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ABSTRACT

Diabetes mellitus is one of the most prevalent chronic diseases.
Previous studies have shown differences in glucose metabolism
between males and females. Moreover, difficulties in medica-
tion adherence have been reported in females with type 2 dia-
betes. These observations are believed to be caused by fluc-
tuations in sex hormone concentrations during the menstrual
cycle. Furthermore, gut microbiota is linked to female host
metabolism and sex hormone production. Understanding the
interactions between fluctuating hormone concentrations dur-
ing the menstrual cycle, gut microbiota, and glucose metabo-
lism in humans is significant because of the increasing preva-
lence of diabetes and the consequent need to expand
preventive efforts. A literature search was performed to deter-
mine and summarize the existing evidence, deduce future re-
search needs to maintain female health, and investigate the
relationship between the physiological menstrual cycle and
glucose metabolism. Studies from 1967 to 2020 have already
examined the relationship between variations during the men-
strual cycle and glucose metabolism in healthy female subjects
using an oral-glucose tolerance test or intravenous glucose
tolerance test. However, the overall number of studies is rath-
er small and the results are contradictory, as some studies de-
tected differences in glucose concentrations depending on the
different cycle phases, whereas others did not. Some studies
reported lower glucose levels in the follicular phase than in the
luteal phase, whereas another study detected the opposite.
Data on gut microbiota in relation to the menstrual cycle are
limited. Conflicting results exist when examining the effect of
hormonal contraceptives on the gut microbiota and changes
in the course of the menstrual cycle. The results indicate that
the menstrual cycle, especially fluctuating sex hormones,
might impact the gut microbiota composition.

The menstrual cycle may affect the gut microbiota composition
and glucose metabolism. These results indicate that glucose toler-
ance may be the greatest in the follicular phase; however, further
well-conducted studies are needed to support this assumption.

Introduction

ic diseases worldwide, causing 41 million deaths annually [1]. In
Cardiovascular diseases, cancer, chronic respiratory diseases, and 2021, diabetes affected approximately 10.5 % (536.6 million) of the
diabetes mellitus are the most common non-communicable chron-  global population aged 20-79 years. Its prevalence is expected to
increase to 12.2 % by 2045, indicating its high relevance in the pre-
t Equal contribution: Alina Schieren, Sandra Koch vention and treatment of diabetes [2].
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Early studies have shown that men and women respond differ-
ently to oral-glucose tolerance test (OGTT) [3, 4], which is used to
assess glucose tolerance. Moreover, OGTT is used as a reference
method for diagnosing type 2 diabetes in unclear cases, according
to the current German guidelines [5]. Similar results were observed
forinsulin sensitivity; however, these findings are contradictory [6].
On the one hand, reduced insulin sensitivity in young normal-
weight women as compared to men [7]; subsequent differencesin
postprandial glucose metabolism have been reported [8]. In con-
trast, in another study, normal-weight women (<40 years) had
higher insulin sensitivity than men of the same age [9]; no differ-
ences in plasma insulin concentrations between normal-weight
men and women were found in other studies [10, 11].

Additional studies detected an interaction between diabetes
and the female menstrual cycle, including a higher prevalence of
oligomenorrhea, increased cycle duration, and glycemic variations
along the cycle phases [12, 13]. Furthermore, difficulties in medi-
cation management in women with diabetes during different men-
strual cycle phases have been reported, [14, 15] with a higher risk
of hypoglycemia in the follicular phase (FP) and hyperglycemia in
the luteal phase (LP) [16]. In addition, Ezenwaka et al. detected
higherinsulin resistance in the LP thanin the FP [17]. These obser-
vations may be due to the fluctuating sex hormone concentrations
during the menstrual cycle, which may be associated with glucose
tolerance [18].

Similar to glucose tolerance, the gut microbiota shows sex-de-
pendent differences in animal and human studies [19] and has been
associated with the metabolism of female sex hormones [20,21].
In addition, alterations in the microbiota can play a role in the
pathogenesis of type 2 diabetes by dysregulating host-microbiota
interactions via various pathways, such as intestinal hormones or
inflammatory reactions. A low-grade inflammatory state, which
has been associated with insulin resistance and type 2 diabetes
[22], can be affected by certain gut microbes or their metabolites,
which canincrease the levels pro- or anti-inflammatory cytokines,
inhibit inflammatory cytokines and chemokines, or modulate the
intestinal barrier function as well as the secretion of gut hormones.
For example, the levels of anti-inflammatory cytokines IL-10 and
IL-22, can be increased by certain microbes and have been shown
to protect against insulin resistance in muscles and improve insu-
lin sensitivity. Moreover, short-chain fatty acids, butyrate, and pro-
pionate produced by bacteria can regulate gut permeability
[23,24] and enhance gut hormone release of glucagon-like pep-
tide 1 (GLP-1), glucagon-like peptide 2 (GLP-2), and peptide YY
(PYY), thereby affecting insulin secretion and glucose homeostasis
[25-27].

