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The pathologies concerning the gynecological organs are very varied and range from
tumoral pathologies to hormonal dysfunctions. The frequency of benign and malignant
disease affecting women'’s health is very high.

Epidemiological studies show that lifestyle can be an important risk factor for gyne-
cological diseases. One such modifiable lifestyle factor is the diet. The father of medicine,
Hippocrates, proclaimed “Let food be the medicine and medicine be the food” almost
25 centuries ago. The relationship between diet and health is yet to be fully explored. The
human diet contains a wide variety of plant-based foods that provide essential nutrients for
the body. Besides, plant-based foods possess a huge variety of non-nutritive components
that offer beneficial health effects.

This book, based on a Special Issue of Nutrients, contains a total of 11 papers (four original
research, six reviews and one systematic review) focusing on nutrition in gynecologic disease.

The original articles include studies on uterine and ovarian dysfunctions and placental
development.

The first study of this book is in vivo and it focuses on the effect of food supplementa-
tion in preventing uterine dysfunction. In detail, it demonstrated that Spirulina platensis,
an antioxidant blue algae, prevents changes in reactivity and oxidative stress induced by
strength training in rat uteri [1]. The second article describe an in vitro study on leiomyoma,
the most common benign uterine tumor in reproductive-age women. The commonly used
food additive butylated hydroxytoluene (BHT) has a proliferative and fibrotic effect on
the ELT-3 leiomyoma cell line. BHT exposure may therefore have a harmful effect on
leiomyoma progression and the mechanism may be related to PI;3K modulation [2].

Following this, an article is included that reports on the possible mechanism that may
increase the risk for abnormal placental development in assisted reproductive technologies,
studied through tissual evaluation of human placenta and fasting blood nutrient levels
from term pregnancy conceived naturally or by intracytoplasmic sperm injection. Hence, in
term pregnancy, intracytoplasmic sperm injection impairs placental amino acids transporter
expression, cell turnover, and altern umbilical vein levels of specific nutrients [3].

Finally, there is an article on the effect of curcumin on glycemic control and lipid profile
in patients with polycystic ovary syndrome (PCOS). Systemic review with meta-analysis
and trial sequential analysis suggest that curcumin may improve glycemic control, lipid
metabolism, and metabolic abnormality in patients with PCOS [4].

Regarding the reviews, two papers on the effect of phytosteroids (phytoprogestins
and phytoestrogens) have been included [5,6]. First, there is a review on possible terapeutic
phytoprogestins for female disease studied so far, such as kaempferol, apigenin, luteolin,
and naringenin. Although limited data are available, it seems that phytoprogestins could be
a promising tool for preventing and treating hormone-dependent diseases [5]. Among the
extensively studied phytoestrogens, the second review focuses on genistein, an isoflavone
which structurally resembles endogenous estrogen often consumed via soya products [6].

Next, there are two reviews on nutritional aspects in pathological situations, such as
functional hypothalamic amenorrhea (FHA) [7], and PCOS [8]. Furthermore, there is a
further review on the importance of the nutritional habits for health promotion and lifestyle
adaptation to the menopausal period [9].

Nutrients 2022, 14, 707. https:/ /doi.org/10.3390 /nu14030707

https:/ /www.mdpi.com/journal /nutrients



Nutrients 2022, 14, 707

The last review is a comprehensive general paper that summarizes and furnishes the
current perspectives on the importance of nutrition in gynecological disease [10].

The book ends with a systematic review that provides comprehensive and available
data on the possible role of phytoestrogens for the treatment of endometriosis [11].

I believe that this collection includes important current studies on the benefits of
nutrients in prevention, therapy, and management of female dysfunctions.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The therapeutic effects of curcumin for polycystic ovary syndrome (PCOS) remain incon-
clusive. The present study aims to evaluate the effects of curcumin on glycemic control and lipid
profile in patients with PCOS. PubMed, Embase, Scopus, Web of Science, and Cochrane Library were
searched from the inception through 28 November 2020. Randomized control trials (RCTs), which
enrolled adult patients with PCOS, compared curcumin with placebo regarding the glycemic control
and lipid profile, and reported sufficient information for performing meta-analysis, were included.
Three RCTs were included. Curcumin significantly improves fasting glucose (mean difference (MD):
—2.77, 95% confidence interval (CI): —4.16 to —1.38), fasting insulin (MD: —1.33, 95% CI: —2.18
to —0.49), Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) (MD: —0.32, 95% CI:
—0.52 to —0.12), and quantitative insulin sensitivity check index (QUICKI) (MD: 0.010, 95% CI:
0.003-0.018). It also significantly improves high-density lipoprotein (MD: 1.92, 95% CI: 0.33-3.51) and
total cholesterol (MD: —12.45, 95% CI: —22.05 to —2.85). In contrast, there is no statistically significant
difference in the improvement in low-density lipoprotein (MD: —6.02, 95% CI: —26.66 to 14.62) and
triglyceride (MD: 8.22, 95% CI: —26.10 to 42.53) between curcumin and placebo. The results of the
fasting glucose, fasting insulin, HOMA-IR, QUICKI, and total cholesterol are conclusive as indicated
by the trial sequential analysis. Curcumin may improve glycemic control and lipid metabolism in
patients with PCOS and metabolic abnormality without significant adverse effects. Further studies
are advocated to investigate the potential effects of curcumin on hyperandrogenism.

Keywords: cholesterol; curcumin; insulin resistance; meta-analysis; polycystic ovary syndrome; trial
sequential analysis

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women
of reproductive age, with prevalence up to 10% to 16% [1,2]. It is characterized by hyperan-
drogenism, ovulatory dysfunction, and polycystic ovaries [3]. In addition, nearly half of
adult patients with PCOS develop metabolic syndrome and insulin resistance [4,5], and
are associated with considerably higher risks of type 2 diabetes mellitus, cardiovascular
disease, and even cancer [6,7].

Nutrients 2021, 13, 684. https:/ /doi.org/10.3390/nu13020684
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The pathophysiology of PCOS is complex and is believed to involve functional ovar-
ian hyperandrogenism caused by hyperresponsiveness to the stimulation of luteinizing
hormone and failed downregulation of thecal androgen production [8,9]. A distinctive
feature of PCOS is insulin-resistant hyperinsulinemia. It aggravates hyperandrogenism
by counteracting the luteinizing hormone-induced homologous desensitization via upreg-
ulation of the activity of cytochrome P450c17 and luteinizing hormone receptor binding
sites [10,11]. Moreover, the excessive insulin synergizes with androgen to prematurely
luteinize granulosa cells, leading to follicle maturation arrest and anovulation [12]. Further-
more, proinflammatory cytokines have also been demonstrated to upregulate the activity of
cytochrome P450c17 [13]. The goals of therapy for patients with PCOS include improving
hyperandrogenic features, managing metabolic abnormalities, and ovulation induction or
contraception depending on whether a pregnancy is pursued.

More than a third of women with PCOS suffered from metabolic syndrome [14]. The
severity of metabolic syndrome and the phenotype of PCOS are strongly associated with
the degree of hyperandrogenism and hyperinsulinemia [15,16]. Decreasing plasma insulin
level and improving insulin resistance in patients with PCOS not only benefit hyperan-
drogenism and ovulation but also reduce cardiovascular risks [1,12,17]. Besides lifestyle
modification, metformin is commonly used as an insulin sensitive agent that reduces fast-
ing glucose, improving insulin resistance in patients with PCOS [18]. Combination therapy
with metformin and clomiphene also showed positive results for ovulation in patients
with PCOS [19]. However, emerging studies on phytomedicine as well as complementary
medicine had shown promising results in the treatment of PCOS.

Curcumin, also known as turmeric, is a polyphenol derived from curcumin longa, and
is traditionally used in various Asian cuisine [20]. Recently, curcumin has been studied
to adjunctly treat broad spectrum of disease from type 2 diabetes mellitus to telogen ef-
fluvium [21]. Curcumin elicits antidiabetic effects via several mechanisms, including the
increase in glycolysis and glycogen synthesis and the decrease in gluconeogenesis in the liver,
as well as the increase in glucose uptake, glycolysis, and glycogen synthesis in the skeletal
muscle [22]. Curcumin has also been known to reduce plasma cholesterol and triglyceride
by increasing the activity of lipoprotein lipase and through mechanisms which alter lipid
and cholesterol gene expression [23,24]. In addition, the anti-inflammatory effects of cur-
cumin have been demonstrated to reduce the oxidative stress in patients with PCOS [25,26].
Previous literature reveals that curcumin significantly improves fasting blood glucose and
triglyceride in patients with metabolic syndrome [27]. In vivo study further demonstrates
similar effects in the PCOS model [28]. However, the effects of curcumin on metabolic
abnormalities in patients with PCOS are not conclusive. The present study aims to evaluate
the effects of curcumin on glycemic control and lipid profile in patients with PCOS.

2. Materials and Methods
2.1. Study Design

The present study is a systematic review and meta-analysis of randomized control
trials. The primary aim is to investigate the effects of curcumin on glycemic control in
patients with PCOS, which is assessed by fasting glucose, fasting insulin, Homeostasis
Model Assessment of Insulin Resistance (HOMA-IR), and quantitative insulin sensitivity
check index (QUICKI). The secondary aim is to investigate the effects of curcumin on
lipid profile, which is assessed by plasma high-density lipoprotein (HDL), low-density
lipoprotein (LDL), triglyceride, and total cholesterol. This study was registered with the
International Prospective Register of Systematic Reviews (PROSPERO registration number
CRD42021223898) and abides the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) statement [29].

2.2. Search Strategy

Two authors (Y.-]. Chien and C.-Y. Chang) searched five electronic databases from the
inception through 18 November 2020, including PubMed, Embase, Scopus, Web of Science,



Nutrients 2021, 13, 684

and Cochrane Library. Subject headings (MeSH terms in PubMed and Cochrane Library,
and Emtree terms in Embase) and search field tags of title, abstracts and keywords were
used to facilitate searching. Terms used for searching relevant records included: “polycystic

s s

ovary syndrome”, “polycystic ovarian syndrome”, “Stein-Leventhal syndrome”, “sclero-

”ou i i

cystic ovarian degeneration”, “sclerocystic ovary syndrome”, “sclerocystic ovary”, “scle-

s ”ou i "oy

rocystic ovaries”, “curcumin”, “curcumins”, “curcuminoid”, “curcuminoids”, “curcuma
longa”, “tumeric”, “turmeric”, “curqfen”, “theracurmin”, “nanocurcumin”, “turmeric
yellow”, and “diferuloylmethane”. Supplementary Table S1 presents the detailed search
strategy. The records identified from the databases were screened by titles, abstracts, and
keywords. A full-text review was then carried out on those with potential eligibility. The
authors also manually searched the references that were cited in the included studies to

retrieve potentially eligible studies.

2.3. Eligibility Criteria

Studies were considered eligible if they met the following criteria: (a) the study was a
randomized control trial enrolling patients with PCOS; (b) the study compared curcumin
with placebo with regard to the outcomes of interest; (c) the study presented information
that could be used to calculate the effect estimates for meta-analysis. Studies were not
excluded according to publication date, country or language. All studies were selected
against the eligibility criteria by two authors (Y.-]. Chien and C.-Y. Chang). Disagreements
in the study selection were resolved through discussion and consensus with the third
author (M.-Y. Wu)

2.4. Risk of Bias Assessment

The revised Cochrane Risk of Bias Tool 2 was used to assess the methodological quality
of the included studies [30]. Disagreements were resolved by discussion or consensus with
a third reviewer (M.-Y. Wu).

2.5. Data Extraction

Data extraction was performed by two reviewers (Y.-J. Chien and C.-Y. Chang) from
the included studies. The required information included the author’s name, year of
publication, country, number and mean age of patients, dosing regimen and duration of
curcumin therapy, diagnostic criteria of PCOS, and the effect estimates of curcumin on the
outcomes of interest.

2.6. Statistical Analysis

The effects of curcumin on the continuous outcome variables were estimated by
comparing the mean difference (MD) and standard deviation of changes before and after
the therapy in the curcumin group with those in the placebo group (i.e., curcumin-placebo).
The MD and 95% confidence interval (CI) were then calculated for each study using the
aforementioned information. Alternatively, the MD and 95% CI were directly extracted
if they were reported in the study. The pooled MD was synthesized using the inverse
variance method with the random-effects model (DerSimonian-Laird estimator) [31,32].
Statistical heterogeneity was assessed by the Cochran’s Q statistic and quantified by the
I? statistic. In addition, an a priori meta-regression was planned to explore the influence
of daily dose of curcumin and duration of therapy on the pooled effect estimates that are
pooled from >10 studies [33].

In order to evaluate whether the results of the conventional meta-analysis were subject
to type I or type Il error due to sparse data and lack of power, trial sequential analysis
(TSA) was applied to calculate the diversity-adjusted required information size (RIS) and
trial sequential monitoring boundaries [34]. The models were set at an alpha of 5% and a
power of 80% for all outcomes. Influence analysis was carried out as a sensitivity analysis
by omitting one study at a time and recalculating the pooled results from each subset of
the studies. Finally, if the pooled results were synthesized from greater than 10 studies,
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a contour-enhanced funnel plot and Egger’s test were conducted to evaluate whether
the publication bias existed [33,35,36]. In the case of significant asymmetry indicated by
Egger’s test, the trim-and-fill method was performed to identify the missing studies [37].
The statistical analyses were carried out using R software version 3.6.1 (R Foundation

1 i 2

for Statistical Computing, Vienna, Austria) [38] with “dmetar”, “meta”, and “metafor”
packages. TSA was performed with TSA software version 0.9.5.10 Beta (Copenhagen Trial
Unit, Copenhagen, Denmark) [39]. A p-value < 0.05 was considered statistically significant.

3. Results
3.1. Study Identification and Selection

A total of 177 studies were identified from five databases, including PubMed (1 = 10),
EMBASE (n = 36), Cochrane Library (n = 14), SCOPUS (n = 112), and Web of Science (1 = 5).
After removing 51 duplicates, the remaining studies were screened for eligibility. A total
of 117 records were excluded due to irrelevant topics by screening titles and abstracts.
Therefore, nine studies were assessed for full-text review. Six studies were excluded due
to ongoing trials and not having outcomes of interest. Finally, three studies involving
168 patients were included. The detailed PRISMA flow diagram is presented in Figure 1.

Records identified through databases (n =177):
+ PubMed =10

+ Embase =36

« Cochrane Library = 14

+ Scopus = 112

+ Web of Science = 5

Duplicates removed (n = 51)

Records screened (n = 126)

Records excluded after screening
by title and abstract (n = 117):

« Animal studies =7

« Conference abstracts = 3

- Irrelevant studies= 107

Full-text articles assessed
for eligibility (n = 9)

Full-text articles excluded with
reasons (n = 6):

+ Ongoing trials = 5

+_No outcomes of interest = 1

Studies included for
qualitative analysis (n = 3)

Studies included for
meta-analysis (n = 3)

Figure 1. PRISMA flow diagram.

3.2. Study Characteristics and Risk of Bias Assessment

The characteristics of the included studies are presented in Table 1. All studies are
randomized control trials. The dosing regimen of curcumin ranges from 500 mg once
per day [40] to 500 mg three times per day [41]. Maltodextrin is used as placebo in one
study [41], starch is used in another [40], and the other does not specify what consists
of placebo [42]. The duration of therapy ranges from 6 weeks [42] to 12 weeks [40,41].
The diagnosis of PCOS is based on Rotterdam criteria in all the included studies [3]. In
addition, the datasets extracted from each included study with regard to the outcomes
of interest are presented in Table 2. Moreover, all the included studies are of low risk of
overall bias despite some concerns raised from the randomization process, measurement
of the outcome, and deviation from intended interventions. Notably, despite the measures
taken to ensure the patient’s adherence (e.g., returning the medication containers, and the
reminders of taking medication by cell phone), deviation from intended interventions may,
though unlikely, have occurred. The detailed risk of bias assessment for each included
study is presented in Supplementary Figure S1.
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Table 2. Measurement of glycemic control and lipid profile in the curcumin and placebo group.

Mean Difference (Standard Deviation)

Mean Difference (95% Confidence Interval) ¥

Study
Curcumin Placebo Curcumin—Placebo
Fasting glucose (mg/dL)
Sohaei et al. 2019 [42] 2.62 (9.48) 4.50 (10.80) -
Heshmati et al. 2020 [41] -

Jamilian et al. 2020 [40]

—5.09 (7.29)

—0.98 (9.11)

—2.63 (—4.21, —1.05)

Fasting insulin (uIU/mL)

Sohaei et al. 2019 [42] —3.06 (6.44) —0.88 (5.93) -
Heshmati et al. 2020 [41] —1.35(4.90) 0.63 (4.77) -
Jamilian et al. 2020 [40] - - —1.16 (—2.12, —0.19)

HOMA-IR

Sohaei et al. 2019 [42] —0.69 (1.87) —0.07 (1.65) -
Heshmati et al. 2020 [41] —0.47 (1.22) 0.16 (1.17) -
Jamilian et al. 2020 [40] - - —0.26 (—0.48, —0.03)

QUICKI

Sohaei et al. 2019 [42] 0.010 (0.010) 0.000 (0.010) -
Heshmati et al. 2020 [41] 0.020 (0.040) —0.010 (0.040) -
Jamilian et al. 2020 [40] - - 0.006 (0.001, 0.010)

HDL (mg/dL)

Sohaei et al. 2019 [42] 1.82 (6.30) 1.03 (7.99) -

Jamilian et al. 2020 [40] - - 2.14 (0.36, 3.92)
LDL (mg/dL)

Sohaei et al. 2019 [42] 3.20 (21.82) —1.79 (23.34) -

Jamilian et al. 2020 [40] - - —16.09 (—25.11, —7.06)
Triglyceride (mg/dL)

Sohaei et al. 2019 [42] 8.81(70.73) —21.62 (53.96) -

Jamilian et al. 2020 [40] - - —5.58 (—12.93, 1.77)
Total cholesterol (mg/dL)
Sohaei et al. 2019 [42] —3.33 (18.58) 2.08 (33.67)

Jamilian et al. 2020 [40]

—15.86 (—24.48, —7.24)

* The mean difference refers to the changes before and after the therapy in the curcumin and placebo group. ¥ The mean difference refers to
the difference in changes before and after the therapy between the curcumin and placebo group. HDL: high-density lipoprotein; HOMA-IR:
Homeostasis Model Assessment of Insulin Resistance; LDL: low-density lipoprotein; QUICKI: quantitative insulin sensitivity check index.

3.3. Outcomes

3.3.1. Glycemic Control

The forest plot of glycemic control is presented in Figure 2. Fasting glucose, fasting in-
sulin, HOMA-IR, and QUICKI were reported in all the included studies. The improvement
in fasting glucose (MD: —2.77, 95% CI: —4.16 to —1.38; p < 0.001; I? = 0%), fasting insulin
(MD: —1.33,95% CI: —2.18 to —0.49; P = 0.002; I? = 0%), HOMA-IR (MD: —0.32, 95% CI:
—0.52 to —0.12; P = 0.002; I? = 0%), and QUICKI (MD: 0.010, 95% CI: 0.003-0.018; P = 0.005;
12 = 69%) are significantly greater in patients taking curcumin than those taking placebo.
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(A) Fasting glucose Mean Difference

Favor. Favor
Study ID MD  Weight _jq Surcumin Placebo = [95%C]
Heshmati et al., 2020 411 12.4% [-8.05;-0.17]
Jamilian et al., 2020 -2.63  81.4% —— [-4.17;-1.09]
Sohaei et al., 2019 -1.88  6.2% —_——— [-7.45; 3.69]
Total (95%CI) -2.77 100.0% = [-4.16;-1.38]

Heterogeneity: x,2=0.57 (P=0.751), 2= 0%; Test for overall effect: z=-3.90 (P < 0.001)

(B) Fasting insulin Mean Difference

Favnr_ Favor
Study ID MD  Weight o JSwemin , Flacebo o [95%CI]
Heshmati et al., 2020 -1.98  13.3% H—;' [-4.30; 0.34]
Jamilian et al., 2020 -1.16  80.6% e [-2.10;-0.22]
Sohaei et al., 2019 -218  6.1% — = [-5.59; 1.23]
Total (95%Cl) -133  100.0% - | [-2.18;-0.49]
Heterogeneity: x,?=0.67 (P=0.717), I = 0%; Test for overall effect: z=-3.09 (P = 0.002)
(C) HOMA-IR Mean Difference

| Favor_ Favor

Study ID MD  Weight , JSweumin ,  Placebo 9506
Heshmati et al., 2020 -0.63  12.3% =% [-1.20; -0.06]
Jamilian et al., 2020 -0.26  83.5% - [-0.48; -0.04]
Sohaei et al., 2019 -0.62  42% —_— = [-1.59; 0.35]
Total (95%Cl) -0.32  100.0% - [-0.52;-0.12]
Heterogeneity: x,2=1.78 (P =0.411), I = 0%; Test for overall effect: z=-3.13 (P = 0.002)
(D) QUICKI Mean Difference

Favor Favor_
Study ID Weight o, Jacbe o Curaumin o [95%C1]
Heshmati et al., 2020 0.030 11.6% == [0.011;0.049]
Jamilian et al., 2020 0.006 46.2% + [0.002; 0.010]
Sohaei et al., 2019 0.010 42.2% j-f- [0.005; 0.015]
Total (95%Cl) 0.010  100.0% |- [0.003; 0.018]

Heterogeneity: x,2=6.35 (P =0.042), I> = 69%; Test for overall effect: z=2.79 (P = 0.005)

Figure 2. Forest plot of glycemic control. The mean difference between curcumin and placebo is calculated as the value in the
curcumin group subtracted by that in the placebo group (curcumin—placebo). CI: confidence interval. MD: mean difference.

