from genetic and socio-cultural factors, including diet and
life-style, stressors, personal attitudes, coping behaviors, workload and family responsibili-
ties [22]. Available surveys in community populations indicate that PMS affects 20-30%
of women, whereas PMDD ranges between 1.2 and 6.4% [23], with black women being
significantly less likely to experience PMDD and PMS than white women (odds ratio (OR)
0.44, 95% confidence interval (CI) 0.25-0.79 and OR 0.64, 95% CI 0.47-0.88, respectively),
similarly to what is observed in other mental health disorders [24]. Both conditions sig-
nificantly reduce quality of life and raise societal costs associated with decreased work
productivity, work absenteeism and increased use of health care services [25]. Prevalence
and impact of PMS/PMDD are strong priorities to implement preventive strategies in
young women [26]. Health care providers (HCPs) should be aware that premenstrual
symptoms might fluctuate over time with no clear impact of age or reproductive stage,
apart from menopausal transition [27,28]. Another relevant factor is that combined oral
contraceptives (COCs), the most studied type of combined hormonal contraception (CHC),
may improve overall premenstrual symptomatology in women with PMS/PMDD, but not
premenstrual depressive symptoms [29]. Behavioral risk factors, especially smoking and
adiposity, are overrepresented in women with PMS/PMDD, confirming their link to emo-
tional vulnerability. Indeed, smoking was associated with an increased risk of premenstrual
disorders (OR = 1.56 (95% CI: 1.25-1.93)). Stratified by diagnosis, the effect size estimate
was higher for PMDD (OR = 3.15 (95% CI: 2.20-4.52)) than for PMS (OR = 1.27 (95% CI:
1.16-1.39)) [30]. A strong linear relationship between body mass index (BMI) at baseline and
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risk of incident PMS, with each 1 kg/m? increase in BMI associated with a significant 3%
increase in PMS risk (95% confidence interval (CI) 1.01-1.05), was evident [31]. In particular,
women with BMI > 27.5 kg/m? at baseline had significantly higher risks of PMS than
women with BMI < 20 kg/m?, following adjustment for age, smoking, physical activity,
and other factors [31]. Intake of alcohol was associated with a moderate increase in the risk
of PMS (OR = 1.45, 95% CI: 1.17 to 1.79), especially heavy drinking (OR = 1.79, 95% CI: 1.39
to 2.32) as compared to no or light drinking [32]. Studies on the effect of exercise have many
methodological biases with some suggesting improvement of premenstrual symptoms [33].
Other proven risk factors include traumatic events, which greatly increased the odds of
developing PMDD at follow-up (OR = 4.2, 95% CI = 1.2 to 12.0). Likewise, a history of
anxiety disorder (OR = 2.5, 95% CI = 1.1 to 5.5) and elevated daily conflict scores (OR = 1.6,
95% CI = 1.1 to 2.3) predicted PMDD [34]. Depression may be strongly comorbid [17,18],
in particular postnatally [35], and women with PMDD should be considered a high-risk
group for suicidality, including increased vulnerabilities for suicidal thoughts, ideation,
plans and attempts [36]. Other comorbidities include eating disorders, mainly bulimia and
binge eating [37], and migraine [38]. The co-occurrence with pathological manifestations
displaying premenstrual exacerbations supports a common neuroendocrine etiology [2,3].
Medical conditions such as anemia and endocrine disorders (namely thyroid and adrenal
dysfunctions and hyperprolactinemia) [13], as well as chronic pelvic pain, fibromyalgia
and any other inflammatory disorders [39,40], may mimic PMS/PMDD symptoms. HCPs
should make a differential diagnosis to establish an individualized treatment plan [3,8,13].

4. Neuroendocrine Aspects of PMS/PMDD

The most characteristic aspect of PMS/PMDD is the temporal relation between the
appearance of symptoms and the menstrual phase, indicating a role for gonadal steroid
hormones and their metabolites in influencing the plethora of biological systems that
contribute to the adjustments required to fulfil reproductive goals. However, women
with PMS/PMDD do not show abnormalities in the reproductive hormone release pattern;
rather, they seem to display a more sensitive neuroendocrine threshold to cyclical variations
of estrogens and progesterone [41,42], which may give origin to catamential symptoms
and exacerbation of mood disorders during reproductive transitions [43,44]. Data on other
circulating hormones (prolactin, testosterone, cortisol, dehydroepiandrosterone sulphate,
and thyroxine) are discordant and fail to separate women with PMS/PMDD from controls.
However, they may be relevant to some individual somatic symptoms, for instance cyclic
mastalgia or water retention [13].