Therefore, this review aims to reveal the nature of the mutual
relationship of glucose metabolism and gut microbiota with the
menstrual cycle, particularly for better prevention and manage-
ment of diabetes in women.

Relationship between the menstrual cycle and
glucose metabolism

The menstrual cycle is characterized by cyclic changes in reproduc-
tive hormones and structural changes in the ovaries and endome-
trium. Under normal physiologic conditions, oocyte maturation
occurs in a cyclical pattern over approximately 28 days and results
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from the interaction of various organs and hormones: ovaries, uter-
us, pituitary gland, luteinizing hormone (LH), follicle-stimulating
hormone (FSH), estrogen, and progesterone. A regular menstrual
cycle length is between 25 and 35 days [28]; recent studies have
shed light on the high variability within the population that is de-
pendent on ethnicity, age, and body mass index (BMI) and report-
ed that the average menstrual cycle extends over 29.3 days [29].
The same study reported that menstrual bleeding, which marks
the beginning of the menstrual cycle [28], has an average duration
of 4 days [29]. The menstrual cycle can be divided according to the
changes in the ovaries or uterus, referred to as the ovarian or uter-
ine cycle, respectively. The FP and LP phases of the ovarian cycle
occur alongside the menstrual (MP), proliferative (PP), and secre-
tory (SP) phases of the uterine cycle. The individual phases, corre-
sponding hormone fluctuations, and hypothetical curves of glu-
cose, insulin, and HOMA are shown in » Fig. 1 and are discussed in
the following paragraphs. A healthy woman goes through the men-
strual cycle monthly, from the beginning of her first menstrual
bleeding (menarche) to menopause, defined as 12 months with-
out menses [28].

Epidemiological studies showing a higher prevalence of diabe-
tes in men than in women have sparked interest in investigating
the role of sex hormones in diabetes susceptibility and the under-
lying metabolic changes [30]. This was further supported by data
showing an increased risk of type 2 diabetes in women with early
menopause or premature ovarian insufficiency [31] and a reduced
incidence in postmenopausal women receiving hormonal therapy
[32,33], thereby indicating a protective effect of estrogens. Varia-
tions in hormones during the menstrual cycle influence glucose
tolerance in women differently, as abnormal levels of female sex
hormones may play a role in the pathogenesis of impaired fasting
glucose and glucose tolerance [18].

Impact of the menstrual cycle on glucose tolerance

To date, studies examining the influence of menstrual cycle phases
on glucose metabolism via OGTTs [34-42] in humans are scarce
and have provided contradictory results. Five of nine observation-
al studies showed no significant differences in glucose levels dur-
ing OGTT between different cycle phases [36,38-40, 42], whereas
four studies showed significant differences [34,36,37,41]. Inthree
of these four studies, glucose levels were significantly lower in the
FP than in the LP [34,37,41]; Walsh and O’Sullivan reported the
opposite result [36]. All studies examined healthy women with reg-
ular menstrual cycles. The women included were between 19 and
39 years of age and had a normal BMI or body weight. None of the
studies included male controls. Most studies examined the same
participants at two to four different time points of their menstrual
cycle, whereas two studies [38,40], and Peppleret al. in a subgroup
[37] assessed participants at only one time-point. Details on the
age and BMI of the participants, methodology, and results of the
studies are presented in > Table 1.

The results of Jarrett and Graver using an OGTT indicated vari-
ationsin glucose tolerance between different menstrual cycle phas-
es. The cycle phases in which the OGTTs were performed were not
precisely defined; therefore, the results should be interpreted with
caution. However, the examination times could be roughly assigned
to the FP and LP. Accordingly, blood glucose levels were low during
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> Fig. 1 Schematic curves of ovarian and pituitary hormone concentrations as well as hypothetical curves for glucose and insulin levels and HOMA
along the course of the menstrual cycle phases (figure adapted from »> fig. 2 by Welt et al. [103]). Created with BioRender.com [rerif]