3.3.2. Lipid Profile

The forest plot of the lipid profile is presented in Figure 3. HDL, LDL, triglyceride,
and total cholesterol were reported in only two studies [40,42]. The improvement in HDL
(MD: 1.92, 95% CI: 0.33-3.51; P = 0.018; I? = 0%) and total cholesterol (MD: —12.45, 95% CTI:
—22.05 to —2.85; P = 0.011; I? = 32%) are significantly greater in patients taking curcumin
than those taking placebo. In contrast, there is no statistically significant difference in
the improvement in LDL (MD: —6.02, 95% CI: —26.66 to 14.62; P = 0.567; I? = 86%) and
triglyceride (MD: 8.22, 95% CI: —26.10 to 42.53; P = 0.639; 2= 75%) between patients taking
curcumin and those taking placebo.
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(A) HDL

Study ID

Mean Difference

Favor

MD  Weight 1 o o Jremn o [95%CI

Jamilian et al., 2020 214 83.7% —— [0.40; 3.88]
Sohaei et al., 2019 079  16.3% e [-3.14; 4.72]
Total (95%CI) 1.92  100.0% — [0.33;3.51]

Heterogeneity: x,2=0.38 (P =0.538), I = 0%; Test for overall effect: z= 2.37 (P = 0.018)

(B) LDL

Study ID

Jamilian et al., 2020
Sohaei et al., 2019
Total (95%Cl)

Mean Difference

Favor Favor

MD Weight & Curcumin 0 Placebo 30 [95% Cl]

-16.09  52.2% —a— [-24.89;-7.29]
499  47.8% i [-7.41;17.39]
-6.02_100.0% ‘ [-26.66; 14.62]

Heterogeneity: x 2=7.39 (P = 0.007), I = 86%; Test for overall effect:z=-0.57 (P = 0.567)

(C) Triglyceride Mean Difference

Favnr_ Favor |
Study ID MD  Weight g Licumn  Placebo o0 [95%CI]
Jamilian et al,, 2020 558  61.7% = [-12.74;1.58]
Sohaei etal,, 2019 3043 383% | — [-4.44; 65.30]
Total (95%Cl) 8.22  100.0% ———— [-26.10; 42.53]

Heterogeneity: x 2= 3.93 (P = 0.047), I = 75%; Test for overall effect:z= 0.47 (P = 0.639)

Favor Favor

(D) Total cholesterol Mean Differencej

Study ID

Jamilian et al., 2020
Sohaei et al., 2019
Total (95%CI)

MD Weight . Curcumin 0 Placebo 30 [95% CI]

-15.86  67.4% —— [-24.26;-7.46]
541 32.6% ———— [-20.12; 9.30]
-12.45 100.0% —— [-22.05;-2.85]

Heterogeneity: x 2= 1.46 (P =0.227), I> = 32%; Test for overall effect: z=-2.54 (P = 0.011)

Figure 3. Forest plot of lipid profile. The mean difference between curcumin and placebo is calculated as the value in the

curcumin group subtracted by that in the placebo group (curcumin—placebo). CI: confidence interval. MD: mean difference.

3.3.3. Influence Analysis

The influence analysis is presented in Supplementary Figure S2. For the fasting
glucose, fasting insulin and QUICKI, the influence analysis reveals that the pooled point
estimates after omitting each included study one at a time lie within the 95% CI of the
overall pooled results for these outcomes. In contrast, the influence analysis of HOMA-IR
reveals that the pooled point estimate after omitting the study by Jamilian et al. lies outside
of the 95% CI of the overall pooled result. The influence analysis of the lipid profile was
not performed due to limited number of studies in each outcome.

3.3.4. Trial Sequential Analysis

The cumulative Z-curve has reached the estimated RIS and has passed the traditional
significance boundary in favor of curcumin in the TSA of fasting glucose, fasting insulin,
HOMA-IR, and QUICKI (Supplementary Figures S3-56). In the TSA of total cholesterol,
although the cumulative Z-curve has not yet reached the estimated RIS, it passes the
adjusted significance boundary in favor of curcumin (Supplementary Figure S7). In contrast,
in the TSA of HDL, although the cumulative Z-curve passes the traditional significance
boundary, it has not yet reached the estimated RIS, and has not passed the adjusted
significance boundary in favor of curcumin (Supplementary Figure S8). In the TSA of LDL
and triglyceride, the cumulative Z-curves have not reached the estimated RIS (2432 for

10



Nutrients 2021, 13, 684

LDL and 3609 for triglyceride), and the sequential monitoring boundaries are ignored due
to too few patients relative to the estimated RIS (Supplementary Figures S9 and S10).

3.3.5. Meta-Regression and Publication Bias

Despite the pre-planned attempts to evaluate the effects of daily dose of curcumin and
duration of therapy on the pooled effect estimates, a meta-regression is not performed due
to limited number of studies eligible for inclusion. Similarly, publication bias is not assessed
by a funnel plot and performing Egger’s test due to few numbers of included studies.

4. Discussion

The principal finding of the present study is that patients with PCOS taking curcumin
have significantly greater improvement in glycemic control than those taking placebo,
reflected by the fasting glucose, fasting insulin, HOMA-IR and QUICKI. In addition,
curcumin also shows beneficial effects in improving lipid profile, including HDL and
total cholesterol. In contrast, there is no statistically significant difference in LDL and
triglyceride between patients taking curcumin and placebo. The TSA shows that the results
of the current meta-analysis with regard to the fasting glucose, fasting insulin, HOMA-
IR, QUICKI, and total cholesterol are conclusive. In contrast, the TSA indicates that the
effects of curcumin on HDL, LDL, and triglyceride are not yet conclusive, and thus more
large-scaled trials to determine these results are required. A visual summary abstract is
presented in Figure 4.

Among the included studies, the curcumin dosage ranged from 500 mg to 1500 mg
per day and the treatment period ranged from 6 weeks to 12 weeks. All of the patients were
diagnosed with Rotterdam criteria and were studied in Iran. One study by Sohaei et al.
mentioned the concentration and detailed manufacturing of curcumin with 95% of stan-
dardized turmeric powder. One study took place in infertility center but none of the
included studies discuss the effects of curcumin in ovulation or reproduction.

The effects of curcumin on glycemic control and lipid metabolism are complex and
involve several mechanisms that underlie the observation in the present study. Cur-
cumin stimulates insulin-mediated glucose uptake by the phosphatidylinositol 3-kinase
(PI3K)/ Akt pathway, which in turn upregulates the translocation of glucose transporter
4 (GLUT4) to the membrane of adipocyte and skeletal muscle, leading to an increase in glu-
cose uptake [43,44]. Curcumin also activates adenosine monophosphate-activated protein
kinase, which not only suppresses gluconeogenesis in hepatocyte via inhibiting glucose-6-
phosphatase and phosphoenolpyruvate carboxykinase [45,46], but also enhances GLUT4
translocation and glucose uptake in adipocytes [47]. Moreover, curcumin improves glucose
homeostasis by activating glucose transporter 2 and glucokinases in liver via increasing the
transcription of peroxisome proliferator-activated receptor-gamma (PPAR-y) [48,49]. In the
study by Jamilian et al., significant upregulation of PPAR-y has been observed after taking
curcumin for 12 weeks [40]. With regard to lipid metabolism, curcumin upregulates LDL
receptors and inhibits the synthesis of cholesterol and triglyceride in hepatocyte [50,51]. It
also promotes cholesterol catabolism and fecal excretion of bile acids [52].

The anti-inflammatory property of curcumin may also play a role in glucose and
lipid metabolisms and may mitigate hyperandrogenism. Proinflammatory cytokines, such
as tumor necrosis factor-« (TNF-«), are found to be significantly higher in patients with
PCOS [53]. TNF-« has been known to stimulate serine phosphorylation of insulin receptor
substrate 1, resulting in insulin resistance [54]. Moreover, serine phosphorylation of cy-
tochrome P450c17 enhances the activity of 17,20-lyase and promotes thecal production of
androgen [55]. Curcumin inhibits PI3K/Akt/mechanistic target of rapamycin (mTOR) sig-
naling pathway, resulting in the degradation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) and downregulation of TNF-a and other proinflammatory cy-
tokines [56,57]. Curcumin has been demonstrated to significantly reduce the plasma levels
of TNF-« and interleukin (IL)-6 [58,59] and, subsequently, improves insulin sensitivity and
decreases obesity-induced insulin resistance [60,61]. In addition, patients with PCOS are
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associated with higher oxidative stress [62]. A recent study has demonstrated beneficial ef-
fects of curcumin on upregulating the gene expression of peroxisome proliferator-activated
receptor-gamma coactivator 1 alpha (PGC-1«x), which in turn increases the activity of
glutathione peroxidase, reducing the oxidative stress expression [25].

STl IS Curcumin improves glycemic control parameters and
total cholesterol in patients with PCOS.

@ Included studies 3 randomized control trials & 168 patients

T2 Comparison

Glycemic control

s
=
o
3
S
3
=
-l

|I|I- Outcomes _
Mean Difference (95% CI) )
. Conclusive
; 5 Favor curcumin 0 Favor placebo 5 ERvor (indicated by TSA)
Fasting glucose 168 R — Curcumin v
Fasting insulin 168 —_— Curcumin v
HOMA-IR 168 - Curcumin v
Mean Difference (95% Cl)
Favor placebo Favor curcumin
5 0.05
QUICKI 168 | e Curcumin v
Mean Difference (95% CI)
[ ] Favor placebo Favor curcumin
a; 10 10
HDL 101 —— Curcumin
Mean Difference (95% CI)
Favor curcumin Favor placebo
-60 60
LDL 101 —1r— NS
Triglyceride 101 — % NS
Total cholesterol 101 . Curcumin v

Figure 4. Visual summary abstract. CI: confidence interval. HDL: high-density lipoprotein. HOMA-IR: Homeostasis Model
Assessment of Insulin Resistance. LDL: low-density lipoprotein. NS: non-significant. PCOS: polycystic ovary syndrome.
QUICKI: quantitative insulin sensitivity check index. TSA: trial sequential analysis.

Curcumin may have promising effects in improving hyperandrogenism, though this is
not demonstrated in the present study because meta-analysis, which evaluates and reports
the influence of curcumin on thecal androgen production, is not performed due to the
limited number of studies. In the study by Heshmati et al., the plasma levels of dehy-
droepiandrosterone (DHEA) are significantly reduced in patients taking curcumin com-
pared to those taking placebo for 12 weeks [41]. This observation is likely attributed to the
downregulation of the activity of cytochrome P450c17. Curcumin has been demonstrated to
reduce the activity of cytochrome P450c17 in a dose-dependent manner in vitro [63]. In an
animal model, the expression of cytochrome P450c17 in the ovaries of the curcumin-treated
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References

mice is reduced to the same level as in those of the wild-type ones [64]. Together with the
anti-inflammatory property of curcumin, these results collectively support the notion that
curcumin inhibits the activity of cytochrome P450c17, and thereby reduces the synthesis
of DHEA.

There are several limitations of the present study. First, the number of studies that
are eligible for inclusion is limited. Nevertheless, a TSA is performed to evaluate the
robustness of the results. While some of the outcomes remain inconclusive and require
more investigation, most of the results in the present study are conclusive as indicated
by the TSA. However, all of the included studies were from Iran. The results of our
meta-analysis should be carefully interpreted with populations other than Middle Eastern
ethnicity. Second, the dosing regimen and duration of curcumin therapy varied across
studies. The daily dosage of curcumin in the included studies ranged from 500 mg to
1500 mg. However, the duration of curcumin was relatively short from 6 weeks up to
12 weeks. Despite the pre-planned meta-regression to assess the effects of these covariates
on the pooled effect estimates, it was not performed due to limited number of studies.
Third, the detailed information regarding the preparation of the capsule and concentration
of curcumin is not mentioned in the included studies. It is well documented that curcumin
has poor bio-availability due to low absorption in intestines [65]. The difference in capsule
design may affect the plasma concentration and the duration of the effects of curcumin.
Finally, the effects of curcumin on sex hormone abnormalities in patients with PCOS are
not assessed in the present study due to a lack of investigation in the included studies.
Although the comprehensive therapy for PCOS is beyond the scope of the present study, the
potential of curcumin in lowering plasma levels of androgen, as demonstrated in the study
by Heshmati et al., is promising. Further investigation to confirm this result is advocated.

5. Conclusions

Curcumin may improve glycemic control and lipid metabolism in patients with
PCOS and metabolic abnormality without significant adverse effects. Further studies are
advocated to investigate the potential effects of curcumin on hyperandrogenism.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2072-664
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quantitative insulin sensitivity check index (QUICKI), Figure S3: Trial sequential analysis of fasting
glucose, Figure S4: Trial sequential analysis of fasting insulin, Figure S5: Trial sequential analysis
of HOMA-IR, Figure S6: Trial sequential analysis of QUICKI, Figure S7: Trial sequential analysis of
total cholesterol, Figure S8: Trial sequential analysis of HDL, Figure S9: Trial sequential analysis of
LDL, Figure S10: Trial sequential analysis of triglyceride, Table S1: Detailed search strategy.
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Abstract: Diet and nutrition are fundamental in maintaining the general health of populations,
including women’s health. Health status can be affected by nutrient deficiency and vice versa.
Gene-nutrient interactions are important contributors to health management and disease prevention.
Nutrition can alter gene expression, as well as the susceptibility to diseases, including cancer, through
several mechanisms. Gynecological diseases in general are diseases involving the female reproductive
system and include benign and malignant tumors, infections, and endocrine diseases. Benign diseases
such as uterine fibroids and endometriosis are common, with a negative impact on women’s quality
of life, while malignant tumors are among the most common cause of death in the recent years. In this
comprehensive review article, a bibliographic search was performed for retrieving information about
nutrients and how their deficiencies can be associated with gynecological diseases, namely polycystic
ovary syndrome, infertility, uterine fibroids, endometriosis, dysmenorrhea, and infections, as well as
cervical, endometrial, and ovarian cancers. Moreover, we discussed the potential beneficial impact of
promising natural compounds and dietary supplements on alleviating these significant diseases.

Keywords: nutrition; gynecological diseases; infertility; PCOS; uterine fibroids; endometriosis;
microbiome; infection; cervical cancer; endometrial cancer; ovarian cancer; dysmenorrhea; diet;
nutrients; complementary and alternative medicine

1. Introduction

Gynecological diseases are diseases of the female reproductive organs; these diseases
are considered a public health and social problem. These diseases include benign and
malignant tumors, infections, and endocrine disorders. All these diseases significantly
impact women’s quality of life, and many of them, unfortunately, are still lacking efficient
treatment plans. Promoting both primary and secondary prevention is essential for the
sake of these afflicted women and their reproductive health [1]. Sometimes, applying such
preventive approaches is as or even more important than curative procedures. Educating
patients about the significance of a healthy lifestyle and explaining hygienic and dietary
measures are among these imperative procedures.

Gene-nutrient interactions are central contributors to health management and disease
prevention. Nutrigenomics and nutrigenetics are defined as sciences that investigate the
relationship between genetic variations and nutrient requirements [2]. Interestingly, it
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was recently reported that nutrients can drive epigenetic changes that can influence such
requirements. Nutrition can alter gene expression, as well as the susceptibility to several
diseases, including cancer, through genetic and epigenetic changes [3]. During the past
decade, it has become clearer that nutrition can exert imprinting effects on the human
genome, with many studies indicating that early life nutrition could influence the risk of
developing chronic diseases in adulthood [4,5]. For example, with regard to the role of
nutrition in cancer development, existing evidence suggests that dietary components can
impact disease pathogenesis via the activation of tumor suppressor genes, cellular apop-
tosis, protein translation, and noncoding microRNAs (miRNAs) with roles in messenger
RNA (mRNA) stability and translation [6,7]. In this article, we summarized published
research in the public domain regarding the existing correlation between nutrients and
dietary supplements with common gynecological diseases, highlighting the essential role
of nutrients and dietary supplements in halting disease progression.

2. Infertility

Infertility is estimated to affect 8-16% of reproductive-age couples worldwide [8].
Lifestyle and nutritional factors have been shown to be important elements of normal
reproductive function [9,10]. The literature exploring the relationship between diet and
infertility has expanded over the past decade. Studies agree that the intake of folic acid is
recommended for the prevention of neural tube defects and has been shown to be related
to a lower frequency of infertility and a lower risk of pregnancy loss [11,12]. Further
nutritional components or types of diet have been studied in relation to female infertility,
including the Mediterranean diet, fats, vitamins, caffeine, smoking, alcohol, and, more
recently, probiotics [11].

2.1. Mediterranean Diet

The Mediterranean diet is a diet rich in vegetables, fruits, whole grains, legumes, nuts,
and olive oil and low in red meat. It has proven to be beneficial in several aspects of human
health in general [13] and has also been studied in relation to fertility [14]. Previously, Vu-
jkovic et al. studied the association between a preconception diet and in vitro fertilization
(IVF) in a cohort of subfertile couples in the Netherlands and showed that adherence to the
Mediterranean diet is associated with a higher chance of pregnancy [15]. A similar effect
was later confirmed in a Dutch cohort of couples undergoing first-time in vitro fertilization
(IVE), and the authors explained that the high fat content of vegetable oil as part of this diet
could be the driving force behind this association. Subsequently, a prospective cohort study
of 244 non-obese women who underwent their first IVF in Athens showed that adherence
to the Mediterranean diet is associated with an increased chance of clinical pregnancy and
live birth [16]. Results from the Nurses” Health Study cohort, which included 438 reported
infertilities related to ovulation disorders, showed a significant association between fe-
male fertility and consumption of low-glycemic carbohydrates, monounsaturated fatty
acids, proteins of plant origin, and supplements with iron, folate, and vitamins [17]. The
authors concluded that adherence to such components, which are essentially present in the
Mediterranean diet, is associated with a lower risk of ovulatory infertility [17].

2.2. Fats

Long-chain omega-3 fatty acids seem to improve female infertility, although it is
unclear whether environmental toxins in such food sources, such as fish, can reduce this
benefit [18]. In a prospective study of a cohort of 1228 women attempting pregnancy
followed for up to six menstrual cycles, the preconception plasma phospholipid fatty acid
level was measured at baseline [18]. The authors concluded that monounsaturated fatty
acids (MUFAs) are associated with increased fecundability or a shorter time to pregnancy,
whereas polyunsaturated fatty acids show the opposite effect. The role of polyunsaturated
fatty acids (PUFAs) to decrease fecundability may be due to their effect on androgen synthe-
sis, and androgens have been associated with ovulatory disorders such as polycystic ovary
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syndrome. Fatty acids are also thought to effect fecundability through changes in insulin
sensitivity and inflammation, as these pathways also influence ovulatory function [19].

2.3. Vitamins

Despite promising evidence from preclinical animal model studies, vitamin D defi-
ciency does not appear to influence human fertility [20,21]. Among women attempting
pregnancy in the Nurses” Health Study II (NHSII) cohort, higher intake of vitamin D was
not associated with a risk of ovulatory infertility [22]. Similarly, among another large
cohorts of women with no history of infertility but with one to two prior pregnancy losses,
no association was found between baseline vitamin D levels or vitamin D deficiency
and fecundability [23].

A more recent topic of interest is the role of antioxidant consumption based on
evidence from experimental association between low antioxidant status and infertility [24].
In one study, increased intake of beta carotene, vitamin C, and vitamin E was associated
with a shorter time to pregnancy (TTP), but the effects varied with the body mass index
(BMI) and age. A shorter TTP was observed among women with a body mass index (BMI)
of <25 kg/m? with increasing vitamin C, among women with a BMI of >25 kg/m? with
increasing beta carotene, among women aged <35 years with increasing beta carotene and
vitamin C, and among women aged >35 years with increasing vitamin E [25].

2.4. Probiotics

Considerable attention is lately being given toward probiotics and the effect of the
gut microbiome on diseases [26]. Nevertheless, the role of the microbiome in infertility
and the role of probiotics in infertility management have not been extensively studied.
Lactobacilli are the most studied probiotic bacteria, and they show several mechanisms
in protecting the vaginal environment, including production of lactic acid that deters
pathogens by lowering the pH and yielding an acidic environment to the cervico-vaginal
mucus [27]; production of bacteriocins, which are antimicrobial peptides and proteins that
protect against microbial invasion; and enhancement of immunomodulation by producing
H,0; and stimulating anti-inflammatory action [28]. In a recent review article, Younis
et al. drew attention to the importance of further exploring in future clinical research
the role of probiotics in managing infertility [29]. Bhandari et al. demonstrated that
Lactobacillis plantarum works to competitively exclude sperm-agglutinating Escherichia
coli (E. coli) bacteria. They treated a mice model with E. coli for 10 days intravaginally and
then administered L. plantarum to find out that the fertility of this group was comparable to
that of the control group, which reinforces the hypothesis that Lactobacillus probiotics may
be used as an infertility therapeutic agent [30]. However, further research at the clinical
level is needed to confirm these findings.

3. Polycystic Ovary Syndrome

Polycystic ovary syndrome (PCOS) is a complex and common hormonal condition in
women of reproductive age, characterized by ovulatory dysfunction, chronic anovulation,
altered menstruation, and ovarian small cysts on one or both ovaries, which may affect fer-
tility [31]. It is found in approximately 5% to 10% of women aged between 18 and 44 years,
making it among the most widespread diseases of reproductive-age women. Based on the
previous literature, PCOS is associated with other common disorders, such as insulin resis-
tance, obesity, type 2 diabetes, hypertension, endometrial cancer, and hyperandrogenemia.
Indeed, most women with PCOS have insulin resistance [32-34].

Although the actual cause of PCOS remains unclear, evidence points to the role of en-
vironmental factors, including lifestyle and dietary habits, in the prevention and treatment
of PCOS. Therefore, considering these factors may propose new therapeutic strategies for
PCQOS patients [35,36]. One of the most prominent approaches in treating PCOS is diet ther-
apy for the sake of reducing insulin resistance and reproductive dysfunction. Considering
the association of PCOS with obesity and insulin resistance, it should be noted that approx-

19



Nutrients 2021, 13, 1178

imately a 5% to 10% decrease in weight may increase reproductive activity. This might be
achieved by weight loss, a decrease in the intake of foods with a high glycemic index and
foods rich in fatty acids, and intake of sufficient omega-3, vitamin D, and chromium [35].
There are several studies considering the effects of these nutritional components on the
control of PCOS, which we will discuss in this review.