Many genetic and epigenetic factors influence the neuroendocrine threshold of pre-
menstrual symptoms according to the biopsychosocial model. Severity of mood symptoms
and associated distress should guide clinical judgement [8,13]. However, both HCPs and
women have their personal view of the set point of such threshold, explaining variable
epidemiology of PMS/PMDD symptoms [23]. If the diagnostic threshold is too high, clini-
cally relevant premenstrual symptoms may be underestimated and PMS/PMDD remain
untreated. If it is too low, paraphysiologic variations in menstrual cycle-related well-being
can be over-treated (Figure 2). The central nervous system (CNS) is one of the main
target tissues for reproductive hormones but it is also a source of neurosteroids, which
are involved throughout genomic and non-genomic mechanisms in a vast array of CNS
functions [45-47] far beyond the scope of the present overview. Here, we report the key
concepts relevant to the current understanding of pathophysiology and potential treatment
targets of PMS/PMDD.
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Figure 2. Neuroendocrine threshold and PMS/PMDD diagnosis.

Estrogens and Progesterone

Hormonal transitions are associated with reproductive mood disorders, whereas pre-
menarchal girls and postmenopausal women do not experience PMS/PMDD in the absence
of gonadal steroid fluctuations. The same is true when gonadal steroids are high and rather
stable, as occurs in pregnancy [48]. In addition, premenstrual symptoms do not occur dur-
ing anovulatory cycles and disappear in chemically and/or surgically castrated women [9].
Several mechanisms involving estrogen receptors polymorphisms may explain the vulnera-
bility to reproductive mood disorders [49]. Fluctuations of gonadal steroids, in particular
progesterone produced by the corpus luteum, are key factors for PMS/PMDD [42], given
the synchrony with post-ovulatory phase and the reinstatement of symptoms during GnRH
agonist treatment when add-back progesterone is administered [50]. However, many
women experience premenstrual symptoms immediately after ovulation and during the
early luteal phase, while others report an exacerbation only a few days before menstruation,
irrespective of progesterone fluctuations [9]. Therefore, the importance of the progesterone
to estrogens ratio has been also investigated, because estrogens may exert an antidepressant
effect [51], and women with PMS/PMDD and healthy women have similar progesterone
serum concentrations [42,52]. A recent study prospectively evaluated estrogen and proges-
terone levels in both early and late luteal phases in women with PMDD and the association
of these levels with PMDD symptom severity [53]. In women with PMDD, estrogen levels
were lower than the controls during the early luteal phase and displayed a significant inter-
action with early luteal progesterone, suggesting that low estrogen level could moderate
the severity of PMDD symptoms following exposure to progesterone [53]. On the other
hand, estradiol administration may provoke PMS-like complaints, similarly to progesterone
administration alone or together with estrogens [50,54]. Moreover, PMS-like symptoms
often persist after anovulation has been induced with COCs, suggesting that both the dose
of estrogens and the type of progestins may be relevant to mood symptoms in vulnerable
women [55]. Finally, postmenopausal women receiving combined hormonal replacement
therapy (HRT) may experience PMS-like complaints despite stable levels of estradiol and
progesterone [56]. Of note, administration of mifepristone, a progesterone receptor an-
tagonist, did not reduce physical, emotional and/or behavioral manifestation of PMS
or change the timing of these symptoms [57,58]. More recently, ulipristal acetate (UPA),
a second-generation SPRM already employed for emergency contraception and for the
treatment of uterine fibroids [59], was tested as a suitable option to ameliorate symptoms in
women with PMDD. The first proof-of-concept randomized controlled trial on UPA at low
chronic dosing (5 mg/day) showed improvement in emotional and behavioral symptoms
of PMDD [60]. Interestingly, brain-imaging studies demonstrated a specific sensitivity
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to gonadal steroids, confirmed at the cellular level in women with PMDD [61,62], that
appeared regulated by UPA in response to behavioral stimuli [63]. Whether UPA displays
a positive effect on PMDD by blocking the progesterone receptor-mediated signaling or by
preventing ovulation with more stable levels of gonadal steroids remains to be determined.