the FP and elevated during ovulation [34]. Peppler et al. and Bren-
nan et al. reported congruent results [37,41], indicating that glu-
cose tolerance was greatest at the beginning of the cycle and de-
creased after ovulation (> Fig. 2). Walsh and O’Sullivan showed
minor but statistically significant differences in glucose values be-
tween different menstrual cycle phases when adjusted for the time
point in the cycle when the tests were performed [36]. However,
contrary to the findings of the three other studies by Jarrett and
Graver, Peppler et al., and Brennan et al., they found higher glucose
levels at the beginning of the cycle (FP) as compared to the end of
the cycle (LP). Thus, studies by Jarrett and Graver, Walsh and
O’Sullivan, Peppleret al., and Brennan et al. indicated that the time
point of the menstrual cycle at which an OGTT is performed in
women is relevant and should be considered when investigating
glucose metabolism.

Contrary to these results, Cudworth and Veevers, Bonora et al.,
Toth et al., and Busby et al. found no differences in glucose levels
during an OGTT between the examined menstrual cycle time
points. Williams et al., who compared early and late FP, did not de-
tect any differences in glucose tolerance. Interestingly, in the stud-
ies showing differences in glucose levels, lower amounts of glucose
(509g) were used for the OGTT [34,36,37,41] as compared to the
studies that detected no differences (67-100 g glucose) [35, 38—
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40, 42]. This might be due to the strong amplification of the phys-
iological processes of glucose metabolism during an OGTT with a
higher glucose load, which may potentially mask more subtle
phase-specific effects on glucose metabolism. It would be interest-
ing to address this hypothesis in future studies by comparing the
effects of different glucose-loading levels.

Impact of sex hormones on insulin secretion

The mechanisms underlying the influence of sex hormones on in-
sulin secretion are not yet fully understood, as they appear to be
tissue-specific and exert their effects via various metabolic, genom-
ic, endocrine, and immunological pathways [43]. Possible mecha-
nisms include direct effects on the pancreas by estrogen- or pro-
gesterone-binding receptors [44], hormonal influences on glucose
uptake via glucose transporters, hormone-sensitive lipase expres-
sion in adipose tissue, and general changes in gene expression and
cell function (e. g., in the liver) [45].

Data from human studies on insulin secretion in relation to the
menstrual cycle phases are contradictory. Insulin levels were not
measured in all studies that performed an OGTT to assess glucose
tolerance; however, the results were consistent with those ob-
served for glucose levels. While Cudworth and Veevers, Bonora et
al., Toth et al., and Williams et al. found no significant differences
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ininsulin secretion [35, 38,39, 42], Walsh and O’Sullivan, and Bren-
nan et al. detected differences that were in agreement with the de-
scribed changes in glucose levels [36,41]. Spellacy et al. performed
two intravenous glucose tolerance tests (IVGTTs; 25 g of glucose
infused as a 50 % glucose solution over a period of 2 minutes) in 19
women, once in the PP and once in the SP. Blood insulin (and glu-
cose) levels measured at different time points over the course of
two hours did not differ significantly between the two menstrual
cycle phases [46].

Impact of sex hormones on insulin sensitivity

The effects of progesterone and the main estrogen, estradiol (E2),
oninsulin sensitivity have been investigated in female rats. The re-
sults showed that progesterone contributes to a decrease in insu-
lin sensitivity, whereas E2 maintained insulin sensitivity. This indi-
cates that female sex steroid hormones are important for regulat-
ing glucose homeostasis, insulin sensitivity, and insulin response
inrats [47]. The protective effect of estrogen on insulin sensitivity,
for example, via the estrogen receptor a (ERa), has also been dem-
onstrated in mouse models [30]. As E2 levels rise and drop before
and after ovulation, then rise to a lower level in the LP, while pro-
gesterone levels are increased in the LP, the associations observed
in rats would align with the results from human studies showing
decreased glucose tolerance in the LP. However, current results
from human studies on the effects of fluctuating sex hormones on
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insulin sensitivity in the course of the menstrual cycle are incon-
sistent [6-11,48-50]. Adecrease in insulin sensitivity has been ob-
served in some studies in the LP[49, 51-53]. Hummel et al. showed
that brain insulin action may also be important in this context; nasal
application of insulin improved peripheral insulin sensitivity in
women only in the FP, whereas this effect was absent in the LP.
Moreover, they observed a significant interaction between a high
estradiol: progesterone ratio (present in the FP) and this effect [54].
Concurrently, other studies reported no relationship between men-
strual cycle phases and insulin sensitivity [39,48,55] or only when
adjusting for confounding factors such as BMI, physical activity, or
cardiorespiratory fitness [50]. Likewise, Bingley et al. detected no
differences in insulin sensitivity between FP and LP when perform-
ing an IVGTT (0.3 g glucose/kg body weight infused as a 50 % glu-
cose solution over a period of one minute) with a bolus insulin in-
fusion (0.03 U/kg body weight) 20 minutes after glucose infusion
[55].