First, foods rich in fat, mainly saturated fatty acids, increase the risk of insulin resis-
tance and its related complications, while diets rich in unsaturated fatty acids decrease
the risk of these diseases [35,37]. In this manner, the intake of omega-3 unsaturated fatty
acids reduces the risk of PCOS in women with insulin resistance [35]. Moreover, another
study indicated that the intake of unsaturated fatty acids affects the levels of pregnanediol
3-glucuronide in cases with PCOS, although the levels of sex hormones do not alter [38].

Current evidence has revealed the role of vitamin D in different metabolic pathways,
including the insulin signaling pathway [39]. Previous studies have shown that the vitamin
D signaling pathway directly contributes to the activation of the insulin receptor gene [39].
Hence, sub-optimal vitamin D levels may be associated with the pathogenesis of insulin
resistance and PCOS [39,40]. In this context, a recent systematic review and meta-analysis
demonstrated the association between vitamin D levels and the metabolic profile, including
high-density lipoprotein (HDL-C), fasting blood glucose, and insulin, in PCOS women.
Furthermore, vitamin D levels had a positive relationship with sexual hormone binding
globulin (SHBG). These findings suggested an important role of vitamin D supplementation
in infertile women with PCOS who undergo ovarian stimulation [41].

Recently, attention has shifted toward the effect of vitamin D on ovarian function
in PCOS. However, the underlying mechanism of vitamin D on ovarian function is still
not fully determined. One possible mechanism is the role of vitamin D in alleviating
the inflammatory pathways causing insulin resistance [35]. Previous studies have also
indicated the existence of a vitamin D receptor in the granulosa cells of ovaries [42,43].
Moreover, another study showed that the anti-Miillerian hormone (AMH) promoter is
under vitamin D down-regulation. AMH is produced by growing follicles, and its excess
excretion is linked to PCOS. Therefore, it seems likely that vitamin D supplementation can
affect ovarian function and alleviate PCOS [44]. A clinical trial reported that vitamin D
supplementation in PCOS women with vitamin D deficiency was related to lower levels of
AMH [45]. Consequently, it is tempting to speculate that vitamin D supplementation may
be effective in PCOS patients.

Many natural anti-androgen foods have driven scientists’ attention to their effects
on PCOS therapy. Considering the effect of high insulin levels on the production of
testosterone and the high levels of this androgen in PCOS women, improving insulin
sensitivity by changing the diet and lifestyle may be regarded as the first-line treatment in
this disorder [46,47]. According to previous studies, a low-carbohydrate diet is correlated
with a lower risk of metabolic diseases, including insulin resistance, type 2 diabetes, and
obesity, along with a lower risk of reproductive disorders [48-50]. However, other studies
have shown that a low-carbohydrate diet does not affect the metabolic profile and levels of
sex hormones in PCOS women [36,51].

Here, we mention some of the most notable natural anti-androgen foods used in PCOS
studies. Soybean comprises isoflavone and phytoestrogens, which are critical in modulating
many androgens in the human body [52]. A study showed that soybean phytoestrogen
decreased the level of testosterone after three months [53]. Green tea with a high amount
of antioxidants was used in a study on PCOS women and promoted insulin sensitivity and
lowered the levels of testosterone [54]. Licorice is another phytoestrogen that alleviates
the symptoms of PCOS patients and reduces the levels of testosterone [55]. Collectively,
natural anti-androgen foods can be considered in the lifestyle to lower testosterone levels
and alleviate PCOS.

Flavonoids are polyphenolic compounds of plants that have antioxidant, antiestro-
genic, and antidiabetic properties [56]. These natural compounds are emerging as important
mediators in the pathogenesis of many reproductive disorders, such as PCOS. Among them,
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quercetin as a bioflavonoid with antioxidant activity is effective in PCOS therapy [57]. It is
reported that quercetin may reduce many androgens in rats [58]. Quercetin also reduced
insulin resistance in an animal model of PCOS [59].

A clinical trial showed that quercetin improves insulin resistance and hormonal profile
in PCOS women [60]. Another study demonstrated that a daily dose of 1000 mg of quercetin
for 12 weeks was effective in alleviating PCOS features [61]. Moreover, previous studies
have also indicated the potential effects of other flavonoids, such as resveratrol and soy
isoflavones, in the treatment of PCOS through the regulation of steroidogenesis, metabolic
parameters, ovarian cysts, and follicular development [62—64].

Several studies have suggested the role of minerals in the pathogenesis of PCOS [65].
In this regard, chromium is one of the most important minerals playing a role in car-
bohydrate and lipid metabolism, whose deficiency is observed in patients with type 2
diabetes. Subsequently, it seems plausible that chromium deficiency increases the risk of
insulin resistance [66]. Furthermore, it is evident that PCOS patients have a lower level
of chromium, which is associated with insulin resistance [67]. Interestingly, chromium
supplementation with a dose of 200 ug for three months improved glucose tolerance in
PCOS patients. However, it did not change the reproductive function [68]. Another study
demonstrated that chromium supplementation with a daily dose of 200 pg for eight weeks
improved insulin resistance and other metabolic parameters in PCOS women compared to
the placebo [69]. It is also reported that chromium picolinate might decrease hirsutism and
improve the symptoms of PCOS [70].

Other minerals that participate in reproductive function and are important in the
pathogenesis of PCOS are calcium, selenium, zinc, and magnesium [65]. Calcium is a key
mineral involved in follicular development and oocyte maturation [71]. It is demonstrated
that calcium plays an important role in the insulin signaling pathway. Thus, calcium
deficiency may be correlated with insulin resistance and the following PCOS. Obese women
with PCOS have lower levels of calcium compared with healthy individuals. Interestingly,
vitamin D receptor (VDR) is associated with calcium homeostasis [66,71,72]. A study
reported that supplementation of calcium in combination with vitamin D and metformin
1500 mg for six months decreases the body mass index of PCOS patients. The authors also
observed that this supplementation improves follicular development and the fertility rate,
although the results were not statistically significant [73].

Selenium is an antioxidant mineral important for the development and activity of
reproductive tissues [74]. Lower levels of selenium as well as a higher amount of free
radicals have been reported in PCOS patients, which cause a higher production of andro-
gens, luteinizing hormone (LH), and testosterone [75]. Interestingly, selenium also has
insulin-like activities [76]. Therefore, it may affect carbohydrate and lipid metabolism. A
clinical trial showed that selenium supplementation at a daily dose of 200 pug for eight
weeks alleviates insulin resistance in PCOS patients [77]. Hence, selenium supplementation
seems to have potential in the adjustment and improvement of insulin resistance and PCOS.

Another mineral, zingc, is a cofactor for many enzymes in carbohydrate and lipid
metabolism [78]. Therefore, it also plays a key role in insulin resistance and PCOS. It is
reported that women with PCOS represent lower levels of zinc [79,80]. Collectively, zinc
supplementation may provide an adjunctive nutritional treatment for inducing insulin
sensitivity in women with PCOS. Magnesium as a regulator of ATP use is also an important
trace element for the metabolism of insulin [81]. A low level of magnesium was observed
in women with insulin resistance and high levels of testosterone [82]. It should be noted
that only limited studies have investigated the association between magnesium levels and
the pathogenesis of PCOS. Hence, their relationship remains unrecognized [65].

4, Uterine Fibroids

Uterine fibroids (UFs) are the most common gynecological tumors and a major cause
of gynecological morbidity in reproductive-age women [83,84]. They are also the leading
cause of hysterectomies in the United States, with more than 200,000 hysterectomies
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yearly [85]. The annual costs attributed to UFs range between $5.9 and $34.4 billion per
year in the United States alone and hundreds of billions worldwide [86]. Although UFs
are benign tumors, they can cause a myriad of symptoms and outcomes, including pelvic
pain, abnormal uterine bleeding, bladder dysfunction, and even infertility [87]. Despite the
high morbidity and cost associated with UFs, the exact pathophysiology is not completely
delineated [88], yet there are theories and reports of associated risk factors. Some of these
risk factors include an increased body mass index, early age at menarche, nulliparity,
vitamin D deficiency, and African American ethnicity [89]. A growing body of research
has shed light on increasing evidence that dietary factors may play a role in UF etiology
and growth [90]. This is hypothesized to be due to their ability to modify endogenous
hormones as well as their inflammatory or anti-inflammatory effects.

4.1. Fats

Fats have been extensively studied in relation to UFs, seeing their effect on the in-
flammatory milieu. For example, trans fats are reported to influence levels of interleukin
6 (IL-6) and other inflammatory markers [91]. Fats also have an effect on hormone levels, as
a meta-analysis of 13 intervention studies reported that reducing fat consumption results
in lower serum estradiol levels [92].

As previously mentioned, the African American race is considered a risk factor for
UFs, and the time of onset is estimated to be 10 to 15 years earlier for this race cohort [93].
In addition, the source of dietary fat intake is shown to be generally different between
black and white women in the United States, with black women consuming more fat from
meat and fish and less from dairy products as compared to white women [94]. The Black
Women'’s Healthy Study (BWHS) [95] was the first prospective study comprising solely a
black women cohort to study the association between dietary fat and UF risk. More than
12,000 African American women were followed for eight years, with 2695 having fibroids
that were self-reported, ultrasound detected, or detected during hysterectomy or other
surgery. Wise et al. studied data from the BWHS and reported an increased risk of fibroids
with the intake of specific w-3 polyunsaturated fatty acids (PUFAs) but no consistent
association with total fat or other fat subtypes, with the exception of total monounsaturated
fatty acid (MUFA) intake, for which a positive association was identified [96]. Nevertheless,
fish consumption was the main source of PUFAs in this population, so results may have
been confounded by environmental contaminants in fish intake. Biomarker measurements
of exposure to pollutants in future studies could help differentiate the extent to which the
association is explained by pollutants or fatty acids themselves.

Moreover, the BWHS did not measure circulating fatty acids (FAs) that reflect dietary
intake and FA metabolism and reflect the internal dose more precisely than estimations
based on diet assessment questionnaires, and UF case identification has been based on
self-reporting. To expand on the literature, Wise et al. studied this association in the
Study of Environment, Lifestyle, and Fibroids (SELF), in which a prospective cohort of
African American women underwent serial ultrasound screening for UF incidence during
a five-year period [97]. Findings were consistent with those from the BWHS, in which
higher intake of marine w-3 PUFAs are associated with a 13-21% increased risk of UFs.

A more recent prospective study done by Harris et al. examined a cohort aged 25-42
in the NHS II and studied the erythrocyte membrane FA levels of a subset of women [98].
This allowed considering dietary intake and endogenous synthesis and transformation
of FAs instead of serum FA levels alone, since erythrocytes reflect long-term intake better
than plasma. This study showed an inverse association between total w-3 PUFAs and
a positive association of trans FAs and the onset of uterine fibroids. Moreover, it has
been shown that there is an estrogenic or inflammatory effect of dietary fat reflected by
the reduction in women’s quality of life [92] and by an increase in T helper cytokines
associated with fat intake, which is hypothesized to promote chronic inflammation and
fibroid tissue growth [99]. However, total trans FAs were associated with higher odds of
fibroids. In contrast, an Italian case—control study of 843 histologically confirmed UF cases
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and 1557 controls reported no association between butter, margarine, or oil intake during
the year prior to the study and fibroid risk [100]. Also consistent with these null results
was a cross-sectional study of Japanese women including 54 UF cases and 234 controls
that reported no association between all fat subtypes and fibroid risk [101]. Islam et al.
stated that the myometrium has a higher amount of arachidonic acid than UFs, with alpha-
linolenic acid (ALA) being higher in UFs. Treatment with eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) reduced the monounsaturated fatty acid content in UFs and
controls. However, these did not reflect changes in the mRNA expression of extracellular
matrix (ECM) components. Omega-3 fatty acids reduced the levels of sterol regulatory
molecules (e.g., ATP-binding cassette sub-family G member 1 (ABCG1) or ATP-binding
cassette transporter member 1 (ABCA1)) in both cell types. It also reduced a cytochrome
450 family member CYP11A1, the mitochondrial enzyme that catalyzes the conversion of
cholesterol to pregnenolone. The authors concluded that omega-3 fatty acids modulate the
lipid profile, mechanical signaling, and cellular lipid accumulation in UFs [102].

4.2. Vegetables, Meat, and Phytochemicals

National surveys have shown that African Americans have a lower intake of vegeta-
bles and fruits [103,104]. Several studies have demonstrated that diets rich in vegetables,
fruits, and dairy foods play a positive and sometimes protective role in UFs [105] and,
conversely, that substantial intake of red meat might increase the risk of fibroids. Fruits and
vegetables are good sources of vitamins, antioxidants, and phytochemicals, and numerous
studies have shown that they may decease fibroid risk. Wise et al. evaluated the association
between fruit and vegetable intake and UF risk in the BWHS [105]. They studied specific
components such as carotenoids, folate, fiber, and vitamins A, C, and E. Results suggested
that fruit intake is inversely associated with UF risk, with the highest reduction observed
for citrus fruit intake. It has been hypothesized that citrus fruit may reduce UF risk through
pathways mediated by sex hormones or by inhibition of sex hormones receptors.

In a case—control study in China, He and co-authors confirmed the reduced UF
risk with fruits and vegetables but found no association with meat intake [106]. The
authors hypothesized that the protective role of a high intake of vegetables and fruits
may be related to fibers and lycopene. Fibers can influence sex hormone and bile acid
metabolism by interrupting the enterohepatic circulation. Lycopene, which makes up the
red pigment in tomatoes, has been proven to decrease fibroid size in a Japanese quail
study, but these results are yet to be proven in humans [107]. Phytoestrogens, which
are bioactive nutrients found in plants such as soy, have been found to have moderate
estrogen and antiestrogen activity [108]. Because of the presence of the phenol ring, soy
isoflavone, a type of phytoestrogen, can bind to the estrogen receptor and compete with
estradiol. Recently, an in vitro study explored the effects of quercetin and indole-3-carbinol
(I3C) on ECM expression, cell migration, and proliferation in human myometrial and UF
cells [109]. Quercetin is a flavonoid with known antifibrotic effects found in most edible
fruits and vegetables, such as tea, lemon, tomato, onion leaves, and strawberry, while
I13C is a naturally occurring glucosinolate in cruciferous vegetables. Results showed that
both treatments significantly reduce the expression of ECM markers collagen type I and
fibronectin but not versican. Moreover, the treatments inhibited UF cell migration [109].

Anthocyanins are water-soluble flavonoid pigments that are abundant in blueberries,
raspberries, and strawberries [110]. Strawberries have anti-inflammatory, anti-oxidative,
anti-proliferative, and genomic-protective effects [111,112]. Islam et al. explored the effect
of different strawberry Alba cultivar extracts on apoptosis, fibrosis, and oxidation in the
myometrium and UF cells. Results showed that anthocyanin-rich strawberries induce
apoptosis but suppress glycolysis and fibrosis in UF cells. Following strawberry treatment,
the authors observed an increase in reactive oxygen species levels in UFs. Additionally, the
anthocyanin-rich extract significantly reduced fibronectin, collagen, and versican mRNA
expression in UF cells [113]. In addition, a recent study tested five different strawberry
cultivars to identify the one with the best anti-UF effects. The authors found that Alba
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and Romina cultivars presented the best results: they decreased collagen 1A1, fibronectin,
versican, and activin A mRNA expression in UF cells [112]. In vitro studies have shown
that curcumin, which is abundantly found in turmeric, prevents fibroid growth as it in-
hibits UF cell proliferation by regulating the apoptotic pathway [87]. Isoliquiritigenin,
which is abundantly found in liquorice, and soybean have been reported to induce growth
inhibition and apoptosis of UF cells [114]. On the other hand, studies have also shown both
stimulatory and inhibitory effects of genistein, which is abundantly found in soybeans and
fava beans, on fibroid cell proliferation [115,116]. Lower concentrations (<1 pg/mL) stim-
ulated proliferation, whereas higher concentrations (>10 pg/mL) significantly inhibited
proliferation, decreased proliferating cell nuclear antigen (PCNA), and increased apoptosis
of both myometrial and leiomyoma cells. Finally, resveratrol, found in mulberries, peanuts,
and grapes, is shown to be inversely associated with the proliferation of fibroids also via
inducing apoptosis of UF cells in vitro [87].

Al Hendy et al. showed that intake of epigallocatechin gallate (EGCG), a green tea
extract, reduces fibroid size [87]. Thirty-nine reproductive-age women with symptomatic
UFs were studied, and although the placebo group was found to have an increase in fibroid
size, those randomized to the green tea extract treatment showed an average of 32.6%
(p = 0.0001) reduction in UF volume. This was attributed to EGCG’s inhibitory effect on the
proliferation of leiomyoma cells and induction of apoptosis, as was proven by Al Hendy
et al. preclinically.

4.3. Dairy Foods and Vitamins

National surveys have shown that African Americans consume less dairy food than
white Americans do, and they are less likely to take vitamin supplements as well [117].
Dairy foods have antitumorigenic constituents, including calcium, vitamin D, butyric
acid, and milk proteins [118]. Yet, milk may contain estrogen and progesterone that may
increase the risk of hormone-dependent tumors [119]. In the BWHS cohort, Wise et al.
prospectively studied the effect of dairy food on UF risk and found that women who had
four of more dairy servings per day had a 30% reduction in the incidence of fibroids [120].
Calcium, phosphorus, and the calcium-to-phosphorus ratio (as an indicator of calcium
bioavailability) were inversely associated with UF risk. It is hypothesized that calcium
may reduce fat-induced cell proliferation. In this study, Wise et al. did not find an effect of
dietary vitamin D, and this was attributed to the fact that the largest bioavailable sources of
vitamin D are derived from sun exposure and supplements. In a later study, Wise identified
single-nucleotide polymorphisms in genes involved in vitamin D metabolism that were sig-
nificantly associated with UFs [121]. It has also been shown African American women have
lower serum vitamin D levels than white Americans, which could explain the increased
risk of UFs [122]. Al Hendy et al. observed that vitamin D could be a potent antiestrogenic
agent that reduces the expression of sex steroid receptors and consequently the risk of
UFs [123]. Vitamin D has been shown to be a potent antitumor agent inhibiting UF cell
proliferation and decreasing UF size in in vivo animal models as well as several clinical
trials [122,124,125]. Mechanistically, vitamin D might exert its anti-UF effects via induction
of DNA repair genes and amelioration of DNA damage both in UF cells and in myometrial
cells at risk of developing UFs [126-128]. More recently, Sheng et al. published a protocol
for the first open-label randomized controlled trial to evaluate whether supplementation
with vitamin D can reduce the risk of UFs in reproductive-age women, and future results
of this study could provide new evidence of the benefit of vitamin D intake [129].

4.4. Pollutants and Metaloestrogens

As explained previously, fibroid development is mostly mediated by estrogen and
progesterone receptors. Many pollutants resemble these steroid hormones and affect
these receptors as endocrine-disrupting chemicals (EDCs). As described in a recent re-
view, these include phthalates, parabens, environmental phenols, alternate plasticizers,
diethylstilbestrol, organophosphate esters, and tributyltin. The US National Institute of
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Environmental Health Sciences (NIEHS) defines EDCs as “chemicals that interfere with the
body’s endocrine system and produce adverse developmental, reproductive, neurological
and immune effects.” EDCs have been described to bind to nuclear receptors, such as estro-
gen receptors, and alter hormone functions by mimicking endogenous hormones and/or
blocking them from interacting with their receptors. EDCs may also induce genomic
and nongenomic signaling. For example, bisphenol A and diethylstilbesterol have been
shown to activate nongenomic signaling through estrogen receptors [130]. Epidemiologic
studies have shown that exposure to certain EDCs is associated with increased fibroid risk
and severity [131].

Some heavy metals, which are mostly present in tobacco smoke, polluted air, seafood,
and leafy green vegetables, are also associated with increased fibroid risk. The Endometrio-
sis: Natural History, Diagnosis, and Outcomes (ENDO) study demonstrated a direct link
between fibroids and increased serum levels of cadmium and lead and urinary cobalt
levels [132]. Heavy metals as metaloestrogens activate the estrogen receptor in the ab-
sence of estradiol and affect the hypothalamic—pituitary—ovarian axis as do endocrine-
disrupting compounds [133].

5. Endometriosis

Endometriosis is an inflammatory and estrogen-dependent gynecological disorder
characterized by the proliferation of endometrial cells outside the uterine cavity [134].
Indeed, endometrial cells migrate from their original site, the uterus, to other organs
and produce endometrial-like tissues in various anatomical sites outside the uterine cav-
ity, particularly the ovaries and the peritoneum [134,135]. Although the symptoms of
endometriosis are not specific and most of them are similar to symptoms of other gyneco-
logical diseases, it may cause pelvic pain and infertility. Exosomes act as biomarkers for
female reproductive disease diagnosis and therapy [136]. Moreover, it should be noted that
endometriosis creates a significant burden in terms of health expenditure and quality of life
all over the world [136]. It is a disorder with approximately 3 to 11 years of diagnostic delay,
resulting in the dysfunction of the reproductive cycle in reproductive-age women. The
exact prevalence of endometriosis is not determined due to a lack of proper non-invasive
diagnostic techniques, but it is estimated that about 10% of women of reproductive age
suffer from endometriosis. Furthermore, its prevalence rises to approximately 20% to 50%
in women with pelvic pain or infertility [136-138].