At present, the most commonly prescribed hormonal treatment for the management of
both physical and affective symptoms of PMS is CHC, with the rationale of suppressing ovu-
lation [13]. Temporary chemical castration with gonadotropin releasing hormone (GnRH)
agonists also appeared to be an effective treatment in the management of PMS/PMDD,
more on physical than psychological symptoms [64]. However, add-back therapies using
a combination of estrogen and progestogen to minimize negative effects of prolonged
low estrogenic state in fertile women may restore symptoms in PMDD women who are
intolerant especially to progestogens [65].

5. Allopregnanolone and GABAergic System

Progesterone plays a crucial role within the CNS because of its metabolite allopreg-
nanolone. The enzymes 5alpha-reductase and 3alpha-hydroxysteroid-dehydrogenase form
this neuroactive steroid, which is a strong positive modulator of the gamma-aminobutyric
acid (GABA) receptor and, therefore, has the ability to increase both synaptic and extra-
synaptic cortical inhibition. Allopregnanolone binds to an allosteric site on the GABAA
receptor and increases its sensitivity to GABA. As an inhibitory neurotransmitter, GABA
is an important regulator of stress, anxiety, vigilance and seizures [47,66,67]. Allopreg-
nanolone increases after ovulation and is secreted into circulation from both ovarian and
adrenal tissues. Its deficiency has been a potential explanation for emotional and be-
havioral premenstrual symptoms, but not all studies have shown a lower concentration
of progesterone metabolites in women with PMS compared to controls under basal or
stimulated conditions [68-71]. Moreover, the duration of exposure to allopregnanolone
could play a critical role. Indeed, in the pseudopregnancy rat model, allopregnanolone
acute withdrawal resulted in an anxiety-like reaction [72]. Studies on mood effects of oral
progesterone treatment revealed an inverted U-shaped bimodal relation between nega-
tive mood severity and allopregnanolone concentration. For instance, postmenopausal
women treated with different doses of oral progesterone showed the highest negative
mood scores when allopregnanolone concentration was equal to physiological luteal phase
concentration; on the other hand, mood deterioration was less evident at lower and higher
allopregnanolone concentrations [73]. A recent randomized controlled trial (RCT) showed
that dutasteride, a 5alpha-reductase inhibitor, blocking the conversion of progesterone to
allopregnanolone, significantly decreased symptoms (i.e., irritability, anxiety, sadness, food
cravings and bloating) in women with PMDD, with no effect in healthy controls [74]. On
the other hand, it is likely that, at high concentration, allopregnanolone can cause seda-
tion by activating the GABA receptor, but also paradoxical reactions with adverse mood
in susceptible women [75]. CHC exerts neurobiological effects, including an alteration
of allopregnanolone action, which is mostly related to a specific class of progestins that
displays some androgenic properties [76]. However, in healthy women without underlying
mood or anxiety disorder, this finding did not translate into adverse mood changes, de-
spite lowering serum allopregnanolone levels [77]. Of note, a low estrogen pill containing
the anti-androgenic progestogen drospirenone, which also displays anti-mineralcorticoid
properties, could help treating premenstrual symptoms [78] even if such COC induced a
decrease in anxiolytic steroids, such as allopregnanolone [79]. The effect of CHC on mood
is highly variable and depends not only on the biochemical characteristics of exogenous
steroids but also on the type and severity of symptoms. Indeed, there is generally a poor
response in women with a history of mood affective disorders or PMDD [80,81]. Hormonal
regimens reducing the estrogen-free interval or suppressing menstruation have been pro-
posed as better choices [82,83], but more accurate studies are needed to effectively select
suitable women in clinical practice.
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Considering the ovarian cycle-related plasticity of GABA-A receptor (namely, changes
in subunit composition and pharmacological properties) in the animal model [84], abnormal
response to allopregnanolone may be prevented by the blockade of its action on GABA-A
receptor. Indeed, allopregnanolone’s effect can be antagonized by its endogenous isomer
isoallopregnanolone (Sepranolone, UC1010), a GABA-A receptor modulating steroid antag-
onist (GAMSA) [85]. In a randomized, double-blind study of sepranolone in PMDD, the
subcutaneous injection (10 mg) every 48 h during the 14 premenstrual days of 10 mg dose
significantly attenuated symptoms, impairment, and distress. The drug was well tolerated
and no safety concerns were identified, including menstrual cycle disturbances [86].