Impact of age and body mass index on the menstrual
cycle and glucose metabolism

Age and BMI are known to affect glucose metabolism [56,57]. Ac-
cordingly, an increase in blood glucose levels has been observed
with increasing age [40]. In addition, markers of insulin resistance
are associated with older age and abnormal BMI[57]. The menstru-
al cycle is also influenced by age [58] and BMI [59]. Between the
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ages of 40 and 55 years, changes in follicle recruitment occur [58],
and menopause sets in [28]. Menstruation and LP may last longer
in women with obesity (defined by a BMI>30kg/m?2) and they are
less likely to experience an increase in LH levels, possibly resulting
from an absence of ovulation [59]. In addition, severe weight loss,
such as in anorexia nervosa, can resultin amenorrhea [60]. Energy
intake and expenditure, which may be affected by the menstrual
cycle, are important in regulating glucose metabolism and affect
the BMI. Using an ad libitum buffet meal, Brennan et al. reported
that study participants consumed a significantly lower amount of
food (measured in grams and kilojoules) in the FP than in the LP
[41]. These observations are consistent with those of previous stud-
ies on energy expenditure [61] and the basal metabolic rate [62]
during the menstrual cycle. Webb et al. reported anincrease in en-
ergy expenditure during the LP [61]. In agreement with this is the
decrease in the basal metabolic rate during the menstrual phase
(MP), the minimum basal metabolic rate one week before ovula-
tion, and the increasing basal metabolic rate after ovulation [62].
MacGregor et al. found that the rhythmicity of insulin sensitivity
during the menstrual cycle was modified by BMI [50].

Therefore, age, BMI (as an indicator of the nutritional status of
the participants), and diet plus basal metabolic rate should be con-
sidered when evaluating the results of studies examining the men-
strual cycle (> Fig. 3). However, in some OGTT studies, clear infor-
mation on the age and BMI of the study participants was missing.

Impact of health status and medication on the
menstrual cycle and glucose metabolism

In addition to age and BMI, markers of insulin resistance and sen-
sitivity are associated with factors that indicate health status, such
as physical activity and cardiorespiratory fitness [50, 57]. Peppler
etal. and Jarrett and Graver provided no information on the medi-
cation or health status of their participants, both of which can in-
fluence glucose metabolism [63]. Although discussing the effects
of hormonal contraceptives on glucose metabolism is beyond the
scope of this review, it is important to note that physiological fluc-
tuations in female sex hormones are affected by hormonal contra-
ceptive intake. Synthetic steroid analogs used in contraceptives in-
duce metabolic effects, affecting liver metabolism and protein syn-
thesis; however [64], the influence of hormonal contraceptives on
glucose metabolism is sparse and shows contradictory results.
Some studies have shown that oral steroid contraceptives may af-
fectinsulin sensitivity. Peppler et al. detected 10-20 mg/dl higher
glucose levels in women who used hormonal contraceptives than
in those who did not [37]. In addition, in another study, hormonal
contraceptives were associated with an increased insulin reaction,
depending on the type and dose of progestogen [65]. Perseghin
et al. recorded a decrease in insulin sensitivity of 40 % compared to
women not using contraceptives [11]. On the other hand, in an-
other examination, various hormonal contraceptives did not reveal
any impairment of glucose metabolism [66].

Impact of pregnancy on glucose tolerance

Although a detailed assessment of the effects of hormonal chang-
es on glucose metabolism during pregnancy is beyond the scope
of this review, it is important to note that pregnancy can affect glu-
cose metabolism in women of normal weight by reducing insulin
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sensitivity [67]. Furthermore, there are various risk factors for the
development of gestational diabetes during pregnancy (e. g., ma-
ternal BMI>27 kg/m2 before pregnancy, advanced age, and family
history of diabetes). Due to gestational diabetes, the risk of devel-
oping type 2 diabetes within 10 years of gestation is 8- to 10-times
higher [68]. Owing to the lack of information on the subjects in
most studies, it is unclear whether they belong to the risk group for
type 2 diabetes.

Methodological aspects and their interaction with
data on glucose tolerance along the menstrual cycle

The methodological and technical characteristics of the studies,
such asthe OGTT procedure, blood sampling methods, time points
of glucose measurement, and examined time points (phases of the
menstrual cycle), have an impact on the results. Therefore, well-
designed studies focusing on these aspects with proper documen-
tation should be conducted.