Endometriosis is a multifactorial disorder that involves genetic and immunologic
pathways, contraction of the smooth muscle, and inflammation, as well as environmental
factors, including dietary habits and nutrition components. According to previous studies,
the development of endometriosis requires alterations in several biological pathways for
disease establishment [139,140]. The present work aimed to summarize the biological
effects of nutrition components, including omega-3, omega-6, vitamin D, N-acetylcysteine,
flavonoids, and L-carnitine, on the prevention and treatment of endometriosis.

Foods rich in omega-6 fatty acids, such as red meat, are correlated with higher lev-
els of estradiol and estrone sulfate, which is linked to higher concentrations of steroids,
inflammation, and the development of endometriosis [141]. Instead, supplementation
with omega-3 may decrease the growth of endometrial implants and the production of
inflammatory factors, particularly in patients with stage III or IV endometriosis [142].

Vitamin D is a classic regulator of inflammatory pathways and has been widely studied
in the field of endometriosis. Macrophages, lymphocytes, and dendritic cells (DCs) express
enzymes that use this vitamin [143]. It has been shown that these cells express CYP27B1,
while DCs also express CYP2R1, which are both key enzymes in vitamin D metabolism.
All these cell types can convert hydroxy vitamin D3 (25(OH)D3) into bioactive dihydroxy
vitamin D3 (1,25(0OH)2D3), enabling them to respond not only to the active vitamin D
metabolite but also to its precursors]. Vitamin D boosts the shift away from Thl-type
responses to a Th2-type immunity by repressing the secretion of IL-12, IL-2, tumor necrosis
factor (TNF), and y-interferon by macrophages, T cells, and DCs [143]. Therefore, the
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active form of vitamin D may act in the endometriosis lesion by lowering the production
of prostaglandins and inflammatory cytokines [143]. A clinical trial demonstrated that
patients with dysmenorrhea treated with a dose of 300,000 IU of vitamin D had lower pain
along with lower use of nonsteroidal anti-inflammatory drugs (NSAIDs) [144]. However,
another clinical trial reported that vitamin D supplementation at a dose of 50,000 IU weekly
for 12 weeks did not affect endometriosis-related pain [145]. Hence, further studies are
required in this area of research.

N-acetylcysteine, also known as acetylcysteine, can effectively reduce inflammation
and alleviate endometriosis. Interestingly, foods with N-acetylcysteine, including onions,
garlic, wheat germ, broccoli, and Brussels sprouts, are reported to have the ability to control
cell proliferation and oxidative stress in endometriotic cells [146]. A study observed that
the size of the endometrioma in patients supplemented with N-acetylcysteine at a dose of
1800 mg reduced significantly [147].

Studies have shown that quercetin acts as a natural flavonoid in endometriosis ther-
apy [148]. A study reported that quercetin affected the hypothalamic—pituitary—gonadal
(HPGA) axis in an animal model of endometriosis. Therefore, quercetin decreased the
levels of Luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Furthermore,
it reduced the levels of estrogen and progesterone receptors [149]. Resveratrol is a polyphe-
nol ingredient found in grapes, peanuts, and cocoa with anti-inflammatory and antioxidant
activities. A study reported that resveratrol supplementation reduced the size of en-
dometriomas in an animal model. Moreover, it reduced the levels of vascular endothelial
growth factor (VEGF) in endometrial tissue, which is efficient for endometriosis ther-
apy [150]. A randomized exploratory trial in infertile patients with endometriosis (stage
[I-1V) within the window of implantation revealed that receiving resveratrol (400 mg) for
12-14 weeks significantly attenuated the levels of VEGF and TNF-« genes and protein in
the ectopic endometrium compared with the placebo group [151]. Several studies have
reported that sulforaphane (SFN), an isothiocyanate in cruciferous vegetables such as
cauliflower, cabbage, and broccoli, has antioxidative, antitumor, anti-inflammatory, and
immune-enhancing effects [152,153]. Zhou et al. reported that administrating SEN in an
endometriosis rat model for three weeks dose-dependently attenuated the volumes of the
adhesion score and endometriotic foci. Further, post-treatment of SEN repressed levels of
VEGE, interferon gamma (IFN-y), TNF-«, IL-6 and IL-10 in plasma and peritoneal fluid
and regulated the expression of cleaved caspase-3, bcl-2, Bax, and VEGF in endometrial
tissue by repression of the PI3K/ Akt pathway [152]. These studies suggest that flavonoids
may inhibit ectopic endometrium growth.

L-carnitine is an amino acid analogue involved in fatty acid oxidation and energy
metabolism [154]. Studies have shown that L-carnitine supplementation acts as a double-
edged sword in the progression of endometriosis. For instance, it was reported that
L-carnitine intensified an already presented endometriotic lesion when cells expressed
estrogen receptors, while it improved this situation when cells did not express estrogen
receptors. Clearly, the underlying mechanism is linked to the cellular features of cells
arising from the endometrium [155].

Altogether, there are many studies on the role of different nutrients in endometriosis,
which provide promising approaches to disease control. It seems that foods rich in omega-3,
N-acetylcysteine, and polyphenol, in addition to decreased consumption of omega-6 fatty
acids, may lower the plausible risk of endometriosis. Therefore, dietary education appears
to be a promising strategy for the control of the disease.

6. Vaginal Microbiome, Nutrients, and Female Reproductive Tract Infections

The worldwide burden of reproductive tract infections (RTIs) is a vast and major public
health concern, particularly in developing countries where RTIs are widespread [156].
RTIs, except for human immunodeficiency virus (HIV), are considered the next major
cause of disease burden (after maternity-related causes) in young women in developing
countries. RTIs involve three sets of infections [156,157]: sexually transmitted infections
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(STIs), infections that arise from the overgrowth of organisms usually present in the
reproductive tract, and, finally, infections connected with therapeutic plans, including
abortion and insertion of intrauterine devices.

Female RTIs usually start in the lower genital tract as vaginitis or cervicitis and may
exhibit irregular vaginal discharge, genital discomfort, itching, and burning sensation with
urination. RTIs causes a heavy burden on women if untreated, and they can cause serious
infertility, cervical cancer, ectopic pregnancy, menstrual disturbances, pregnancy wastage,
and low-birth-weight babies [158].

An environment’s microbiota consists of resident bacteria, viruses, fungi, protists, and
archaea. Either culture-based or sequence-based techniques can distinguish the bacterial
microbiome. Both methods have been used to define various sites within the women’s
reproductive tract, including the vagina, cervix, and uterus. While sequence-based tech-
niques are not routinely used to recognize bacteria in the female reproductive tract, this is
an emerging research interest field. Bacterial infections of the female reproductive tract, in-
cluding vaginitis, cervicitis, and endometritis, have been described [159], as this pathogenic
environment may cause inflammation and immune activation in the endometrium, impair-
ing embryo implantation and the onset of a successful pregnancy [159,160].

The interplay between nutrition and infectious diseases has been identified. In the
era before antibiotics, the diet was a vital part of controlling infections [161]. Malnutrition,
including undernutrition and overnutrition, can increase sensitivity to infectious diseases
and magnify the infection severity, which can worsen by malnutrition; the gut microbiota
has been attracting interest as an essential mediator in the complex relationships linking
food, the human body, and infectious diseases [162].

An optimal vaginal microbiota is controlled by Lactobacillus species, which produce
the metabolite lactic acid. Lactic acid decreases the pH of the vaginal microenviron-
ment [163] and, throughout immunomodulatory and direct inhibitory effects, may defend
against the acquisition of STIs, including Chlamydia trachomatis (CT) and HIV [164,165].
Women with a non-optimal microbiota, as epitomized by the clinical condition of bacterial
vaginosis (BV), have vaginal microbial communities low in Lactobacillus spp. and are
instead colonized by a variety of anaerobes that generally produce little or no lactic acid.
Some of these bacteria produce metabolites such as biogenic amines and short-chain fatty
acids that may be pro-inflammatory and linked with symptoms such as vaginal malodor
and discomfort. These metabolites may also increase susceptibility to STIs. Moreover,
women with a low-Lactobacillus non-optimal vaginal microbiota have an increased risk of
being infected with STIs and ascending infection, including pelvic inflammatory disease
(PID) and increased risk of preterm birth (PTB) [166].

Bacterial vaginosis (BV) is the most common reason for vaginal complaints amongst
reproductive-age women. The prevalence of BV in infertile women is high (19%), and
an abnormal microflora occurs in 39% of infertile patients [167,168]. BV is a clinical
case marked by a transformation from a Lactobacillus-dominant bacterial community to
higher diversity and a greater abundance of anaerobes and a subsequent rise in vaginal
pH (>4.5) [169,170].

BV is considered a risk factor for several common sexual transmitted infections [171],
including those induced by the bacteria Neisseria gonorrhea, CT, and Mycoplasma genital-
ium; the protozoan Trichomonas vaginalis; and viruses such as HIV, human papillomavirus
(HPV), and herpes simplex virus type 2 (HSV-2) [158,169,170]. Many data have reported
the relationship between diet and nutritional status in BV, but the mechanism is still un-
clear [162,172]. Many studies have found associations between BV and low micronutrient
status, including vitamins A, C, E, and D and p-carotene, and low dietary intake of folate
and calcium [162,170,172-174].

6.1. Bacterial Vaginosis and Vitamin D Deficiency

Many records describe higher frequencies of BV among women with low vitamin D
concentrations (often marked as <20 nmol/L or <30 nmol/L) [175,176]. In addition, vitamin
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D supplementation is effective in eliminating BV [177]. Race/ethnicity has significant
population-level impacts on vitamin D status, BV status, and pregnancy outcomes. Women
of African heritage are also doubly as likely to receive a clinical diagnosis of BV, and
analyses of the vaginal microbiota reveal that it is more likely to be colonized by specific
BV-associated bacteria.

6.2. Role of a High-Fat Diet and a High-Sugar-Diet on Altering the Vaginal Microbiome

In specific subsets of women, a correlation between a high-saturated-fat diet, a higher
glycemic load, and lower nutritional density with BV has been found, in addition to a
contrary relationship between BV and higher folate, vitamin E, and calcium consump-
tion [170,172,178]. BV has also been epidemiologically combined with obesity [169]. Sub-
sequently, shifts in the vaginal microbiota balance due to infection with BV alters the
composition referred to as polybacterial dysbiosis and to disease such as vaginal HPV [179].
In addition, BV has been associated with acquiring and transmitting HIV and other sexually
transmitted pathogens [180,181].

Lactobacillus dominance is that the high starch content of human diets leads to
high glycogen levels in the vaginal tract, creating a suitable Lactobacillus environment.
Lactobacilli and other fermentative bacteria and vaginal epithelial cells produce lactic acid
and are responsible for acidifying the vaginal microenvironment pH to <4.5, which gives
the vaginal microbiota a certain level of balance and ability to withstand some infections.
This microbiota is shown by a low degree of diversity and the high dynamics of its structure
changes under the control of various exogenous and endogenous factors. Nutrients play
an important role in altering the vaginal microbiome diversity. A diet deficient in vitamin
A, C, D, and E, calcium, folate, and beta-carotene but rich in fats and sugar, causes vaginal
infections such as BV, which are linked to preterm birth, increased risk of HIV transmission,
increased risk of HPV infection, and cervical, endometrial, and ovarian cancers (Figure 1).
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Figure 1. Impact of diet on the vaginal microbiome. A diet deficient in vitamins A, C, D, and E, calcium, folate, and
beta-carotene but loaded with fats and sugar leads to altering the vaginal microbiota and increase susceptibility to infections
causing bacterial vaginosis, which are associated with preterm birth, raising the risk of human immunodeficiency virus

(HIV) transmission, human papillomavirus (HPV) infection, and cervical, endometrial, and ovarian cancers.
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7. Gynecological Cancers

Neoplastic diseases are a growing public health problem, considering their incidence
and subsequent health care burden [182,183]. Interdisciplinary oncological care is extremely
important for the sake of successful cancer cure. Adequate prophylaxis, diagnostic work-
up, and therapeutic plan are essential in order to either achieve a curative goal in the
case of curable diseases or prolong patient survival and quality of life in the case of
an incurable disease. In gynecological oncology, the utility of prophylaxis and health-
promoting behavior strategies can result in three outcomes: effective, leading to poor
effects, or ineffective. Examples of the first outcome are vaccination and the application
of effective screening tools in cervical cancer, with subsequent reduced morbidity and
mortality [184]. Intermediate effective outcomes are achieved in endometrial cancer, where
behaviors such as avoiding aggravating factors and following their effective treatment in
co-morbid conditions (diabetes, hypertension, and obesity) reduced morbidity in some
groups [185]. Unfortunately, following the same measures in the case of ovarian cancer
resulted in practically ineffective outcomes [186].

Diet and nutritional intervention plans in oncology should be individualized and
focused on adjusting nutrient needs for cancer patients [187]. The literature estimates
that diet and nutritional compounds may contribute to approximately 20-60% of cancers
worldwide [188]. Collectively, more investment should be made in research detailing the
role diet/nutrition plays both in the occurrence of cancer and in its cure, such as tolerance
to radiation and chemotherapy. The current literature relatively ignores this important
angle, while focusing on exploring new chemotherapeutics, immunological therapies, and
new operative techniques, including those only for women [189]. Recent findings have
shown that neither fruits nor vegetables might be convincingly or possibly associated with
the risk of any cancer. Moreover, vitamins and mineral compounds do not reduce cancer
risk in populations that are well nourished. Therefore, they should not be used for standard
cancer prevention. However, specific components of certain fruits and vegetables might
present protective properties [189]. Seemingly, even if studies in this area are scarce, it is
worth collecting at least some available data to draw conclusions for future research.

7.1. Cervical Cancer

Cervical cancer has been studied for many years. Unlike other cancers, cervical cancer
is caused by sexually transmitted infections (STIs) with certain types of HPV. A persistent
viral infection in high-risk groups was recognized as necessary for the development,
maintenance, and progression of cervical intraepithelial neoplasia (CIN) and cervical
cancer [190]. Some environmental and lifestyle co-factors were found to influence such
disease progression, including inappropriate diet, cigarette smoking, coexistence of STIs,
combined oral contraceptive (COC) use, high parity, low socioeconomic status, early sexual
activity, or multiple sexual partners.

Available studies have demonstrated that reactive oxygen species (ROS), either in-
dependently or orchestrated with HPV, may play a role in cervical cancer pathogenesis.
Therefore, consumption of dietary antioxidants, such as carotenes, ascorbic acid, and
vitamin D, might offer a protective role via neutralizing such harmful ROS [188]. More-
over, antioxidants may modulate the immune system in favor of a better response to the
cancer microenvironment [191].

Likewise, natural antioxidants may slow down or protect against persistent HPV
infection and thus later cervical cancer development [192,193]. For example, Tomita et al.
highlighted an existing correlation between both low intake of fruits and vegetables and
smoking habits with an increasing risk of developing high-grade CIN [192]. In addition, in
2012, Jia et al. published data suggesting that eating higher amounts of fresh vegetables
and drinking green tea may reduce the overall risk of cervical cancer [194]. Interestingly,
vitamins such as C and E can serve as efficient antioxidants, with studies linking higher
serum antioxidant vitamin levels with a lower risk of cervical cancer, especially in passive
smokers [195]. It was also demonstrated that the dietary intake of carotenoids or retinols,
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lutein, different xanthines, and ascorbic acid was associated with a reduced incidence of
HPV persistence in infected women [196]. Furthermore, low serum levels of lycopene,
retinol, and tocopherols are suspected to increase the risk of high-grade CIN, while higher
serum levels of carotenoids and gamma tocopherol could even reduce the overall risk of
this kind of dysplasia [192].

A summarized review by Ono et al. in 2020 concluded that various nutritional
antioxidants may affect HPV infection-derived cervical diseases. They suggested that the
intake of vitamin A, carotenoids, and vitamin D may inhibit cervical cancer development
at early stages. Conversely, the intake of vitamin C and E may be useful in the inhibition of
the cervical cancer development process [197], while vitamin A’s main effect is inhibition
of HPV infection and CIN development [188]. In 2000, Yeo. et al. found that women
with low serum retinol levels were at an increased risk of low-degree CIN compared with
women who had higher levels of retinol [198]. Interestingly, Huang et al. (2020) found
that the dietary intake of vitamin A, equal to or higher than 1448.155 mcg, increased
the risk of HPV infection by 70% [199]. Vitamin E is a group of fat-soluble compounds
including tocopherols and tocotrienols with antioxidant effects protecting cell membranes
from ROS [200]. Studies have confirmed the same findings that high circulating levels or a
greater intake of vitamin E might reduce the risk of CIN or cervical cancer [201]. Concerning
other nutrients such as vitamin D and folic acid, a recent randomized controlled trial by
Vahedpoor et al. (2017) performed in 58 women diagnosed with low-grade CIN revealed
that after six months of vitamin D administration, the regression of lesions was observed
more commonly in women who consumed vitamin D compared with controls [202]. Folic
acid has not been extensively studied recently, and the available data are relatively old.
Hernandez et al. (2003) reported that the total folate serum level presented an inverse,
dose-responsive correlation with low-grade cervical squamous intraepithelial lesions and
high-grade squamous intraepithelial lesions [203].

Natural compounds with chemopreventive/chemotherapeutic potential and antiox-
idant features have received increased attention in the past few years. Some natural
compounds extracted from plants, such as curcumin and EGCG, have been found to
exhibit anticancer properties, e.g., increasing tumor cell sensitization to different forms
of therapy [204,205]. Seemingly, curcumin requires special attention. This compound
(also known as diferuloylmethane) is present in the turmeric rhizome and shows different
anti-inflammatory and antioxidant properties [205]. Briefly, curcumin contributes to the
inhibition of nuclear factor kappa B-regulated gene factors that control apoptosis, prolifera-
tion, invasion, or angiogenesis, in addition to inhibition of nuclear factor kappa B activation
through the modulation of different kinases [205], which contributes to the resistance of
human cervical cancer cells and results in increased cell death [206]. EGCG is another
interesting compound with anticancer properties. It is a polyphenol with proven antipro-
liferative, antiangiogenic, antimetastatic, and proapoptotic properties in several tumor
models [207]. EGCG is a potent inhibitor of several kinases as well as the mammalian
target of rapamycin (mTOR) signaling, besides acting as a modulator in inflammatory
processes [208]. EGCG modulates ROS production, which might be linked to its anti-
tumorigenic effects. The EGCG-derived modulation/inhibition of nuclear factor kappa
B signaling is responsible for its effect against angiogenesis, cell movement, and viabil-
ity [208]. Finally, resveratrol, which is a phytoalexin found in fruits like grapes, blueberries,
or peanuts, exhibits anticancer effects via interacting with several important molecules
involved in tumor development, such as activators, kinases, or nuclear factor kappa B.
Moreover, resveratrol shows antiproliferative effects on cervical cancer cell lines through
cell cycle modulation with accumulation of the cells in the S phase [204].

To conclude, several nutrients with antioxidant effects may present potent abilities
to intervene in the natural history of cervical cancer tumorigenesis connected with HPV
infection [197]. Selected vitamins (such as vitamins A and D) and natural compounds
(e.g., EGCG) demonstrate a positive effect in halting the cervical cancer disease process.
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Obviously, the available data are inconclusive, and their quality may be undermined.
Therefore, more well-designed, large randomized clinical studies are needed.

7.2. Endometrial Cancer

Endometrial cancer (EC) is currently one of the most common malignant neoplasms
affecting women worldwide. Unfortunately, the direct underlying etiology has not been
clearly described and understood. EC is known to occur mainly in postmenopausal
women [209]. Contributing risk factors are older age, nulliparity, diabetes, estrogen-
only hormone replacement therapy, and obesity [210]. Fortunately, the survival rate
ranges from about 75% to 90% in patients diagnosed at early stages [211]. Differences in
histological patterns and clinical outcomes divide EC into two types. Type I cancers present
as endometrioid adenocarcinomas, and this kind of tumor is often preceded by endometrial
hyperplasia. Importantly, the development of this kind of tumor is mostly influenced by
the long-lasting stimulation of estrogens on the endometrium [210,212]. Type II tumors are
mostly represented by serous cancers, and they are rather estrogen independent. We may
observe them arising from the atrophic endometrium [210,212].

Regarding the potential preventive effects of diet intake on EC risk, limited data are
available with conclusions of negligible correlation. In their review, Bandera et al. (2009)
found an inverse relationship of EC risk with the dietary intake of carotenes, ascorbic acid,
and tocopherols. They highlighted that additional larger studies are necessary to confirm
this association [213]. Later, a Nurses” Health Study denied such association between EC
risk and the consumption of dietary carotenoids and vitamins A, C, or E [214].

The incidence of precancerous changes was found to be higher in overweight and
obese patients. Interestingly, higher fat energy intake was found to be associated with
increased EC risk, but the energy from carbohydrates and proteins did not increase that
risk [215]. Therefore, it was interesting for researchers to explore the role of diet in the
pathophysiology of EC in the context of inflammation. Studies have suggested that ele-
vated levels of prostaglandins might underlie the transformation of a normal endometrium
into neoplastic tissue, which might be attributed to inflammation-induced cell division
with subsequent possibility of ineffective DNA repair and mutations. Interestingly, polyun-
saturated fatty acids (e.g., available in seafood) are thought to be anti-inflammatory, and
one might think play a possible beneficial role against EC. For example, Brasky et al. (2014)
showed that high consumption of dietary eicosapentaenoic acid and docosahexaenoic acid
increased the risk of EC by 80% compared to a lower consumption rate [216]. Alcohol
was thought to increase EC risk via increasing the circulating serum sex steroids. Rinaldi
et al. (2006) showed that sex-hormone-binding globulin levels are approximately 15%
lower in alcohol consumers (25 g of alcohol daily) compared with non-consumers [217].
Interestingly, recent data from a prospective study performed in 301,051 European women
showed that alcohol consumption is not associated with EC risk [218].