6. Opioid System

Early data indicated a transient premenstrual fall of plasma beta-endorphin in patients
with PMS [87] and a reduced threshold of both the RIII reflex (Tr) and the psychophysical
threshold for pain (Tp) during the luteal phase, especially in women reporting higher PMS
scores [88]. Low central opioid tone during the mid-luteal phase, as also indicated by the
loss of luteinizing-hormone (LH) and cortisol response to naloxone, supported a failure
of adaptation in women with PMS who also displayed transient disturbances of their
hypothalamus—pituitary—adrenal (HPA) axis [89,90]. In addition, the reduction in opioid
inhibition was responsible for the increased frequency and reduced amplitude of LH pulses
and consequent progesterone pattern of secretion in PMS patients, further supporting the
notion that PMS is a neuroendocrine disorder [91].

7. Serotoninergic System

Women with PMS/PMDD displayed a serotoninergic dysregulation with atypical
transmission, lower density of transporter receptors, decreased plasmatic serotonin levels
in the luteal phase and higher serotonin responsiveness in follicular rather than in luteal
phase [92]. Gonadal steroids significantly modulated serotoninergic system at multiple
levels of the CNS, affecting mood and behavior [93]. Estrogens increased degradation
of MAOQ, an enzyme involved in serotonin catabolism, resulting in a higher serotonin
availability in the CNS, whereas progesterone potentiated MAO activity decreasing sero-
tonin [94]. Moreover, a consistent finding in PMDD patients was the increased amygdala
reactivity during the luteal phase [52]. Serotonin terminals strongly influenced this brain
area processing emotions such anxiety and aggression under the modulation of gonadal
steroids [9]. Interestingly, an interaction between serotonin and the GABAergic system
was present through direct activation of the enzyme 3alpha-hydroxysteroid-deidrogenase,
involved in the production of allopregnanolone [95]. Given the pivotal role of serotonin
in modulating mood and behavior, serotonin reuptake inhibitors (SSRIs), i.e., fluoxetine,
paroxetine, sertraline, escitalopram, and citalopram, are effective in reducing the symptoms
of PMS/PMDD, whether taken only in the luteal phase or continuously. However, SSRIs’
side effects may compromise compliance [96]. Even serotonin and norepinephrine reuptake
inhibitors SNRIs (i.e., venlafaxine) have shown efficacy for treatment of PMS/PMDD, while
antidepressants that predominantly affect noradrenergic or dopaminergic transmission
do not significantly improve symptoms of PMS/PMDD [97]. At present, SSRIs are the
first-line treatment for severe PMS/PMDD and their use, alone or in combination with
cognitive behavioral therapy, has reached a consensus [8,13].

8. Other Trends in Neuroinflammation

Novel trends in neuroendocrinology link inflammatory processes to psychiatric and
somatic disorders sharing common features with PMS/PMDD [98]. Estradiol and pro-
gesterone have anti-inflammatory and anti-oxidative properties, and their decline in the
late luteal phase leads to increased endometrial oxidative stress and synthesis of pro-
inflammatory prostaglandins, cytokines, chemokines and matrix metalloproteinases [99].
Specific chemokines predict more severe PMS symptoms, thus underlying a possible link
between uterus and brain function through the uterine—chemokine-brain axis [100]. In
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addition, some studies have found elevated levels of pro-inflammatory factors in women
with PMS [101] and a positive relationship between C-reactive protein (CRP) levels with
PMS symptom severity, especially mood, behavior and pain symptomatology [102]. How-
ever, further data are needed to validate the role of inflammation, oxidative stress, and
antioxidant status in the pathophysiology of PMS [103]. Interestingly, circulating levels
of brain-derived neurotrophic factor (BDNF), a regulator of neurogenesis in response to
gonadal steroids, were reduced in women with PMS [104]. Other interesting perspectives
point to neuroinflammation expressed via the GABAergic system as an etiological factor for
PMS/PMDD [105], as well as to the potential influence of the gut-brain axis in mediating
the severity of premenstrual symptoms due to progesterone-dependent changes of gut
microbiota [106].

9. Conclusions

PMS and PMDD are very common disorders in women of reproductive age and
generate a significant burden in daily life activities and relationships. They are centrally
based disorders with an involvement of several neuroendocrine pathways. An altered brain
sensitivity to allopregnanolone, a metabolite of progesterone produced after ovulation
potentiating GABA activity, along with an impairment of opioid and serotoninergic systems,
may justify the occurrence of emotional and behavioral symptoms. Chronic inflammation
may represent the link between peripheral symptoms and central integrated responses to
stressors with significant modulation by gonadal steroids. At present, therapeutic strategies
address both the suppression of ovulatory function and the biochemistry of neural systems
to manage PMS/PMDD. Promising approaches include the use of neuroactive molecules
as the interface between brain and gonadal functions.
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