Impact of test procedure on glucose values

According to World Health Organization (WHO) guidelines, an
amount of 75 g of glucose (or 82.5 g of glucose monohydrate) is
recommended for the standard OGTT [69]. Unfortunately, the stud-
ies in which OGTTs were performed differed in the amounts of glu-
cose and water, making a comparison of blood glucose values be-
tween different studies difficult.

Oral glucose administration affects gastric emptying. The re-
lease of GLP-1 induced by oral glucose administration was greater
inthe LP thanin the FP. In this context, faster gastric emptying also
occurs in the LP [41]. Moreover, glucose concentrations 15 and
30 minutes after glucose administration are directly related to the
rate of gastric emptying [70]. Thus, gastric emptying affects the
glucose levels after oral glucose loading and appears to be influ-
enced by the cycle phase.

Other factors that may be related to gastric emptying and may
affect glucose absorption are food restrictions and physical activ-
ity on the day prior to administering OGTT. According to the WHO
guidelines, the performance of an OGTT should follow a three-day
diet with at least 150 g of carbohydrate per day [69]. Therefore, in
future studies, this should be the standard procedure before per-
forming an OGTT by means of standardized meals or the provision
of appropriate recipes. Accordingly, limiting physical activity the
day before the OGTT is also relevant to avoid influencing the results
[71]. Adherence to the WHO guidelines may help compare data
and shed light on the expected slight differences in glucose metab-
olism depending on the menstrual cycle phases.

Neither of the two studies that performed the IVGTT showed
any differences between the menstrual cycle phases [46, 55]. Since
the IVGTT is a very accurate and sensitive method for measuring
first-phase insulin secretion of the pancreas, as the gastrointesti-
nal tract and thus the incretin effect is bypassed [72, 73], the strong
effects induced by the intravenous glucose injection might have
concealed the effects of the menstrual cycle on glucose homeosta-
sis. This is in line with the results of the OGTTs with a higher glu-
cose load and might indicate that test methods thatinduce higher
blood glucose levels, and thus higherinsulin secretion and glucose
uptake, might overshadow the phase-specific effects on glucose
metabolism, which are expected to be more subtle. In addition, the
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impact of the menstrual cycle on glucose metabolism seems to be
multifactorial and systemic, since effects in different tissues have
been observed (as outlined previously). Therefore, the association
between sex hormones and glucose metabolism may be better re-
flected by more physiological conditions during OGTT involving
the gastrointestinal tract.

Impact of blood sampling method on glucose values

Another factor that can influence the measured glucose values is
the blood collection method. Glucose values obtained by venous
blood sampling were significantly lower than those obtained by
capillary blood sampling, especially during the OGTT [74]. Most
studies, except those by Jarrett and Graver and Peppler et al., per-
formed venous blood sampling. Consequently, the direct compar-
ison of glucose values between studies was limited. However, the
differences between the cycle phases within these studies should
not have been affected by this.

In addition, the duration of the OGTT and the time points at
which the blood samples were collected could have affected the
results. This might explain the lack of statistically significant results
reported by Williams et al. Here, blood samples were collected only
in a fasting state and after 30 minutes [42]. Thus, there is a possi-
bility that phase-specific differences in glucose levels may have
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been overlooked. This approach was motivated by reports show-
ing that glucose and insulin levels were the highest during oral glu-
cose loading at this point [42]. However, Brennan et al. showed that
fluctuations could still occur after the first 30 minutes of the OGTT
[41]. Similarly, Busby et al. only measured fasting and 120-minute
glucose values [40]. Blood glucose levels 120 minutes after glucose
administration were similar to those in the fasting state. Therefore,
mild fluctuations might have remained undiscovered. Lin et al. ad-
dressed the issue of limited blood sampling time points by analyz-
ing glucose variance in the course of the menstrual cycle using con-
tinuous glucose measurement. While not performing an OGTT,
their results support the findings of Jarrett and Graver, Peppler et
al., and Brennan et al., as they found that glucose values were the
lowest during late FP, increased during ovulation, and peaked in the
LP phase [75].