The effect of some plant-derived compounds on EC is attributed to their hormonal
effect, for example, phytoestrogens, which have low estrogenic activity, while others
might possess antioxidant and antimutagenic properties [219]. Flavonoids are a class of
polyphenolic metabolites that have antioxidant and anti-mutagenic properties, so it is
believed that they may reduce cancer risk, e.g., in EC [220]. Unfortunately, it has not
been confirmed in further studies. A randomized controlled trial by Wang et al. (2009)
revealed no association between selected flavones and flavonols and EC risk [221]. Similarly,
Bandera et al. (2009) showed no association between isoflavones and EC [222]. However,
slightly different data were presented by Ollberding et al. (2012), who demonstrated
that a greater consumption of isoflavone-containing foods was associated with a reduced
risk of EC in postmenopausal women [223]. This might be explained by the fact that
isoflavones possess some selective estrogen receptor modulator activity, with varying
estrogenic and antiestrogenic potential, depending on the receptor characteristics of the
target tissue. Isoflavones are abundant in soy, whose consumption has been studied in
numerous publications. A review by Zhang et al. (2015) revealed that soy intake might be
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associated with lower EC risk; however, the authors highlighted that the exact mechanisms
are still unknown [224]. Furthermore, a meta-analysis by Zhong et al. (2018) revealed that
the consumption of larger amounts of dietary isoflavones from soy products and legumes
weakly decreased the risk of EC in the selected population [225]. Remarkably, some authors
indicated a negative effect of high soy isoflavone consumption that resulted in a relatively
high incidence of endometrial hyperplasia [226]. Therefore, the protective effect of soy
isoflavones on EC should be interpreted with caution, and their introduction into cancer
therapy might be rather challenging now.

If it is about other compounds, the data are scarce. An inverse association between
ultraviolet irradiance and EC incidence was demonstrated, suggesting a possible bene-
ficial effect of vitamin D, considering its multitargeted effects [227]. However, available
meta-analyses have revealed no significant relationship between the intake of vitamin
D and the incidence of EC [228]. In a study by Bandera et al. (2009), increased intake
of quercetin (a bitter plant flavonol found in different fruits and vegetables) was associ-
ated with a decreased risk of EC [222]. Similarly, kaempferol, a natural dietary flavonoid,
was explored against EC cells, considering its anticancer, anti-inflammatory, and antioxi-
dant properties, and studies have shown that it suppresses cellular proliferation through
various mechanisms [229,230].

Some research was conducted on the association between tea consumption and the risk
of EC. In 2015, Yang et al. demonstrated little or no association between tea consumption
and the risk of EC [231], while a meta-analysis published later highlighted that a higher
dietary intake of green tea might be connected with a reduced risk of EC. Notably, such
correlation was not demonstrated in the case of black tea. The authors suggested that
the reduced risk might be due to the markedly higher content of catechins in green tea in
comparison with black tea. Catechins, such as EGCG, may modulate the estrogen-induced
activation of endometrial cells and also induce the apoptosis of neoplastic cells as well as
cell cycle arrest [232].

Taking all together, available data on the effect of nutritional compounds on EC
pathophysiology are of poor quality and insufficient. Nevertheless, exploring new natural
dietary compounds in the prophylaxis or treatment of this disease is encouraged.

7.3. Ovarian Cancer

Ovarian cancer is a malignant tumor of the ovaries, occurring mainly in peri- or
postmenopausal women. Unfortunately, it is associated with the poorest prognosis and
the highest mortality rate among all gynecological cancers [233]. Research shows that
the number and frequency of ovulations in a woman'’s lifetime are linked to the risk
of her developing ovarian cancer [234], since it is associated with the rupture of the
ovarian epithelium and the sensitizing effect of the follicular fluid with a high content
of estrogens [235]. Ovarian cancers are histologically and clinically divided into two
different types. Type I cancers are low-grade endometrioid, mucinous, and clear-cell
cancers, whereas type II cancers are of a higher histological grade in which tumors may
develop de novo from the tubal and/or ovarian surface epithelium and include serous
cancers [234]. Surgery is the critical modality in the treatment of ovarian cancer, as well
as chemotherapy [234]. Regrettably, due to the unclear etiology of ovarian cancer, it may
not always be prevented. However, some factors have been shown to limit the risk of its
development, e.g., lactation or the use of combined oral contraception. Therefore, exploring
the potential role of nutritional compounds in prophylaxis or supportive treatment is valid.

The available literature suggests a possible link between ovarian cancer and inappro-
priate dietary habits. For instance, chronic inflammation was implied as an underlying
mechanism contributing to ovarian carcinogenesis [236]. A study by Shivappa et al. (2016)
showed that ovarian cancer risk increases in women who consume higher amounts of
pro-inflammatory products [237]. On the contrary, Dolecek et al. (2010) and Playdon
et al. (2017) demonstrated the influence of a healthy diet on the clinical course of ovarian
cancer [238,239]. The former study showed that only yellow and cruciferous vegetables
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significantly favored the survival rate, whereas a negative correlation was shown for
meat [238]. Playdon et al. (2017) demonstrated a trend toward lower mortality with higher
fruit intake. Moreover, a higher intake of green leafy vegetables was inversely associated
with mortality. Compared to the previously discussed study, the authors did not show
such a strong influence of cruciferous vegetables [239]. An important meta-analysis pub-
lished by Qiu et al. revealed that a high consumption of total, saturated, and trans fats
increased ovarian cancer risk. The authors emphasized that different histological subtypes
had different susceptibilities to dietary fat, and provided an example of saturated fats that
might increase the overall risk of serous and endometrioid ovarian cancers [240].

A variety of studies are available considering phytoestrogens, including the beneficial
effect of isoflavones on ovarian cancer, with nonconclusive findings. In a study by Bandera
et al. (2011), phytoestrogen presented a trend for a reduction in ovarian cancer risk.
However, no significant associations were found. However, an inverse association with
total phytoestrogen consumption was found after adjusting for age, race, education, body
mass index, and total energy [241]. Moreover, an analysis by Neill et al. (2014) showed a
pattern of inverse associations between the increasing intake of phytoestrogens, isoflavones,
or lignans and the risk of ovarian cancer, but it should be emphasized that significance was
only proved for two lignans—matairesinol and lariciresinol [242]. Isoflavones were found
to have a protective effect against ovarian cancer, which may be attributed to the inhibition
of the growth and proliferation of ovarian cell lines. Furthermore, they may regulate cancer
inflammation pathways [188]. Conversely, Hedelin et al. (2010) found no association
between phytoestrogens, fiber intake, and ovarian cancer risk. The authors found that
fiber and coumestrol intake was inversely associated with borderline tumors but not with
invasive types [243]. Finally, in 2016, Hua et al. showed in their meta-analysis that the
intake of dietary flavonoids might decrease ovarian cancer risk. According to this analysis,
ovarian cancer risk decreases with isoflavones and flavonols, but there was no evidence
that the dietary intake of flavones was protective in the case of ovarian cancer [244].

Herein, we present some examples of such flavonoids that might offer beneficial
effects against ovarian cancer. Quercetin, a plant flavonol, inhibits oxidation and acts
as a free-radical scavenger with estrogenic activities on both types of estrogen receptors
(« and B) [87]. Quercetin presented antitumor and anti-inflammatory properties with
a cytotoxic influence on ovarian cancer, which Shafabakhsh et al. attributed to its anti-
inflammatory, pro-oxidative, antiproliferation, and apoptosis induction activities [245]. A
different already described flavonoid, kaempferol, was also found to be a good inhibitor of
angiogenesis [246]. Finally, a flavonol named galangin was found to be selective against
cancer cells where it induced apoptosis. It was suggested that future research might prove
its usability in platinum-resistant ovarian cancers [247].

Curcumin is a well-known natural compound found in turmeric. It is a diarylhep-
tanoid and belongs to the group of curcuminoids, which are natural phenols. Curcumin
exhibited a wide range of effects, e.g., anticancer, anti-inflammatory, and antioxidant ca-
pabilities. In 2007, Lin et al. showed that curcumin might inhibit nuclear factor kappa B
activation and suppress both proliferation and angiogenesis in ovarian cancer cells [248].
Since curcumin has been extensively studied in cancer treatment, data might suggest addi-
tional efficacy due to sensitization of the resistance of cancer cells to current therapies [249].
For example, a study conducted by Wahl et al. (2007) demonstrated that curcumin used in
a combination with a special anticancer ligand (Apo2L) results in reduced chemoresistance
to conventional chemotherapeutic agents [250]. More recently, He et al. (2016) found
that curcumin significantly increases epithelial ovarian cancer sensitivity to cisplatin and
abolishes the sphere-forming ability [251]. An earlier study by Yallapu et al. in 2010 showed
that this compound reduces the dose of both radiation and cisplatin needed for cell growth
suppression in cisplatin-resistant ovarian cancer cells [252]. Berberine is a plant-based
alkaloid with a tetracyclic skeleton with anti-inflammatory, antiproliferative, pro-apoptotic,
and antimetastatic actions [253]. A recent study by Liu et al. (2019) proposed that the
co-use of berberine and cisplatin enhances ovarian cancer cell death by inducing apoptosis
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and necroptosis. Tissue samples revealed the typical apoptotic and necrotic cell death
morphology with the inhibition of proliferating cell nuclear antigen and Ki67 and a higher
expression of selected caspases [254].

Finally, we highlight new agents that might be of interest for future research on ovarian
cancer therapy. The first is honokiol, a natural biphenolic lignan extracted from different
parts of magnolia. Regarding the possible effects on ovarian cancer, honokiol regulates
the nuclear factor kappa B activation pathway and VEGF expression [255]. Recently, a
study showed that the anticancer activities of honokiol in ovarian cancer cells are mediated
through the activation of adenosine 5" phosphate-activated protein kinase. Honokiol
induced apoptosis with the activation of various caspases. Moreover, honokiol inhibited
the migration and invasion of ovarian cancer cells [256]. The second new compound
is bufalin, which is a steroid isolated from toad venom. According to available studies,
bufalin presents antitumor effects against various malignancies, including lung cancer [257].
A study by Su et al. published in 2020 demonstrated its usefulness in ovarian cancer,
where it acted as a potent inhibitor of cell growth and migration in ovarian cancer cells
through the suppression of mTOR activation and hypoxia-inducible factor 1-alpha (HIF1c)
induction. The authors concluded that bufalin might be used as an additive to cisplatin
in ovarian cancer therapy [258]. Lastly, tetramethylpyrazine (also named ligustrazine) is
a chemical compound classified as an alkylpyrazine found in fermented soybeans and
cocoa beans [259]. It is a natural compound reported to present anticancer activity. In 2020,
Zhang et al. found that tetramethylpyrazine inhibits the viability, proliferation, migration,
and invasion ability of selected ovarian cancer cell lines in a dose-dependent manner [260].

Vitamin D may be significant in reproductive organ tumors [261]. A systematic review
of the literature has not identified any human studies regarding the effect of vitamin D or
its analogues on ovarian cancer patients, and such supplementation or treatment cannot
be recommended [262]. Regardless of vitamin D, calcium seems to be significant in the
pathophysiology and therapy of ovarian cancer. An available meta-analysis by Song et al.
published in 2017 supported the hypothesis that increased calcium intake might reduce
ovarian cancer risk. In the analysis, dietary calcium was significantly associated with
a reduced risk of ovarian cancer among cohort and case—control studies. However, the
authors concluded that further studies, mostly those on larger groups, might lead to more
decisive conclusions [263].

Although the discussed data indicated some influence of nutritional compounds
on the development and course of ovarian cancer, there is a paucity of valuable clinical
data that may be translated into evidence-based medicine. Flavonoids seem to play
the most significant role. However, more research is encouraged in order to explore
novel compounds.

8. Menstrual Disorders
8.1. Menorrhagia

Menorrhagia is described as excessive uterine bleeding, in terms of flow and duration,
during regular cyclical intervals. Its clinical definition includes blood loss greater than
80 mL per cycle or menses lasting longer than 7 days [264]. Diet should be considered
when managing menorrhagia. Ideally, the diet should be low in animal fat and rich in
fish oils and linolenic and linoleic acids. Therefore, flaxseeds and soy protein have been
frequently suggested due to their ability to regulate the menstrual cycle [265]. Here, we
briefly discuss supplements and nutrients that have been explored for their potential role
in managing menorrhagia.

8.1.1. Iron

Blood loss is one of the major causes of iron deficiency anemia. However, it is less well
known that chronic iron deficiency can be a contributor to menorrhagia, in turn. Therefore,
women experiencing heavy blood loss should consume iron-rich foods such as Brewer’s
yeast, wheat germ, blackstrap molasses, organic liver and kidneys, apricots, eggs, ground
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beef, raisins, beans, cooked spinach, and chicken. In addition, yogurt, sour fruits, and
citrus juices can aid in the absorption of iron [266].

8.1.2. Vitamin A

Adult women experiencing menorrhagia may have low levels of vitamin A. One study
in which vitamin A was used to treat women with menorrhagia showed that those who
received 60,000 IU of vitamin A for 35 days experienced both a return to normal and a
reduction in blood loss compared to the placebo group [264,267].

8.1.3. Vitamin B Complex

Vitamin B deficiency may be related to menorrhagia. Studies have shown that vitamin
B complex deficiencies result in failure of the liver to inactivate estrogen. Thus, the excess
estrogen’s effect on the endometrium ends up with more bleeding, while vitamin B complex
may help normalize estrogen metabolism and thus reduce bleeding [268].

8.1.4. Vitamin C and Bioflavonoids

Vitamin C and bioflavonoids improve heavy bleeding via making the capillary
walls less fragile. Livdans-Forret noted that 16 of 18 women who took vitamin C and
bioflavonoids for heavy menstrual bleeding reported an improvement [264]. Moreover,
vitamin C can benefit women with iron deficiency due to menorrhagia by increasing
iron absorbency [269].

Some herbal and nutritional supplements have shown beneficial effects against menor-
rhagia, including the chaste tree or chasteberry (Vitex agnus castus), which is a well-known
herb in Europe for the treatment of hormonal imbalances and abnormal bleeding in women.
In addition, astringent herbs such as shepherd’s purse have a long history of use for in-
hibiting gynecological hemorrhage. Tonic herbs such as life root, also known as ragwort,
have been used for conditions such as menstrual cramps, menorrhagia, and subdued men-
struation. Traditional herbs such as yarrow have been used since medieval times to treat
bleeding wounds. Yarrow is a uterine stimulant that increases muscular tone, stimulates
reproductive activity, and effectively treats menstrual problems [264].

8.2. Dysmenorrhea

Dysmenorrhea is commonly described as painful menstruation in the form of lower
abdominal pain, which has a range of severity and associated symptoms. These include
nausea, vomiting and loss of appetite, fatigue, diarrhea, headache, restlessness, insomnia,
and fainting [270]. Primary dysmenorrhea has been primarily associated with the extra
production of prostaglandins and leukotrienes. Prostaglandins (PGF2-c) temporarily limit
or stop the blood supply to the uterus by stimulating its contraction, which reduces the
amount of blood perfusing the uterus through myometrial compression of the blood vessels.
This deprives the uterus of oxygen, which results in cramping and abdominal pain. Higher
concentrations of PGF2-o and leukotrienes in menstrual blood and in uterine smears were
observed in women with signs of painful menstruation. Several studies have explored the
efficacy of supplements and nutrients against dysmenorrhea [271-273], which we discuss
next in the article.

8.2.1. Calcium and Magnesium

Dietary calcium and magnesium intake has a protective effect against dysmenorrhea.
Following absorption from the upper intestine, they can manage the muscle cells” response
to nerve stimuli through numerous functions [274]. Even though the tocolytic effect of
magnesium has already been proven in vivo and in vitro, the best dosage for treating or
preventing dysmenorrhea is not yet clear [275].

35



Nutrients 2021, 13, 1178

8.2.2. Olive Oil

The polyphenolic compound oleocanthal in extra virgin olive oil has been shown
to have anti-inflammatory and antioxidant effects. A study examining its inhibitory
effect on prostaglandin-induced uterine hypercontraction showed that oleocanthal, dose-
dependently, inhibited the PGF2«-induced contraction amplitude [276]. Thus, the authors
concluded that extra virgin olive oil and oleocanthal can reduce oxidative stress and
uterine hypercontraction.

8.2.3. Fennel

Fennel, or Foeniculum vulgare, is a herbal therapy proposed to alleviate menstrual
pain by lowering the prostaglandin levels in blood. A meta-analysis showed the equivalent
effects of fennel on pain reduction compared with drug therapy, and the pooled results
showed favorable effects of fennel on pain reduction compared to the placebo [277]. Fennel
in the form of capsules, pill, or oils (excluding massage oil) was used in the 12 studies
included in the meta-analysis.

8.2.4. Dietary Fiber

Since dietary fat and fiber alter estrogen levels, they may be related to dysmenorrhea
by affecting hormones. Fiber intake reduces blood estrogen levels, whereas fat has been
associated with increased estrogen levels. Nagata et al. found that intake of dietary fiber
is significantly inversely correlated with the menstrual pain scale after adjusting for age,
smoking status, age at menarche, and total energy intake [278].

8.2.5. Omega-3 and Omega-6 Fatty Acids

Western diets are rich in omega-6 fatty acids (e.g., vegetable oil, eggs, and margarine)
but poor in omega-3 fatty acids (e.g., fish, canola oil, and wheat germ). Omega-6 fatty acids
contribute to the formation of pro-inflammatory eicosanoids, such as Prostaglandin E2
(PGE2), thromboxane A2, and leukotriene B4, whereas omega-3 fatty acids, specifically
eicosapentanoic and docosahexanoic acids, lead to the formation of less inflammatory
eicosanoids (e.g., PGE3, thromboxane A3, and leukotriene B5). There is some epidemiologic
evidence that a diet rich in omega-3 fatty acids can decrease painful menses. Several studies
have shown a significant decrease in menstrual pain in those using fish oil [279,280].

8.2.6. Vitamin D

Vitamin D receptors are located in the human uterus, and vitamin D inhibits the
synthesis of prostaglandins [144]. Calcitriol (1,25]OH]2D) decreases, in vitro, the level of
pro-inflammatory cytokines such as interleukin 6 and tumor necrosis factor and regulates
the expression of several key genes involved in the prostaglandin pathway, causing de-
creased biological activity of prostaglandins [144]. Thus, vitamin D has been suggested
to halt the extra prostaglandin production found in primary dysmenorrhea. One study
showed an inverse correlation of 25(0OH)D levels with the pain score as well as a significant
reduction in pain in women taking vitamin D, with the greatest reduction found in women
who reported severe pain at baseline [281]. Studies in Iran and Italy have shown that the
use of a single dose of oral cholecalciferol (300,000 IU) for five days before the beginning
of menstrual bleeding significantly decreased the pain of severe primary dysmenorrhea,
while another trial found that the administration of 50,000 IU of vitamin D for eight weeks
significantly reduced pain severity [282]. Another study found that low levels of vitamin
D are inversely related to the severity of primary dysmenorrhea and that vitamin D and
calcium intake could reduce its severity [283].

8.2.7. Vitamin E

Vitamin E is thought to reduce prostaglandin formation by inhibiting arachidonic acid
release. A review article about the positive effects of vitamin E on the alleviation of primary
dysmenorrhea pain showed a significant reduction in pain severity in women treated with
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this vitamin [264]. Two studies have shown a significant reduction in pain when 150 to 500
1U/day of vitamin E was administered a few days before and during menses compared
with the placebo for two to three cycles [264].

8.2.8. Qixuehe

Formulations of Chinese herbs may be beneficial but lack rigorous testing to evaluate
their mechanistic action. One study found that QiXueHe Capsule (QXHC) can alleviate
pathological changes in menstrual disorders. Researchers identified 1022 targets of 15 herbs
in QXHC to investigate its pharmacological mechanisms on menstrual disorders. Results
showed that targets in the treatment of menstrual disorders are significantly associated
with several biological pathways, such as VEGF and chemokine signaling pathways and
alanine, aspartate, and glutamate metabolism, which are involved in the major pathological
processes of menstrual disorders. The authors also found 20 pairs of QXHC candidate
targets, and the corresponding chemical components had the strong binding free energy.
These results showed that the pharmacological mechanisms of QXHC in the treatment of
menstrual disorders may be associated with its involvement in hemopoiesis, analgesia,
nutrient absorption and metabolism, mood regulation, as well as immune modulation [284].

8.2.9. Zinc

Zinc has been found to reduce the synthesis of prostaglandins via its action as an
endogenous antioxidant catalyst and as an anti-inflammatory agent that can improve
microcirculation of endometrial tissue. This was shown in a study that found that zinc
significantly lowered the pain duration and severity in women compared to the control
group and improved the patients’ quality of life [285]. One study suggested that daily
intake of 30 mg of zinc one to four days prior to menstruation can prevent menstrual
cramping pain, without harmful side effects, while another showed evidence that zinc can
treat primary dysmenorrhea in adolescent girls [286].

8.2.10. Vitamin K

A few studies have investigated vitamin K (phylloquinone) injection to treat primary
dysmenorrhea. Treatment with vitamin K may shorten the length of the extended menstrual
flow due to its action on prothrombin, which is a coagulation protein produced in the
liver and is dependent on vitamin K [287]. Chao et al. reported that women indicated a
significant decrease in pain after vitamin K injection in both legs and increased plasma
phylloquinone levels [287]. Wade et al. noted that both women given vitamin K3 using an
acupuncture point injection or deep muscle injection experienced a decrease in average
pain as well as menstrual distress [288]. It was suggested that women with severe primary
dysmenorrhea could manage severe dysmenorrhea with two vitamin K acupuncture point
injections per year.