Impact of measurement time points during the
menstrual cycle on the assessment of glucose
metabolism

There is high variability among the studies in the time points (i. e.,
cycle days) chosen across the menstrual cycle to represent the dif-
ferent cycle phases, which leads to inconsistent assignment of
measurements to the cycle phases. In the study by Walsh and
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O’Sullivan, the time points examined were initially divided into
menstrual cycle quarters, which could be assigned to the MP, FP,
and LP by specifying the days on which the blood samples were col-
lected. However, because Walsh and O’Sullivan did not determine
the timing of their subjects’ ovulation, days 17 and 18 (the third
quarter of the menstrual cycle) could represent late FP, ovulation,
or early LP, respectively [36]. This depends on the individual varia-
tion in menstrual cycle length and the time of ovulation, with both
showing high variability in the general population [29]. A similar
approach was adopted by Jarrett and Graver with weekly examina-
tions. Similarly, the key ovulation time point, which defines the
transition from FP to LP, was determined only in a small subgroup
of two participants [34]. To be able to distinguish the values of the
FP from those of the LP more clearly, it would have been useful to
clearly determine the time point of ovulation. Another suboptimal
method for classifying the menstrual cycle phases was performed
by Peppler et al. [37] using self-administered questionnaires to clas-
sify the menstrual cycle phase, which is prone to error (misclassifi-
cation bias [76]). In contrast, Brennan et al. measured the hormone
concentrations [41]. In conclusion, future studies should accurate-
ly classify menstrual cycle phases and determine ovulation by re-
cording LH, estrogen, and progesterone concentrations, or by using
another accurate method [77].

Considering inter-cycle variability to enhance
reproducibility

Inter-cycle variability within a single participant raises the issue of
reproducibility. Duplicate tests conducted in the FP by Brennan et
al. did not show significant differences [41]. The glucose values col-
lected in the FP were reproducible over two cycles, indicating that
intra-individual variations were not the driving factor of variance
during the menstrual cycles (> Fig. 2). Similar results were report-
ed by Jarrett and Graver, in which a small subcohort of three women
underwent repeated examinations in subsequent cycles. The pat-
terns of the glucose values appeared similar, although no statisti-
cal tests were performed [34]. Cudworth et al. also did not detect
significant differences in blood sugar-time areas between two cy-
clesin a sub-cohort of seven women [35]. Peppler et al. investigat-
ed the reproducibility of glucose values in the LP in addition to the
MP/FP. For this purpose, a double examination of 192 female par-
ticipants was performed. The results showed that glucose values
in the MP/FP were reproducible by 60 %, whereas those in the LP
were only by 25 %. This indicates that a greater variation in glucose
levels may be present during the second half of the menstrual cycle
[37]. Ideally, studies should be performed over more than two men-
strual cycles in the same participants to provide greater confidence
in the reproducibility of glucose values and capture intra- and in-
ter-individual differences.

Interactions between the gut microbiota, glucose
homeostasis, and sex hormones

The gut microbiota significantly impacts host metabolism and the
etiology of metabolic diseases. Type 2 and gestational diabetes
have been linked to changes in the gut microbiota (dysbiosis), in-
dicating a key role of the microbiota in host glucose metabolism
[25]. In a recent scoping review, 40 bacterial taxa were associated
with glucose-related parameters and 17 with insulin-related out-
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comes. Five of these bacterial taxa (Akkermansia muciniphila. Bifi-
dobacterium longum, Clostridium leptum group, Faecalibacterium
prausnitzii, Faecalibacterium) were the taxa most frequently and in-
versely associated with glucose levels [78]. The various pathways
along the microbiota-gut-brain axis and microbiota-gut-liver axis
by which the gut microbiota affects glucose homeostasis have been
reviewed in detail elsewhere [79-81]. For instance, microbial me-
tabolites such as short-chain fatty acids butyrate, acetate, and pro-
pionate can modulate glucose metabolism by reducing the glyce-
mic response by affecting glucose uptake. In addition, short-chain
fatty acids, as well as nutrient intake, stimulate the secretion of the
gut hormones GLP-1, GLP-2, and PYY from intestinal endocrine
cells, affecting glucose and insulin metabolism, gastrointestinal
motility, appetite, and microbiome composition [25, 78].

Another mechanism linking the gut microbiota, glucose metab-
olism, and menstrual cycle might be the gut transit time, which is
regulated by gut hormones as well as the enteric nervous system
[80]. While the upper intestinal transit time (gastricemptying and
small intestinal motility) affects the glycemic responses to a meal,
the lower intestinal transit time (colonic transit time) has a more
pronounced effect on the gut microbiota. Colonic transit time has
been associated with microbiome composition and the relative
abundance of certain species, as well as with postprandial glucose
metabolism [82], recently also in a study with more than 800 par-
ticipants [83]. Moreover, the intestinal transit time has been shown
to vary between cycle phases in some early studies [84, 85], where-
as others have detected no differences [86]. The underlying mech-
anisms remain to be elucidated, but progesterone levels have been
hypothesized to be relevant, potentially influencing gut motility
via intestinal muscle contraction and alterations in gastrointestinal
hormones (e. g., motilin). The effect of progesterone on gut motil-
ity is dose-dependent [87, 88]. Low progesterone doses, in com-
parison to pregnancy, increase the gastric emptying rate with high-
er postprandial glucose, insulin, and GLP-1 levels and can also dis-
turb the microbiota diversity through frequent bowel movement
[41,82]. On the other hand, higher progesterone levels, as present
in the second and third trimester of pregnancy, can decrease intes-
tinal motility and prolong gastrointestinal transit time [88-90] but
can impair glucose tolerance by affecting glucose transporters in
skeletal muscles and enhancing hepatic gluconeogenesis, espe-
cially in susceptible patients with limited insulin secretion or suf-
fering from sub-clinical insulin resistance [91, 92]. In addition,
changes in food intake (e. g., fibers) and physical activity that can
occur depending on the cycle (as described previously) can also af-
fect the transit time [82,93]. Hence, a variation in transit time in
relation to sex hormones might affect the gut microbiome compo-
sition as well as glucose metabolism and should be assessed, along
with the underlying mechanisms, in future studies.

Another pathway affecting glucose homeostasis and sex ster-
oid hormone synthesis is the metabolism of bile acids, which is
largely influenced by microbiota. By metabolizing primary bile acids
to secondary bile acids and activating bile acid receptors in the in-
testine, the gut microbiota can affect the secretion of GLP-1, insu-
lin sensitivity, and glucose tolerance by activating the transcription
factor FXR or G protein-coupled bile acid receptor 1 (TGR5) [79, 81].
Sex hormones are metabolized via an enterohepatic cycle that de-
pends on biologically active gut microbiota. They pass through a
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cycle thatincludes biliary excretion (approximately 60 % [94]), bac-
terial deconjugation, and intestinal reabsorption. Deconjugation is
necessary for the absorption of circulating estrogens, in which the
gut microbiota plays an important role [95]. In addition to bile
acids, microbial enzyme activity, and microbially activated phy-
toestrogens can also affect sex hormone metabolism [21].

Furthermore, changes in the gut microbiota are associated with
diseases related to the menstrual cycle, such as polycystic ovarian
syndrome (PCOS) and irreqular (anovulatory) menstrual cycle
[96,97]. However, the influence of pathophysiological impairments
on the menstrual cycle and microbiome should be the subject of a
separate review. Here, the interaction between sex hormones and
gut microbiota is reviewed, considering studies that have exam-
ined the influence of hormonal contraceptives on fecal microbiota.
Studies in rodents have shown an influence of sexhormones on the
gut microbiota [95], which might impact the state of health
[95,98], while results of human observational studies indicate that
the B-diversity of the gut microbiota is not affected by hormonal
contraceptives [99, 100]. With regard to a-diversity, the results of
a study by Krog et al. indicate that there are no differences [100]
while Mihajlovic et al. found a slightly higher a-diversity in the con-
trol group compared to the group using hormonal contraceptives.
Three genera—Eubacterium, Haemophilus, and unclassified Firmi-
cutes—were enriched in the control group, whereas two genera, Ak-
kermansia and Barnesiella, were enriched in the contraceptive
group. These differences may be due to the decreased estrogen
and progesterone concentrations caused by the use of hormonal
contraceptives [99]. Furthermore, they hypothesized that lower
concentrations are also the cause of Akkermansia accumulation, as
animal studies indicate that mice treated with conjugated estro-
gens [101] have lower concentrations of Akkermansia. Hence, Mi-
hajlovic et al. assumed a negative correlation between Akkerman-
sia and estrogens.