Finally, an interesting recent study examined the relationship of breakfast to the de-
velopment of future reproductive diseases. Missing this first meal interferes with the
start of the active phase during the circadian rhythm that is regulated by the central clock
system. Since both food intake and the light/dark cycle are the main regulators of circadian
rhythms, skipping breakfast can lead to changes in light stimulation within the central
clock system [289]. The authors suggested that meal skipping affects the hypothalamic—
pituitary—ovarian axis, impairs the reproductive rhythm, and leads to ovarian dysfunction.
Young women who skip breakfast show significantly higher incidences of dysmenorrhea
and irregular menstruation, suggesting that missing meals affects ovarian and uterine
functions [289]. Since dysmenorrhea becomes more manifested in those with a history
of dieting, the authors posited that inadequate dietary habits in adolescence become a
trigger for the subsequent development of organic gynecological diseases. [289]. Thus,
they suggested shifting the focus from therapeutic to prophylactic and from dietary con-
tent to dietary timing in the management of gynecological disorders in young women.
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Further investigation, together with developing new methods, is recommended to test
their hypothesis.

9. Conclusions

Gynecological diseases, like other diseases, have a causal relationship with some
factors in the environment. These factors may be physical or/and social. Someone may
suffer from gynecological diseases either due to her physical condition/exposure (e.g.,
nutritional status, environment, exposure to bacteria or viruses, etc.) or due to social
conditions (education, income level, culture, etc.). So, while dealing with a gynecological
disease clinically, it is recommended to look at these factors that might improve the outcome.
In this article, we covered several dietary supplements and nutrients that may provide
potential benefits upon implementation in preventive/therapeutic measures to control
common gynecological diseases, including uterine fibroids, endometriosis, PCOS, infertility,
menstrual disorders, and vaginal infections, as well as malignant cancers such as cervical
cancer, endometrial cancer, and ovarian cancer. Nutrition has the most important lifelong
environmental impact on human health. There are several studies indicating that fruits,
tea, vegetables, as well as various dietary compounds can alter several signaling pathways
involved in disease pathogenesis as well as impact cancer cells, such as the activation
of tumor suppressor genes and an increase in apoptosis and the activity of cell survival
proteins, thus playing a protective role against cancer. However, this research area needs
more attention.
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Abstract: Among the various aspects of health promotion and lifestyle adaptation to the post-
menopausal period, nutritional habits are essential because they concern all women, can be modified,
and impact both longevity and quality of life. In this narrative review, we discuss the current evidence
on the association between dietary patterns and clinical endpoints in postmenopausal women, such
as body composition, bone mass, and risk markers for cardiovascular disease. Current evidence
suggests that low-fat, plant-based diets are associated with beneficial effects on body composition, but
further studies are needed to confirm these results in postmenopausal women. The Mediterranean
diet pattern along with other healthy habits may help the primary prevention of bone, metabolic,
and cardiovascular diseases in the postmenopausal period. It consists on the use of healthy foods
that have anti-inflammatory and antioxidant properties, and is associated with a small but significant
decrease in blood pressure, reduction of fat mass, and improvement in cholesterol levels. These
effects remain to be evaluated over a longer period of time, with the assessment of hard outcomes
such as bone fractures, diabetes, and coronary ischemia.

Keywords: menopause; nutrition; body composition; bone; cardiovascular risk

1. Introduction

Menopause is literally the ceasing of menstruation, but a broader definition includes
“the permanent cessation of menstrual cycles following the loss of ovarian follicular ac-
tivity” [1]. Climacteric is the transitional phase from the first signs of ovarian senescence
until its complete installation. Among the various endocrine changes that characterize the
progressive loss of ovarian function and ultimately lead to menopause, the most important
is the decrease of circulating levels of ovarian steroids. The loss of luteal phase progesterone
due to missed ovulation may cause menstrual irregularity and heavy menstrual bleeding
in the late premenopausal years, while the subsequent decrease of estradiol levels due to
follicular exhaustion is related to vasomotor symptoms, and the cause of urogenital atrophy,
bone loss, and increased cardiovascular and metabolic risk [2,3]. Although menopause
is a conspicuous event, the menopausal transition may span several years and the health
impact of postmenopausal hypoestrogenism can extend for decades, even when symptoms
are no longer present [4,5].

Menopause is associated with increased prevalence of obesity, metabolic syndrome,
cardiovascular disease, and osteoporosis [3]. Weight gain is observed among midlife
women and has been ascribed to both chronological aging and to the menopause transi-
tion [6]. Recent data from a large population-based cohort in the United States [7] reinforced
the idea that weight gain is not only related to the menopause transition, even though
the fat mass increases rapidly in this phase. In this sense, a population-based study that

51

Nutrients 2021, 13, 2149. https:/ /doi.org/10.3390/nu13072149

https:/ /www.mdpi.com/journal /nutrients



Nutrients 2021, 13, 2149

we conducted in southern Brazil showed that sedentariness rather than menopause is
associated with a two-fold increased risk of overweight/obesity [8]. Therefore, exercise
along with calorie restriction should be recommended in all those postmenopausal women
with excess weight, for reductions in metabolic and cardiovascular risk [9].

The ability to switch from fat utilization during fasting to carbohydrate utilization
during hyperinsulinemia is defined as metabolic flexibility [10]. Gonodal hormones might
regulate metabolic flexibility at the level of the mitochondria, determining how nutrients
are converted into energy [11]. In postmenopausal women, metabolic flexibility diminishes
due to estrogen reduction and more fat accumulates in central depots [12].

The integral health care of menopausal women should therefore emphasize lifestyle
assessment and counseling to counterbalance the negative effects of estrogen deficiency
on general well-being and minimize the risk of metabolic syndrome, osteoporosis, bone
fractures, and vascular events [2,3]. Among the various aspects of health promotion and
lifestyle adaptation to the postmenopausal period, nutritional habits are essential because
they concern all women, can be modified, and impact both longevity and quality of life.
In this narrative review, we shall discuss the current evidence on the association between
dietary patterns and clinical endpoints in postmenopausal women, such as body composi-
tion, bone mass, and risk markers for cardiovascular disease (CVD), including studies of
risk association and/or effects of dietary interventions and thereby providing novel insight
into the establishment of optimal dietary guidelines for healthy postmenopausal period.

In order to find relevant publications, a search was conducted in Pubmed with com-
binations of keywords and Medical Subject Headings (MeSH) “Diet”, “Recommended
Dietary Allowances”, “Diet, Mediterranean”, “Diet, Fat-Restricted”, “Diet, Carbohydrate-
Restricted”, “Glycemic Index”, “Body Composition”, “Menopause”, “Postmenopause”,
and “Cardiovascular Diseases”. All articles published up to February 2021 were considered
for eligibility.

2. Dietary Intake and Clinical Endpoints in Menopausal Women
2.1. Body Composition

In the menopausal transition, lowering estrogen levels have been associated with loss
of lean body mass (LBM) and increase in fat mass (FM) [13,14]. In the longitudinal Study of
Women's Health Across the Nation, LBM loss during the menopausal transition averaged
0.5% (a mean annual absolute decrease of 0.2 kg), and FM increased by 1.7% per year (mean
annual absolute increase of 0.45 kg) [7]. Body composition changes in this population were
associated with increased risk of coronary heart disease, potentially compromising the
woman’s health as a whole. In the National Health and Nutrition Examination Survey
(NHANES), participants with low LBM and high FM had the highest cardiovascular and
total mortality risk [15].

2.1.1. Dietary Intake and Lean Body Mass in Postmenopausal Women
Dietary Protein

Ageing increases dietary protein requirements [16,17] because skeletal muscles reduce
their capacity of activating protein synthesis in response to anabolic stimuli, possibly
due to insulin resistance [18,19]. In fact, observational studies have indicated that higher
protein intake is associated with higher LBM in postmenopausal women [20-22]. In
the Women’s Health Initiative study, higher protein intake (1.2 g/kg body weight) was
associated with a 32% lower risk of frailty and better physical function [23]. The mean
protein intake associated with higher skeletal muscle mass index in postmenopausal
women was 1.6 g/kg body weight [22], although the Institute of Medicine recommends
for all ages the protein allowance of 0.8 g/kg body weight [24]. Because observational
results are unable to determine the direction of cause and effect, randomized controlled
trials (RCT) have been developed to validate this hypothesis. A meta-analysis of 36 RCTs
with 1682 participants concluded that protein supplementation, from 6 to 78 weeks, does
not lead to increase in LBM in non-frail community-dwelling older adults [25]. The few
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Mediterranean Diet

Increased consumption of | Suppression of osteoclast formation
whole-grain cereals, nuts,
fruits, pulses, olive oil,
moderate consumption of
fish, and a lower

consumption of sweetened
beverages and red meat T Muscle performance

available interventional studies focusing on postmenopausal women have shown that
high protein intake did not promote LBM gain when compared to recommended dietary
allowance (RDA) (Table 1) [26,27]. Indeed, beyond the metabolic and physiological changes
of aging that may alter protein metabolism [28], the current evidence suggests that RDA
may be sufficient to maintain LBM in older women.

While LBM maintenance cannot be attributed to high dietary protein intake in healthy
postmenopausal women, it could be associated, at least in part, with healthy dietary
patterns, such as the Mediterranean diet (MD).

Mediterranean Dietary Pattern

Through acting directly in oxidative stress [29], inflammation [30,31], and insulin
resistance [18,19], regarded as risk factors for muscle catabolism, the MD components have
been associated with better muscle measurements in postmenopausal women [32-34].

In a recent review, Granic et al. [35] hypothesized that the ‘myoprotective” effect of the
MD could be linked to higher intake of plant-based foods because they combine nutrients
that act together to preserve the muscles. In a previous work, we have also proposed a
model for the potential benefits of MD on body composition in postmenopausal women.
The presence of antioxidants like beta-carotene, as well as vitamins C and E protects from
deleterious effects of oxidative stress, while magnesium improves energy metabolism,
transmembrane transport, and skeletal muscle function [34] (Figure 1).

Dietary antioxidants: | | Oxidative stress and inflammation
Beta-carotene, vitamins | Inhibition of osteoblastic cell differentiation

C and E, selenium, T Protection of myocytes from reactive oxygen species
polyphenols | TNF-a, IL-6 and IL-1B in visceral adipose tissue

T Bone formation
1 Osteocalcin synthesis by osteoblast

e -
Beta-carotene T Obsteoblast mineralization

T Energy metabolism

Magnesmm 1 Transmembrane transport
T Muscle contraction and relaxation
—

Figure 1. Potential benefits of Mediterranean diet on body composition in postmenopausal women. Redrawn and modified

from [34].

However, studies about MD intervention focusing on LBM gain or maintenance
in postmenopausal women were not available until now, expressing an important gap
regarding this issue. Therefore, further research is needed on the potential effects of
non-protein nutrients on muscle health in older women.

2.1.2. Dietary Intake and Fat Mass in Postmenopausal Women
Dietary Carbohydrate, Whole Grains, and Glycemic Index

The role of dietary carbohydrate for promoting FM loss remains to be elucidated. In
obese individuals, a previous systematic review has shown that mild low carbohydrate
diet (40% of total energy) was not associated with decrease in fat mass [36]. Recently,
a randomized control trial with 57 women (age 40 + 3.5 years, BMI 31.1 + 2.6 kg-m~2)
yielded similar results, with low-carbohydrate-high-fat diet having no superior effect on
FM in comparison to a normal diet [37]. However, some carbohydrate sources can be
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beneficial, while others are not, depending at least in part on their fiber content [38]. In an
RCT with 81 men and 32 postmenopausal women, the consumption of whole grains during
six weeks had positive effects on the resting metabolic rate and stool energy excretion,
which influenced favorably the energy balance [39]. Indeed, this study adds support
for dietary guidance recommending the consumption of whole grains instead of refined
grains in order to reduce adiposity [40], although there are very few interventional studies
focusing on postmenopausal women.

Complementing additional ways of characterizing carbohydrate foods, such as fiber
and whole grain content, glycemic index (GI) should also be considered particularly
important in reducing total body FM and managing weight [38]. Eating a meal with high
Gl elicits a quick pancreatic response to the rising blood glucose levels, with intense insulin
secretion that rapidly lowers blood glucose and causes hunger and overeating [41]. In
fact, a Cochrane systematic review including data from 202 overweight or obese men and
women in six RCTs reported a significantly greater decrease in total FM in the low GI diet
than in control diet groups [42]. Specifically in postmenopausal women, a clinical trial with
low GI (<55) dietary intervention, aimed to balance energy needs, has shown that, despite
similar energy intake and resting metabolic rates during the six months of follow-up, all
participants lost total body and regional FM [43].

Mediterranean Dietary Pattern

An umbrella review of meta-analyses reported evidence suggesting greater effec-
tiveness of MD in reducing body weight and waist circumference when compared to
control diets [44]. However, the evidence regarding the MD effect on FM was scarce. In a
cross-sectional study with 176 perimenopausal women from the FLAMENCO project, a
higher MD adherence, an increased consumption of whole-grain cereals, nuts, fruits, pulses,
whole dairy products, and olive oil, and a lower consumption of sweetened beverages
were associated with lower FM [45] (Figure 1). In a non-controlled clinical trial, 89 women
(46 in reproductive age and 43 postmenopausal) were prescribed hypocaloric traditional
MD for eight weeks and obtained an average reduction of 2.3 kg in FM, suggesting that
postmenopausal women can lose FM with this diet in the same way as younger women [46].
However, the potential role of MD in reducing FM in comparison to other dietary patterns
needs to be further evaluated.

In contrast, The Women'’s Health Initiative Dietary Modification trial have found that a
low-fat (<20% of total energy) diet was related with greater reductions in percentage body
fat and FM after one and three years of follow-up [47]. Indeed, trials where participants,
men and women, were randomized to a lower fat intake (<30% of total energy) showed a
consistent, stable but small effect on percentage body fat compared with higher fat arms, as
published in a Cochrane systematic review [48]. Despite MD being associated with higher
dietary fat intake, both MD and low-fat diet are often associated with increased intake of
vegetables, fruits and grains. Recently, a crossover RCT showed that a plant-based, low-fat
diet promoted greater decrease in FM than an animal-based, ketogenic diet [49]. However,
the study enrolled only 20 adults and the primary outcome was daily ad libitum energy
intake between each two-week diet period. In summary, low-fat, plant-based diets are
associated with beneficial effects on FM, and future studies are needed to confirm these
results in postmenopausal women.

2.2. Bone Health

The decrease in bone mineral density (BMD) that accompanies aging is related to
declining reproductive hormone concentrations [50,51]. BMD loss accelerates markedly
along the late perimenopause, when menses become more irregular [52].

Several studies have shown the importance of adequate calcium and vitamin D intake
for better BMD and prevention of osteoporosis and fractures in older adults [53]. However,
the recommended daily intake of calcium for older adults ranges from 700 mg in the
UK [54] to 1200 mg in the US [55], and the North American Menopause Society actually
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recommends 1000 to 1500 mg of dietary calcium per day to postmenopausal women [56].
Available evidence from completed RCTs provided no support for the use of vitamin
D or calcium supplementations alone to prevent fractures. On the other hand, daily
supplementation with both vitamin D (400-800 IU/day) and calcium (1000-1200 mg/day)
was a more promising strategy [57].

Besides, analysis of isolated nutrients is not sufficient to reveal the complex interactions
between nutrients and non-nutrients contained in food. Therefore, the study of dietary
patterns, particularly the MD pattern, has been proposed to investigate the relationship
between diet and BMD.

Previous studies showed that better adherence to the MD is positively associated
with BMD in middle-aged and elderly people [58] and in postmenopausal women [34,59].
Recent findings from an RCT undertaken across five European centers support these
results from observational studies. In this trial, a MD-like diet prescribed for one year
and accompanied by individual advice and supplies of the required foods produced a
significant decrease in the rate of BMD loss among people with osteoporosis, compared to
a group that received only informative leaflets [60].

The potential benefits of the MD for BMD may result from the combined presence of
nutrients and non-nutrients components. Dietary intake of carotenoids has been associated
with BMD [61]. Indeed, beta-carotene seems to suppress osteoclast formation and bone
resorption [62]. Vitamin K also plays a role in bone formation through osteocalcin synthesis
by osteoblasts, which is a vitamin K dependent protein [63]. However, concerns have been
raised about the integrity of some vitamin K supplementation studies [64]. In addition, a
recent RCT of vitamin K (MK-7) or placebo supplementation in postmenopausal women
observed no difference in bone turnover markers and microstructure between the groups
during three years of follow-up [65]. Regarding vitamin C, a recent meta-analysis of
observational studies reported that greater dietary vitamin C intake was associated with
a lower risk of hip fracture and osteoporosis, as well as higher BMD at femoral neck
and lumbar spine [66]. Moreover, a review of Mendelian randomization-based studies
examined potential associations between serum nutritional factors and BMD. Higher
selenium levels positively influence BMD at specific skeletal sites, suggesting that selenium
plays a crucial role in bone metabolism [67]. Therefore, an adequate consumption of beta-
carotene, vitamin C, and selenium trough MD could lead to better BMD (Figure 1). In
contrast, processed food pattern (high intakes of meat pies, hamburgers, beer, sweets, fruit
juice, processed meats, snacks, spirits, pizza and low intake of cruciferous vegetables) was
inversely associated with bone mineral content in a cohort study with 347 women (aged
36-57 years) [68].

In a nutshell, the data above suggest that a MD pattern, combined with other healthy
lifestyle habits, may be a useful non-pharmacological strategy for the primary prevention
of osteoporosis and fractures in the postmenopausal period.

2.3. Cardiovascular Risk

The estrogens secreted by the ovaries during the reproductive period exert protective
effects on vascular endothelial function as well as on lipid metabolism. After menopause, the
relative estrogen deprivation contributes to increase vascular tone through both endocrine and
autonomic mechanisms that converge impaired nitric oxide dependent vasodilation [1,69].

While CVD risk increases with menopause, this is difficult to distinguish from the
effect of ageing [70]. Nonetheless, the use of menopausal hormone therapy (MHT) has been
associated with protective effect against coronary artery calcification [71] and slower pro-
gression of carotid artery intima-media thickness, both of which are markers of subclinical
CVD [72].

Postmenopausal women have two to three times higher prevalence of metabolic
syndrome, compared to similar aged premenopausal women [73]. The changes on cardio-
vascular risk begin during the perimenopause period. Menopause transition results in
lipid profile changes, with a 10-15% higher LDL-cholesterol and triglyceride levels and
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slightly lower HDL cholesterol levels [74]. This period also accounts for an increase in
BMI and abdominal adiposity, with postmenopausal women presenting approximately
five times the risk of central obesity compared to premenopausal women [13] (Figure 2).
The presence of central obesity has been associated with decreased heart rate variability,
another marker of subclinical CVD [75].

Postmenopausal —

Menopausal transitionq | |

Premenopausal (Reference)-

0 1 2 3 4 5 152
0Odds Ratio (95% Cl)

Figure 2. Adjusted odds ratios (with 95% confidence intervals) for central adiposity, defined as
waist circumference > 88 cm, in women in the menopausal transition and postmenopausal women.
Adapted from [13].

Furthermore, there is an increase in blood pressure after menopause that may be
a direct effect of hormonal changes on the vasculature and metabolic changes with age-
ing [69]. Sodium sensitivity increases during menopausal transition, frequently leading to
intermittent fluid retention (edema of the legs, hands, and lower eyelids), contributing to
higher cardiovascular risks [76].

Diet is a major modifiable risk factor for CVD. The traditional approach of nutritional
epidemiology focuses on the potential impacts of individual foods or nutrients. Scientific
societies recommend the following healthy dietary pattern to decrease the risk of major
chronic diseases and increase overall wellbeing (Table 2): protein sources primarily from
plants, nuts, fish, or alternative sources of omega-3 fatty acids; fat mostly from unsaturated
plant sources; carbohydrates primarily from whole grains; at least five servings of fruits
and vegetables per day; and moderate dairy consumption as an option [77].

The American Heart Association (AHA) suggests the following dietary targets to
improve cardiovascular health: fruits > 4.5 cups/day, fish and shellfish > 200 g/week,
sodium < 1500 mg/day, sugar-sweetened beverages < 36 fl 0z/week, whole grains 3
or more 1-oz-equivalent servings/day, nuts, seeds, and legumes > 4 servings/week
(Table 2) [78-80]. In a recent meta-analysis of cohort studies, higher intakes of fruit and
vegetables were associated with lower mortality rates, supporting current dietary recom-
mendations to increase intake of fruits and vegetables, but not fruit juices and potatoes [81].