Associations between menstrual cycle phases and
the gut microbiota

Data on the possible associations between gut microbiota and the
physiological menstrual cycle are limited. In a study by Mihajlovic
et al., stool samples were collected continuously over the course
of a 28-day menstrual cycle. While there was no significant differ-
ence in a or B-diversity between LP and FP, taxonomic analysis de-
tected Akkermansia and Lactococcus in higher abundances (4-fold
and 2-fold) in the LP compared to the FP. Based on the suspected
negative correlation between Akkermansia and estrogens, the au-
thors expected that Akkermansia would be reduced during the LP
(high estrogen concentrations) compared to the FP, which was not
the case. Thus, Mihajlovic et al. concluded that the estrogen con-
centration exerts a complex function in Akkermansia growth. In this
regard, there might be a sensitive response by Akkermansia to cir-
culating estrogen and progesterone levels, whereas the increase in
Lactococcus in the LPis assumed to be influenced by rising estrogen
concentrations [99]. However, these results need to be interpreted
with caution, as they are derived from one study with a small co-
hort of 16 women, nine of whom were in the group with a physio-
logical menstrual cycle. Akkermansia has been negatively associat-
ed with type 2 diabetes and obesity in humans and has shown ben-
eficial effects on glucose metabolism in animal studies [25, 81].
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Strains of Akkermansia muciniphila are commonly present in the
human gut and positively impact host health by strengthening in-
testinal barrier integrity and promoting anti-inflammatory actions.
Bacterial species of the Lactococcus genus are lactic acid producers
frequently used in the production of fermented foods and probi-
otics. As the methods applied in the study by Mihajlovic et al. did
not allow taxa differentiation below the genus level, it is difficult to
draw concise conclusions about the health implications of the en-
richment of Akkermansia and Lactococcus detected in the LP, as the
effects are often species- or strain-specific.

Krog et al. investigated changes in the microbial composition of
different body sites (saliva, vagina, feces, and rectum) during men-
struation, FP,and LPin a cohort of 160 participants (54 of these had
a physiological cycle). While vaginal microbial diversity differed sig-
nificantly between cycle phases, no differences were detected in
other body sites, including feces. In general, shifts in microbiome
composition were subtle in fecal samples and the highest in vagi-
nal samples. Estradiol and progesterone levels were not correlated
with fecal microbiome composition [100].

One observational study focusing on the temporal variability in
gut microbiome profiles by continuous stool sample analysis over
six weeks in 20 women found high day-to-day inter-individual vari-
ations. However, these variations were not significantly influenced
by the menstrual cycle parameters [102]. This highlights the diffi-
culty ininterpreting studies examining the relationship between the
gut microbiota and sex hormones, as estrogen and progesterone
levels fluctuate throughout the menstrual cycle with similar times
forrising and falling concentrations. Hence, the effects of individual
sex hormones may only be clearly differentiable [99] if both sex hor-
mones and the composition of the gut microbiota are examined
using continuous sample collection during the menstrual cycle.

Conclusion

To date, data on the changes in glucose metabolism and gut mi-
crobiota during the course of the menstrual cycle are limited. The
results of previous studies on the respective topic suggest that
there may be phase-specific variations induced by fluctuations in
sex hormone concentrations. Therefore, when assessing glucose
tolerance in women, the phase of the menstrual cycle at which the
OGTT is performed may be relevant, as the greatest glucose toler-
ance appears to occur during the onset of the menstrual cycle (FP).

Several factors, such as age, BMI, diet, physical activity, health
status, and medication, can influence the mutual relationship of
glucose metabolism and gut microbiota with the menstrual cycle
(> Fig. 3). In addition, the methodological issues of the studies
have been outlined, which might explain the inhomogeneity of the
study results. Therefore, future studies should carefully consider
these confounding factors. For example, standardized implemen-
tation of the OGTT (glucose load, carbohydrate intake, and physi-
cal activity) is relevant for obtaining reliable and comparable re-
sults. Moreover, continuous glucose measurements may be pref-
erable to examine the differences in glucose levels more precisely
and over the course of the entire menstrual cycle. To determine
systematic cycle-dependent fluctuations, the reproducibility of
glucose values in the respective cycle phases must be recorded by
collecting data from multiple cycles. In addition, recording hor-
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mone concentrations may be essential for the precise classification
of the menstrual cycle phases (FP and LP) and ovulation time. Re-
cording the habitual diet and composition of the gut microbiota is
also relevant for the transferability and comparability of the results.

The extent to which variations in glucose metabolism during the
different menstrual cycle phases, shown in some studies, are asso-
ciated with changes in the gut microbiota is not fully understood.
Accordingly, there is a need for future research to investigate the
interplay between glucose metabolism and the gut microbiota in
relation to sex hormones in a healthy group of participants with a
regular menstrual cycle.

Phase-specific variations in glucose tolerance may have impli-
cations for diabetes management, as the required doses of diabe-
tes medication may also be dependent on the cycle, possibly re-
quiring adjustment of the medication (e. g., insulin dose). A per-
sonalized diet adapted to glucose tolerance in correspondence with
the menstrual cycle may prospectively improve female health or
prevent diabetes in women at high risk.
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