56



Nutrients 2021, 13, 2149

Soom Aep/sdno soom/s3ur
/z0 1§ 9¢ S soSerd Q¥ <z Symry ASroua AI9S = sowngo Noam /8 001 som /S = uet . [821
-A9q PaURIMS-TESNG Kep /surazas %L > e pajernies ’ Em, vﬁ Mwﬁ, < 1 S sjeaw  PassadoI] . X /% 00T < usd UORIDOSSY }IBIF] URDLIDWY
p/Sw pps1 > wnipog ¢ < suresd ooym P Spovs NN
S ajoym woxy Aureur pajeuaBorpAy  Apreq jueld  pejenjesun ; P inod ° o ° [££] vorssnuwo) yooue vy
surexd paunay d sorerpAuoaie 107 PojeINI won  Ansow e JEAW PISSI0I ] . SN sownga| .
H TEIPAYOGIED 1e) pajelmies g 1 ved Jeawr pay[ o sjuerd woiy uroI ] .
OoN SaK. ON SaK. 3JRIIPOJA 10 ON. SaX
sajerpAyoqre) sjeg SUI}0IJ aurPpIng
*SUOT}EPUSWIWIODAI JATP AUI[eS}] T d[qeL
“191p urejoxd Tewrzou : N “491p urejoxd Y81y :JH ‘ssewr Apoq ues] g
(£89°0 = d) sdnoi8 ayj) usamiaq ddURIHIP Ou
S L0 F 7'SE 01 £0 F €68 TN s1eak 9 F g0 =93¢ wSrom £poq 84/8 g0 :dN
3y /- . . o . sypuow - .
L0 F £9€01L0F 96 INdTdH 19Ip AN 'SAIRIP JH uawom [esnedousunsod 9g 9 1ySrom Apoq /8 9'1 :dH I1zeig  (TOT ‘BAIIS
(2260 = d) sdnoid a1y usamiaq dUIIIP ou
B9 F 8860179 F 9L NAT AN Sururen aduejsIsal +3a1p N s1eak g/ F 7'g9 = 2%e 1ySram Apoq 34/8 g0 ‘AN
S3y2aMm £10T

NG9 F F86 0179 F 1'£€ N1 dH

'sA ururen) 9due)SISal + J91p JH

uawom Tesnedousunsod ¢z

o1 1ySrom Apoq 3/8 71 :dH [1ze1g 1RSSO

sdnoid ayy usamiaq adULIAYJIP ou

870 F ' spaseanur Ng'T

Sururery adoue)sIsar + 131p IN

'sA ururen) 9due)SIsal + J91p JH

s1eak [ F 19 = a3e

uawr pue uswom resnedousunsod 9¢

1ySom £poq 8%/3 60 :dN
S 1ySom Apoq /S TT:dH VSN

‘Ke[d
T 600C ‘Ae[Sl

sasAfeuy NG

SUOTJUI AT U]

syuedpnreg

uonem siojeredwo)/swiry Anuno)  Iedg/oymny

‘uowom Tesnedouawysod ut AT Uo s3orp urejoxd Y3y Jo 109550 9} Jn0qe S[eLr) PI[[OHU0Dd paziuopuey] I 3[qe],

57



Nutrients 2021, 13, 2149

Although diet could be a powerful intervention to reduce cardiovascular risks in
postmenopausal women, the studies could not clearly demonstrate this action on the
arteries. The Study of Women’s Health Across the Nation [82] evaluated the prospective
associations between empirically derived dietary patterns during midlife and subclinical
carotid atherosclerosis later in life among women. After extensively adjusting for covariates,
higher adherences to Western dietary patterns (e.g., rich in dairy products, pizza, read meat,
and salad dressing and poor in fruits, skimmed milk, legumes, cruciferous vegetables, and
tomatoes) were associated with increased common carotid artery intima-media thickness
(CCA-IMT). Prudent diet (e.g., including dark yellow vegetables, green leafy vegetables,
cruciferous vegetables, legumes, and fruits and avoiding whole milk, margarine, organ
meats, sweets, and beer) was not associated with CCA-IMT. The adoption of a diet low in
red meat, processed meat, deep-fried products, and sugar-sweetened beverages among
midlife women is associated with a lower future risk of atherosclerosis.

Low-energy diet is also recommended for postmenopausal women to prevent metabolic
alterations [83]. In a cross-sectional study of 4984 women aged 30-79 years, three dietary
patterns (Western, healthy, and traditional) were identified. In a stratified analysis by
menopausal status, the inverse association of the healthy dietary pattern (characterized by
high factor loadings with green-yellow vegetables, healthy-protein foods, seaweeds, and
bonefish) and metabolic syndrome was statistically significant only among postmenopausal
women. In assessing each component of metabolic syndrome, the healthy dietary pattern
was found to be protective for blood pressure and triglyceride levels among premenopausal
women and for obesity and HDL-cholesterol levels among postmenopausal women [84].

A reduction in energy expenditure during midlife can also cause obesity during
menopause [83]. According to a four-year follow-up study, the decrease in physical activity
began two years before menopause. Aging resulted in gained subcutaneous abdominal fat
over time to all women, however, only those who became postmenopausal had a significant
increase in visceral abdominal fat [13,85].

In a population-based cross-sectional study involving 292 Brazilian women, we have
shown a higher risk of overweight/obesity for inactive women. Sedentariness increased
the risk of diabetes mellitus and metabolic syndrome after adjustment for menopausal
status and other potential confounders [8]. In addition, active postmenopausal women
seem to have healthier dietary choices than their sedentary counterparts, such as foods
with higher intake of protein and lower intake of chips and refined grains [86].

During the menopause transition there is a tendency to weight gain accompanied by
an increase in central fat distribution that continues into the post-menopause [13,87]. For
postmenopausal women, sedentary lifestyle and a diet with carbohydrate intake accounting
for more than 55% of total energy contribute to higher cardiovascular risk, according to
high sensitivity C-reactive protein levels [88].

The best diet for weight loss is still debatable, whether low-fat, low-carbohydrate,
or high-protein diet, with no evident superiority of one over the others for the specific
purpose of losing weight [87]. The obesity-management guidelines from the American
College of Cardiology/American Heart Association Task Force on Practice Guidelines and
the Obesity Society recommend a daily caloric deficit of 500 to 750 kcal, which for most
women means eating 1200 to 1500 kcal/d, and is expected to result in an average weight
loss 0.5 to 0.75 kg/wk [89].

Although the differences on cardiometabolic risk are small, the macronutrient compo-
sition of the weight loss diet may affect some intermediate outcomes. Low-fat diets tend to
reduce low-density lipoprotein (LDL) cholesterol levels, while low-carbohydrate diets may
be more effective to low triglycerides and increase high-density lipoprotein cholesterol
levels [87].

Nevertheless, MD has the advantage of combining weight loss with CVD risk reduc-
tion [90]. This diet reduces the consumption of saturated animal fats in favor of unsaturated
vegetable fats and a high intake of polyphenols and n-3 fatty acids with anti-inflammatory
and antioxidant properties [91]. The phenolic compounds (polyphenols) are presented in
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extra virgin olive oil, whole grain cereals, nuts, legumes, vegetables, red wine, and fruits.
Due to their antioxidant and anti-inflammatory properties, the synergistic consumption of
these Mediterranean foods could represent an ideal nutritional pattern in menopause [92].
Evidence from observational studies and randomized trials consistently shows a small but
significant decrease in LDL cholesterol as well as systolic and diastolic blood pressure in
association with the MD. This diet has also been linked to reduced risk of CVD (including
coronary disease) and CVD death among different female cohorts, although more evidence
is required for these outcomes in postmenopausal women [93].

Concerning weight loss, the effect of hypocaloric MD is compared with a low-fat
diet, a low-carbohydrate diet and the American Diabetes Association diet [90]. On top of
that, peri- and postmenopausal women showed a high adherence to MD [92], which could
increase the results on weight and cardio-metabolic profile.

In addition, we recently reported higher isoflavone dietary intake may be associated
with lower risk of subclinical CVD, as assessed by CCA-IMT status, independently of
endogenous estradiol levels and BMI [94]. Isoflavones might have beneficial effects by its
anti-inflammatory and antioxidant properties, through the production of equol, an active
metabolite formed from daidzin/daidzein by gut microbiota [95].

In general, the changes in weight and fat distribution in women are associated with
aging and mainly with the decrease in estradiol levels during peri- and post-menopause.
There are also changes in physical activity contributing to the accumulation of weight
and body fat. At the same time, changes in cholesterol and triglyceride levels also favor
increased cardiovascular risk.

In summary, physical activity and diet are modifiable factors in the quest for car-
diovascular protection. Weight loss diets in overweight or obese women improve the
metabolic syndrome in its various parameters. MD is composed of healthy foods that have
anti-inflammatory and antioxidant properties. In addition to these benefits, it seems to
incorporate greater adherence of women over time. These effects remain to be evaluated
over a longer period of time, with the study of hard outcomes such as coronary ischemia.

3. Summary and Research Perspectives

e  Menopausal transition has been associated with loss of BMD, LBM and increase of FM;

e  RDA for protein intake may be sufficient to maintain LBM; Mediterranean diet com-
ponents could be linked with better LBM;

e  Low-carbohydrate-high-fat diet should not be recommended in order to reduce FM;

e Inoverweight or obese women, low GI diet could lead to greater decrease in FM than
control diets;

e  Future studies evaluating the effects of low-fat, plant-based diets on FM in post-
menopausal women are needed;

e  Mediterranean diet might significantly reduce the rate of BMD loss in women
with osteoporosis;

e  Calcium, vitamin D, vitamin K, selenium, magnesium, and beta-carotene adequate
intake could be linked with better BMD in postmenopausal women;

e  Diet is a major modifiable risk factor for CVD and could be a powerful intervention to
reduce cardiovascular risks in postmenopausal women;

e Low-energy diet is recommended for postmenopausal women to prevent metabolic
disturbance;

e Low-fat diets may lead to greater improvement in LDL cholesterol levels, whereas
low-carbohydrate diets may result in greater improvement in triglyceride and HDL
cholesterol levels;

e  Mediterranean diet is associated with a small but significant decrease in blood pressure
and reduced CVD risk of among different female cohorts, although more evidence is
required for these outcomes in postmenopausal women.
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Abstract: Here we present an extensive narrative review of the broadly understood modifications
to the lifestyles of women with polycystic ovary syndrome (PCOS). The PubMed database was
analyzed, combining PCOS entries with causes, diseases, diet supplementation, lifestyle, physical
activity, and use of herbs. The metabolic pathways leading to disturbances in lipid, carbohydrate, and
hormonal metabolism in targeted patients are described. The article refers to sleep disorders, changes
in mental health parameters, and causes of oxidative stress and inflammation. These conditions
consistently lead to the occurrence of severe diseases in patients suffering from diabetes, the fatty
degeneration of internal organs, infertility, atherosclerosis, cardiovascular diseases, dysbiosis, and
cancer. The modification of lifestyles, diet patterns and proper selection of nutrients, pharmacological
and natural supplementation in the form of herbs, and physical activity have been proposed. The
progress and consequences of PCOS are largely modifiable and depend on the patient’s approach,
although we have to take into account also the genetic determinants.

Keywords: PCOS; reproduction; lifestyle; diet; sleep; supplementation; herbs supporting

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common female endocrinopathy,
affecting as many as 15% to 18% of women of reproductive age [1]. The definition of PCOS
changed in 2003, when representatives of the European Society of Human Reproduction
and American Society of Reproductive Medicine met in Rotterdam, The Netherlands.
Currently, it is defined as a heterogeneous group with different phenotypes, which pose
challenges in its treatment [2]. It seems, however, that some dependences and the tendency
of the occurrence of the similar metabolic disorders are comparable [3].

Many studies have shown that higher hormone levels, gut microbiome composition,
and plasma metabolomics are new parameters related to the PCOS phenotypes [4]. The
clinical phenotypes can change over the life span with weight gain, and can coexist in
the same patient. Individualized treatment remains the main approach, but grouping the
phenotypes and following therapeutic recommendations may also prove to be clinically
suitable. Precise recommendations should be implemented long before metabolic complica-
tions occur, which is particularly important for women with PCOS as they are predisposed
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to developing endometrial and ovarian cancer [5,6]. Therefore, the therapeutic approaches
aimed at using anti-inflammatory remedies in supplementing and supporting anticancer
therapy are crucial. They can help in inactivating the cascade of the deteriorating signaling
pathways. Through these, better survival, faster recovery, and the improvement of the
patients’ quality of life can be achieved.

1.1. Physiological Basis

The four main causes of the physiological basis of PCOS include:

e

A

e disorders of gonadotropin hormonal synthesis;
e the appearance of insulin resistance;
e the influence of the present excessive body fat; and finally,
e the metabolic pathways involved in PCOS (the secretion and activity of insulin, encoding
for steroidogenesis, and other metabolic and hormonal pathways) (Figure 1) [7].
gonadotropin
hormonal synthesis insulin resistance
impairments
changes in metabolic
excessive body fat and hormonal

pathways

T

Figure 1. Main pathophysiological basis of polycystic ovary syndrome (PCOS)-disorders of gonadotropin hormonal
synthesis, the appearance of insulin resistance, the influence of the present excessive body fat and oblique metabolic
pathways involved in PCOS.

Appropriate functioning of the mechanisms responsible for the maturation of the
ovarian follicle and its ovulation depends on the proper physiological activity of three
organs: the hypothalamus, pituitary gland, and ovaries.

The mechanisms of hormonal regulation in the hypothalamic-pituitary-ovarian sys-
tem take place through the axes of negative feedback: long, short and ultra short feed-
back. In the suprachiasmatic nucleus of the hypothalamus there are neurons synthesizing
gonadotropin-releasing hormone (GnRH), which is released into the pituitary portal circu-
lation in the median eminence. GnRH release is regulated by a network of interconnected
neurons. Gonadoliberin is an example of a hormone secreted in a pulsatile thythm, and the
frequency of this thythm determines the type of gonadotropin released. A low frequency of
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gonadoliberin pulses results in the secretion of follicle-stimulating hormone (FSH), while a
high frequency results in the secretion of luteinizing hormone (LH) from the anterior lobe
of the pituitary gland. LH is responsible for the luteinization of the corpus luteum, i.e., the
transformation of granulosa cells into theca lutein cells which produce progesterone. In
turn, FSH stimulates ovarian follicle maturation and estrogen secretion in the granulosa
cells of ovarian follicles. It also increases the activity of aromatase, the enzyme responsible
for converting androgens (testosteron and androstendion) to estrogens. When the concen-
tration of luteinizing hormone increases relative to FSH, excessive androgen production
occurs, which is more common in women with PCOS [8].

Insulin, both directly and indirectly, affects the pathogenesis of PCOS. It acts synergis-
tically with luteinizing hormone, increasing the production of androgens (theca cells) and
decreasing the liver synthesis of the main binding testosterone protein (SHBG), which re-
sults in testosterone circulating in the unbound, active form [8]. Excess body fat is involved
in the development of PCOS in many ways. Adipose tissue cells (adipocytes) produce
peptide hormones like resistin and leptin, as well as some inflammatory cytokines (IL-beta,
TNF-alpha) [9].

The activity of leptin affects the function of the hypothalamus—pituitary gland-ovary
axis by modifying the secretion of GnRH, LH, and FSH. Leptin is a signal for the hypotha-
lamus to release LH, causing the secretion of pituitary GnRH, as well. This can result in
excessive androgen synthesis. Adipose tissue, by secreting pro-inflammatory factors such
as mentioned cytokines, contributes to the development of inflammation in PCOS and
an increased amount of free radicals caused by hyperglycemia; excess adipose tissue and
androgens contribute to the formation of chronic inflammation in PCOS [8].

The various clinical symptoms of the disease indicate that many metabolic pathways
participate in PCOS development, including: secretion and activity of insulin, with genes
encoding for insulin receptor (IR), insulin (INS), and insulin-like growth factor (IGF) and
its receptor; genes encoding for steroidogenesis; genes responsible for the activity of
cytochrome P450 (CYP 17, CYP 11 alpha); and other metabolic and hormonal pathways,
with genes for androgenic receptor (AR), LH receptor, leptin, and follistatin [10]. Moderate
adherence to an anti-inflammatory dietary pattern and the low glycemic index (GI) and
low-fat dietary pattern, have protective effect on the odds of developing PCOS [11,12].

1.2. Improvement in Metabolic Pathways
1.2.1. Insulin Resistance

Weight gain mediates most of its direct medical sequelae through worsening insulin
sensitivity.

Insulin resistance (IR) plays a key role in the development of metabolic dysfunction,
including hypertension, dysglycemia, and dyslipidemia. A large amount of evidence
supports a role of mitochondrial dysfunction in the development of IR, stimulated through
ectopic fat deposition. Lipid-induced production of reactive oxygen species (ROS) within
skeletal muscle promotes mitochondrial dysfunction and the development of IR [13]. Ulti-
mately, IR underlies obesity-related conditions such as polycystic ovary syndrome (PCOS).

The cellular effects of insulin occur through two main post-receptor pathways: the
phosphatidylinositol 3-kinase (PI3K) and the mitogen-activated protein kinase (MAPK)
pathways [14]. The PI3K pathway regulates cellular intermediary metabolism, whereas
the MAPK pathway controls growth processes and mitoses [14]. AKR1C3 expression
in adipocytes leads to the occurrence of insulin resistance and hyperinsulinemia, then
drives a vicious circle of intra-adipose androgen activation, lipid accumulation, and hy-
perinsulinemia [15]. Kauffman et al. suggested that ethnicity plays an additive effect on
insulin resistance in PCOS. Mexican American women showed significantly higher insulin
resistance compared with Caucasian American women [16].
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1.2.2. Oxidative Stress and Chronic Inflammation

The association between body weight and IR is mediated through inflammatory
pathways [17]. Obesity causes changes in the release of key cytokines and adipokines,
which in turn manifest in paracrine and endocrine effects. The increased levels of leptin
and plasminogen activator inhibitor-1 and the reduced release of adiponectin result in a
generalized low-grade inflammatory response. This process is mediated by macrophages
and other immune cells.

Increases in ROS generation, p47phox gene expression, and circulating thiobarbituric
acid-reactive substances (TBARS) occur in PCOS in response to saturated fat ingestion
independent of obesity. A diet rich in simple sugars, as well as saturated fatty acids
additionally enhances the production of ROS by different mechanisms, including the
influence on gut microbiota [18]. Circulating mononuclear cells and excess adipose tissue
are separate and distinct contributors to oxidative stress in this disorder [19]. Lipid-
stimulated oxidative stress may be a key driver of insulin resistance and hyperandrogenism
in PCOS. Excess adipose tissue is a contributor to the pro-oxidant burden and an additional
regulator of insulin action [19]. Moreover, the chronic exposure to androgens results in an
increase in oxidative stress in islet cells, inducing mitochondrial dysfunction [20,21].

Superoxide is a ROS produced when NADPH is oxidized by membrane-bound
NADPH oxidase [22]. Dysregulated ROS production from NADPH oxidase has been
implicated in a variety of cardiovascular disorders, including endothelial dysfunction,
atherosclerosis, and hypertension, which are observed in women with PCOS [23]. Peroxide-
induced oxidative stress activates nuclear factor-«B (NF-«kB), which is a cardinal inflamma-
tory signal that increases tumor necrosis factor (TNF)-« gene transcription [24]. Oxidative
stress in response to saturated fat ingestion is an intermediate step in stimulating TNF-a
secretion from circulating leukocytes [19,25]. In our investigations, we also showed that
women with PCOS exhibit increased TNF-« synthesis [4]. Women with PCOS with normal
and low levels of androgens measured by the level of testosterone and free androgen index
(FAI) were more susceptible to the development of oxidative stress and inflammation
induced by TNF-« [26].

1.2.3. Anticancer Protection

Many studies have targeted the inactivation of the transcription factor (NRF2) as
a therapeutic approach in various types of cancer [27]. NRF2 was first recognized in
anticancer research as an inducer of several antioxidant enzymes. It can protect cells and
tissues against many types of toxicant that interrupt essential biochemical processes and
carcinogens by increasing the expression of cytoprotective genes [28]. NRF2 can act as
a double-edged sword, being able to mediate both tumor-suppressive or pro-oncogenic
functions depending on the specific biological context of its activation [29]. In line with this
principle, the controlled activation of NRF2 might reduce the risk of cancer initiation and
development in normal cells by scavenging ROS and by preventing genomic instability
through decreased DNA damage. In contrast, already transformed cells with constitutive or
prolonged activation of NRF2 signaling might represent a major clinical hurdle and exhibit
an aggressive phenotype characterized by therapy resistance and unfavorable prognosis,
requiring the use of NRF2 inhibitors [29].

It has been found that there are at least three pathways controlling the stability of
NRF2. The first one depends on the cytosolic repressor KEAP1 [30]; the second is connected
with the -transducin repeat-containing protein (3-TrCP) [31]; while the third is related
to the protein HRD1, which is an E3 ubiquitin ligase associated with the endoplasmic
reticulum [32].

The abnormal activation of the NRF2/KEAP1 pathway promotes cancer develop-
ment [33], metastasis formation [34], and even resistance to ovarian cancer therapy [35].
Mutations in the KEAP1 gene induce the hyper activation of the NRF2/KEAP1 pathway.
Notably, KEAP1 missense or nonsense mutations were reported in endometrial carcino-
mas [36], as well as gall bladder [37], breast [38,39], cervical [40], and ovarian [41,42]
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cancers. MicroRNA miR-141 was the first-identified miRNA to directly repress KEAP1
levels in ovarian carcinoma cell lines [43].

1.3. Gut Microbiota Dysbiosis

The structural and functional dysbiosis of the gut microbiota in high-fat diet (HFD)-
induced obesity was demonstrated in a mouse model [44]. The microbiota, through
its metabolites, has multiple and complex effects on appetite, lipids, and carbohydrate
metabolism and may influence body weight [44,45]. The gut microbiota can regulate about
10% of the host’s transcriptome and genes involved in the immune response, proliferation,
and metabolism [46]. Interest in dietary fiber, gut fermentation, and probiotics has led to
extensive research in this field [47]. The role of dietary fiber was demonstrated to modulate
gut microbiota dysbiosis in patients with type 2 diabetes [48]. The growth of Bifidobacteria
correlates with insulin secretion and increased glucose tolerance, regulates IR, and helps
reduce inflammation. Short-chain fatty acids (SCFAs) such as acetate and butirate produced
by the beneficial gut flora influence glycemia through glucagon-like peptide 1 (GLP-1) and
pancreatic polypeptide (PPY), which are intestinal hormones [45]. The hormone PYY is a
peptide that acts as a paracrine substance to stimulate the feelings of satiety or hunger in the
control center [49]. Due to the absolute role of metabolites such as SCFAs in the metabolism
of lipids and carbohydrates, ensuring the good condition of the microbiota is one of the
therapeutic goals [50] in combating inflammation at local and systemic levels [51], as well
as infections of the urogenital tract [52].

2. Lifestyle Changes

Lifestyle change is the first line of treatment for the management of women with PCOS
but is not an alternative to its pharmacological treatment [7]. Regular physical activity,
maintaining appropriate body weight, following healthy dietary patterns and avoiding
tobacco use is vital in prevention and treatment of metabolic disorders, and is included in
clinical guidelines for various conditions. Focusing on overall wellbeing and mental health
is a personal choice, and while it is not an immediate fix, it is an important step towards a
more fulfilling life.

Nutritional counseling for PCOS patients has been one of the treatment methods for
many years. However, strict caloric restrictions do not produce the expected long-term
effects [53,54], and the isocaloric diet did not significantly improve the biochemical and
anthropometric parameters even in combination with physical activity [55].

2.1. Diet

Analysis of the impact of lifestyle modification related to the share of energy from
macronutrients (protein, fat, and carbohydrates) showed no significant differences in the
levels of the analyzed parameters. However, a significant factor in these changes was the
reduction in the caloric content of the diet [56] and the introduction of a reduced-calorie diet
with a low GI [57]. Low GI (LGI) diets decreased homeostatic model assessment for insulin
resistance (HOMA-IR), fasting insulin, total and low-density lipoprotein (LDL) cholesterol,
triglycerides, waist circumference, and total testosterone compared with high GI (HGI) diets
without affecting fasting glucose, HDL cholesterol, weight, or the free androgen index [58].
In addition, the inclusion of the LGI diet, punitive restrictions, and/or physical activity, and
the supplementation of omega-3 increased HDL, sex hormone binding globulin (SHBG)
synthesis, and reduction in body fat [8]. Gonzales et al. found that saturated fat acid (SFA)
ingestion stimulates increases in circulating TNF-a and peripheral leukocytic suppressor
of cytokine-3 (SOCS-3) expression [25]. Therefore, eliminating SFA from the diets of these
patients is imperative. Dietary x-linolenic acid-rich flaxseed oil exerted beneficial effects on
polycystic ovary syndrome through the sex steroid hormones—-microbiota—inflammation
axis in rats, but other sources of o-linolenic acid will probably produce an equally good
effect [59].
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The effects of soluble dietary fiber on SCFAs were demonstrated. Fermentable fiber has
positive metabolic benefits on the gut microbiome with subsequent release of SCFAs [60].
Diets with a low GI may influence appetite-regulating hormones including ghrelin and
glucagon [12,61]. Low-GI meals reduced ghrelin and increased glucagon in women with
PCOS [61]. High fructose consumption (HFC) synergistically aggravated endocrine but
not metabolic changes in PCOS, suggesting that (HFC) might deteriorate endocrine-related
phenotypes in PCOS [62]. A meta-analysis and systematic review showed that the LGI diet
is an effective, acceptable, and safe intervention for relieving IR, and professional dietary
advice should be offered to all PCOS patients [63,64].

It seems that another reduced-GI diet modification is the ketogenic diet, which limits
the consumption of total carbohydrates in favor of plant-based fat. The ketogenic diet
(KD) improves the menstrual cycle, reducing blood glucose and body weight, improving
liver function, and treating fatty liver in women with PCOS and liver dysfunction who
were obese [65]. Even more interesting results were reported by Paoli et al. after using the
KD for 12 weeks in women with PCOS [66]. The anthropometric and body composition
measurements revealed a significant reduction in body weight (—9.43 kg), body mass index
(BMI; —3.35), and fat-free body mass (8.29 kg). A significant decrease in glucose and insulin
blood levels was observed, together with a significant improvement in HOMA-IR scores.
A significant decrease of triglycerides, total cholesterol and LDL were observed along with
a rise in HDL levels. The LH/FSH ratio, LH total and free testosterone, and DHEAS blood
levels were also significantly reduced. Estradiol, progesterone and SHBG increased. The
Ferriman Gallwey Score was slightly, although not significantly, reduced [66]. There was
no significant association between parameters of hirsutism and the visceral adiposity index
(VAI). Hirsutism is unlikely to be due to visceral adipocyte dysfunction [67]. Therefore, in
PCOS patients with advanced obesity and /or obesity accompanied by full-blown metabolic
syndrome, the introduction of a ketogenic diet may provide even better results than a diet
with a LGL Nonetheless, a general conclusion is that by following the main principles of
a healthy diet, the physiological homeostasis can be managed, as well as faster recovery
from disease achieved.

2.2. Physical Activity

Exercise training in the management of PCOS is becoming more recognized and
accepted among professionals in the health sector and the patients. Physical training
potentiates the effects caused by insulin sensitivity through the optimization of glucose
transport and metabolism [68].

A recent meta-analysis found that improvements in health outcomes are more de-
pendent on exercise intensity than dose. The results from this analysis support the use of
exercise and that vigorous intensity exercise may have the greatest impact on cardiorespi-
ratory fitness, insulin resistance, and body composition [69]. Insulin resistance, measured
using the HOMA-IR and BMI showed a significant decrease with moderate and high
certainty (MD-0.57; 95% confidence interval (CI), —0.98 to —0.16, and p = 0.01; MD-1.90,
95% CI —3.37, —0.42, and p = 0.01), respectively [70]. Other authors in a systematic review
found that vigorous aerobic exercise and resistance training to improve insulin sensitivity
and androgen measurements are warranted for women with PCOS. [71]. The minimum
aerobic activity per week should be 120 min [69].

2.3. Sleep

Mental health disorders are highly prevalent in PCOS cases, which are associated
with significantly more frequently experienced states of anxiety and depression, as well as
sleep disorders [72]. Sleep disorders impact the etiology and development of the anxiety
and depression seen in PCOS, so treating sleep-related conditions should be an integral
part of treating women with PCOS [72]. Sleep deprivation has been connected with
increased risk of IR, obesity, and type 2 diabetes (T2D) [73-75]. Although incompletely
understood, the factors that mediate IR in response to sleep deprivation, likely implicated
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centrally regulated autonomic pathways, endocrine responses (e.g., changes in the key
appetite hormones ghrelin and leptin), and inflammatory status. Mice experiencing sleep
fragmentation (SF) showed white adipose tissue (WAT) inflammation and worsened IR,
which resulted from enhanced disruption to the colonic epithelial barrier [76] and “gut
leakage” syndrome which leads to LPS mediated inflammation [51]. Thus, SF-induced
metabolic alterations may be mediated in part by concurrent changes in the gut microbiota,
thereby providing an opportunity for gut-microbiome-targeted therapeutics [76]. The main
pineal gland hormone melatonin is involved in the regulation of the circadian rhythm. In
recent years, it was observed that a reduction in the melatonin levels of follicular fluid
occurs in PCOS patients [77]. Melatonin receptors in the ovary and intrafollicular fluid
adjust sex steroid secretion at different phases of ovarian follicular maturation. Melatonin is
a strong antioxidant and an effective free-radical scavenger, which protects ovarian follicles
during follicular maturation [77].

Based on current knowledge, it is plausible to conclude that sleep disorders can be
considered as one of the first symptoms leading to the weakening of the body’s protective
properties and intensification of the pathways associated with insulin resistance in the
course of PCOS.

2.4. Supplementation

The research showed that the vast majority of women with PCOS consume an improp-
erly balanced diet, involving deficiencies in fiber, omega 3, calcium, magnesium, zinc, and
vitamins (folic acid, vitamin C, vitamin B12, and vitamin D) [8]. An excess of nutrients
was also noted in sucrase, sodium, total fats, saturated fatty acids, and cholesterol [8]. It
was examined whether the deficiencies can be balanced with a correct calories-reduction
diet with a lowered GI and it resulted positive regarding influence on the water-soluble
vitamins [78,79]. In the case of most vitamin B, the increase in its supply with the diet
led to the expected result in the form of its increased level in the plasma of women with
PCOS. This effect was not observed for vitamin B3, and the levels of B2 and thiamine were
not as satisfactory as in the case of the other, related vitamins [79]. It was documented
that the insufficient supply of vitamin B3 is associated with the development of inflam-
matory conditions, leading to the associated diseases [80] as well as the increased risk of
cardiovascular syndromes [81]. Women with PCOS may be treated with metformin, which
normalizes glycemia, but its chronic intake is additionally associated with deficiencies in
thiamine and cobalamin [82]. Therefore, it is a good idea to supplement with thiamine,
which, by activating transketolase, contributing to the inhibition of mechanisms damaging
blood vessels, reducing the risk of cardiovascular diseases [83,84].

While drawing attention to the potential properties of blood vessel protection in PCOS,
supplementation with coenzyme Q10 also requires consideration. CoQ10 supplementation
for 8 weeks had a beneficial effect on inflammatory and endothelial dysfunction markers
in overweight and obese patients with PCOS [85].

When analyzing the available literature on supplementation in PCOS, attention should
be paid to vitamin D, which increases insulin synthesis and release, increases insulin recep-
tor expression, and increases insulin response to glucose transport [86]. Vitamin D indirectly
influences carbohydrate metabolism by normalizing extracellular calcium and parathyroid
hormone concentration. It also affects the expression of the genes of the metabolic pathways
affecting systemic inflammation by inhibiting the synthesis of pro-inflammatory cytokines,
which may contribute to the occurrence of IR [87]. Women with PCOS receiving 20,000 IU
of cholecalciferol weekly benefited from improved carbohydrate metabolism. Decreases
in fasting glucose, triglycerides, and estradiol were observed. Although no changes in
androgen levels were observed, improvements in menstrual frequency were noted [88].
Combined magnesium, zinc, calcium, and vitamin D supplementation in another study led
to a significant reduction in hirsutism and total testosterone compared with the placebo,
but supplementation did not affect SHBG levels or the free androgen index (FAI) [89].
Conversely, the combination of vitamin D and fish oil reduced the parameters of inflam-
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mation in the body (serum C-reactive protein (CRP), downregulation of interleukin (IL)-1
genes) and total testosterone levels and has beneficial effect on mental health parameters
measured by Beck’s Depression Questionnaire [90].

Current results showed that myo-inositol is as effective as metformin in improving the
clinical and metabolic profile of women with PCOS and the metabolic disorders associated
with diabetes [91]. However, the administration of metformin is associated with side effects
that are not experienced with inositol [92]. Inositol increases insulin sensitivity, normalizes
androgens in the blood, improves glycemia, and affects numerous features of metabolic
syndrome [93,94]. PCOS appears to involve increased epimerization of myo-inositol (MI) to
d-chiro-inositol (DCI) in the ovary by insulin, the consequence of which is overproduction
of DCI and deficiency of MI, which in turn affects the disturbance of FSH signaling and
deterioration of the quality of oocytes [95]. Inositols (both isomers, both given separately
and in combination) also have the potential to restore spontaneous ovulation and improve
fertility in women with PCOS. An analysis of the literature showed supplementation with
inositol as being a safe and, importantly, effective form of PCOS therapy, improving the
development of ovarian follicles, oocyte maturation, and stimulation of pregnancy [96].

As in traditional medicine, natural substances such as isoquinoline alkaloids have been
used to regulate the synthesis of androgens and the metabolism of lipids and carbohydrates,
the introduction of berberine in patients with PCOS has been considered [97-99]. As with
metformin, the beneficial metabolic effects of berberine in type II diabetes are related to the
activation of adenosine monophosphate-activated protein kinase (AMPK). Berberine has
good hypoglycemic and hypolipidemic effects, reduces body weight, and is an effective
insulin sensitizer [100]. It also reduces the synthesis of steroid hormones and the expression
of ovarian aromatase by acting on the hypothalamic—pituitary—ovarian axis, and improves
the ovulation rate and the regulation of menstruation, thus increasing the pregnancy and
live birth rates. In addition, studies showed that even with long-term use of berberine,
its side effects are transient and mild (constipation, nausea) [101], which suggests that
berberine may be a safe and promising compound for the treatment of PCOS patients [98,102].

Chromium is the basic element involved in the metabolism of carbohydrates and
lipids; therefore, it has become one of the most commonly consumed dietary supplements
in the USA [103]. The indications for its supplementation were once very broad; however,
chrome is currently one of the most controversial components by which its influence is
strongly undermined [104,105]. It was argued that it is not an essential micronutrient, but
has potential benefits and/or side effects. By enhancing the insulin signaling pathway,
increasing the activity of AMPK, and increasing cellular glucose uptake, it has a beneficial
effect in PCOS patients in improving diabetes [106]. Decreases in the expressions of 3/3-
hydroxysteroid dehydrogenase and 173-hydroxysteroid dehydrogenase were identified in
adipose tissue, which were related to dehydroepiandrosterone [107].

The research, and the available literature, show that supplementation with zinc and
selenium to counter deficiencies may be indicated in the case of at least some patients with
PCOS. Due to intracellular signaling and structural functions, zinc plays a role in lipid and
glucose metabolism and fertility [108]. Low zinc intake in obese people is associated with
hyperinsulinemia, increased low-grade inflammation, and a worsened lipid profile. In
addition, zinc ions can act in an insulin-mimetic manner in adipocytes, stimulating lipoge-
nesis and glucose transport through the translocation of glucose transporter 4 (GLUT4) to
the plasma membrane [109]. Zinc deficiency may play a significant role in the pathogenesis
of PCOS and may be a prognostic marker of PCOS. Studies showed that the average serum
zinc levels of PCOS patients are significantly lower compared with healthy controls [110].
In addition, serum zinc levels were shown to be lower in PCOS patients with impaired
glucose tolerance than in PCOS patients with normal glucose tolerance. [110]. Selenium
is associated with a lower level of CRP. It has anti-inflammatory and antioxidant proper-
ties [111]. Finally, it is necessary to supplement the omega-3 fatty acids, which tend to lack
in the diet of PCOS women. However, with the balanced diet, supplementation can be
regarded as a seasonal intervention [112]. Polyunsaturated fatty acids (PUFAs) enhance
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the reproductive performance in PCOS by increasing the expression of steroidogenesis
enzymes, which are related to hormone secretion and ovarian functions, and the protein
levels of CYP51, CYP19, StAR, and 33-HSD [113]. In summary, supplementing the diet
is an individual subject that requires dietary consultation with the patient, and its active
participation and compliance is desirable for the overall improvement of the metabolic
equilibrium. A properly balanced diet and a healthy lifestyle should be the first element of
PCOS therapy.

2.5. Herbs Supporting Treatment

A balanced diet to support insulin management is the most important treatment for
PCOS; drinking infusions of some herbs would therefore be a very good complement to
the therapy, such as Aloe vera, cinnamon (Cinnamomum verum), green tea (Camellia sinensi),
and chamomile (Matricaria chamomilla), and white mulberry (Morus alba) [114]. There are
medical herbs can affect the lipid profile, blood glucose, and IR [115]. Because these herbs
have properties of regulating lipid and carbohydrate metabolism they can be used by all
phenotypes of PCOS women. Several of the herbs also have endocrine properties, these
were the ones mentioned earlier: green tea [116] and marjoram (Maiorana hortensis) are
some of the herbs whose effects include improvements in hormonal levels, ovaries weight,
insulin sensitivity, antioxidants, and anti-inflammatory parameters [117,118].

Another group of herbs is indicated especially for women with PCOS with biochemical
evidence of increased levels of androgens: green mint (Mentha spicata L.), which has
an antiandrogenic effect and restores follicular development in ovarian tissue [119,120];
licorice smooth (Glycyrrhiza glabra) has been used in the treatment of PCOS because of its
antiandrogen and estrogen-like activity. Licorice root appears to be effective in reducing
excess testosterone as it blocks the conversion of androstenedione. Glycyrrhetinic acid and
metabolites block 11 beta-hydroxysteroid dehydrogenase type 2 and bind mineralocorticoid
receptors directly, acting as agonists [121,122]. However, licorice is not a flawless solution,
having the potential to induce hypertension, hypokalemia, and metabolic alkalosis [123].
People with high cortisol levels should, therefore, avoid this preparation. The available
literature suggests a role of herbal drugs in the action against 5-alpha-reductase enzyme,
inhibiting it and reducing hair loss [124]. Serenoa repens, Camellia sinensis, Rosmarinus
officinalis, and Glycyrrhiza glabra can also lower androgen levels and inhibit androgenetic
alopecia [124]. Vitex agnus-castus is a good regulator of the menstrual cycle and has been
used in traditional medicine for centuries [125]. The best-studied dietary phytoestrogens are
the flaxseed lignans [126]. The lignan content of flax-seed (Linum usitatissimum) may alter
the activity of key enzymes involved in estrogen synthesis (e.g., aromatase) to modulate
relative levels of circulating sex hormones and their metabolites [127].

Turmeric (Curcuma longa), and specifically curcumin, is a biologically active phyto-
chemical ingredient [128,129]. Curcumin seems to be an efficient reducer of oxidative-stress-
related complications in patients with PCOS [130,131]. Moreover, curcumin attenuates
proangiogenic and proinflammatory factors in human eutopic endometrial stromal cells
through the NF-«B signaling pathway [132]. Nettle (Urtica dioica) is a multipurpose herb in
medicine for which some antioxidative, anti-inflammatory, antimutation, and antitumor
properties were identified [133,134]. The flavonoids are a family of compounds with an-
tioxidant activities that can modify specific enzymes, so they can inactivate some agents
such as nitrite peroxide and hydroxide radicals [135].

Ultimately, in advanced PCOS with accompanying disease associated with metabolic
syndrome and the steatosis of internal organs (especially non-alcoholic fatty liver disease),
herbs and their extracts with proven properties should be considered for their hepatopro-
tective activities [136]. These substances include the silymarin contained in milk thistle
(Silybum marianum) [137,138] and sesquiterpenes and antioxidant-active ingredients in
artichoke (Cynara Cardunculus) extract [139,140]. Dandelion (Taraxacum officinale) and its
component taraxasterol may silence the gene of SIRT1, preventing the disruption of hep-
atic cells [141]. Black cumin (Nigella sativa) also has similar properties, which should be
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included in the diet of obese PCOS patients [142]. To summarize, herbs and the substances
they contain offer many possibilities for interventions supporting the treatment of PCOS
at various stages of disease. The selection of the appropriate mixture may be individual-
ized depending on the occurrence of symptoms. Summary information has been added
in Table 1.

Table 1. Table summarizing described interventions of herbs and their effects.

A Symptom Physical Sleep
Accompanying Diet ysK . Supplementation Microbiota Herbs
PCOS Activity Regulation
green mint [120,121],
magnesium, zinc, licorice smooth [122],
) ) reduced diet calcium [89,10&?—111], Serenqu repens,
Hirsutism [26,44,45,54, 58] and vitamin Camellia sinensis,
P D [86-90], Rosmarinus officinalis,
myo-inositol [93-96] and Glycyrrhiza
glabra
magnesium, zinc green mint [120,121],
diet with reduced agn 4 4 licorice smooth [122],
. calcium [89,108-111],
GI and calorie L Serenoa repens,
The androgens - and vitamin D L !
[26,44,45,54,58], . Camellia sinensis,
levels K [86-90], berberine . L
Ketogenic [97-102], chromium Rosmarinus officinalis,
diet [64] [105_107’] inc [110] and Glycyrrhiza
s zinc glabra [124]
diet with reduced vitamin D [86-90], green mint [120,121],
Ovulation GI and calorie myo-inositol [97,98] licorice smooth [121],
. 6,44,45,54,58], erberine [99], zinc itex agnus-castus
disorders [26,44,45,54,58] berberine [99], zi Vitex ag
Ketogenic [108], PUFAs [124], flax-seed
diet [64] [112,113] [59,125,126]
high-fiber diet
with reduced GI
Fat mass and calorie daily physical improvin microbiota and
reduction [28,46,47,56,60], act‘iv}i,tP [278—71] sleep [72—7g7] metabolites
ketogenic diet y p [46,47]
[64] elimination
SFA [22,58]
high-fiber diet vitamin B1 [82-84],
Carbohydrate with reduce'd GI ) ] ) ) Vltamln D [86-90], SCFA [47,52], Aloe vera, cinnamon
metabolism and calorie daily physical improving myo-inositol [91-96], microbiota and green tea [115],
disorder [26,44,45,54,58], activity [68-71] sleep [72-77] berberine [97-102], metabolites [50] chamomile and
isorders ketogenic chromium [105-107], ctabolites white mulberry [117]
diet [64] zinc [109]
high-fiber diet
with reduced GI . . . . Aloe vera, cinnamon,
. . . improving vitamin D [86-90], i . .
. . and calorie daily physical L Bifidobacteria ~ green tea, chamomile
Insulin resistance - A sleep [72-77] myo-inositol [91-96], ) X
[26,44,45,54,58], activity [71-74] X X [45,50] and white mulberry
L melatonin [77] berberine [97-102]
elimination SFA [117]
[22,58]
Vf‘i‘t%hr'efg’jz:ge& milk thistle [137,138]
Lipids and calorie daily physical omega 3 [112,113], SCFA [47,52]; artichoke extract
metabolism - Ly phy: berberine [97-102], microbiota and ~ [139,140]. Dandelion
. [26,44,45,54,58], activity [68-71] . N .
disorders L zinc [110] metabolites [50] [141], Black cumin
elimination SFA [142]
[25,60]
. high-fiber diet silymarin [137,138], milk thistle [137,138]
Steatosis of . X artichoke extract
. with reduced GI sesquiterpenes R
organs-liver . [139,140]. Dandelion
rofile and calorie [139,140], [141], Black cumin
p [46,47,56,60] taraxasterol [141] g
[142]
high-fiber diet a-linolenic acid [59],
Cardiovascular with reduced GI intensity vitamin B3 [80,81],
diseases and calorie exercise [72] vitamin B1 [82-84],
[46,47,56,60] coenzyme Q10 [85]
Intestinal high-fiber diet Bifidobacteria
dysbiosis [49,50] [45,50]
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Table 1. Cont.

A Symptom

Accompanying Diet Phy.51.cal SleeR Supplementation Microbiota Herbs
Activity Regulation
PCOS
Green tea and
. . . Marjoram [117-119],
o-linolenic acid [59], Turrjmeric [[128—131]]
high-fiber diet vitamin B3 [80,81], Nettle [133,134] g
Chronic with reduced GI . coenzyme Q10 [85], Bifidobacteria B e
. X X melatonin [79] . . milk thistle [137,138]
inflammation and calorie vitamin D [88,89], [45,50] Artichoke extract
[28,46,47,56,60] selenium [112], [139,140]. Dandelion
flavonoids [135] N '[141j Black
cumin [142]
Limiting elimination SFA .
predisposition to [25,27]; high-fiber a-linolenic acid [59] Tu;]r;flrelc[l[égéil—?)l j]ll’
cancer diet [49,50] 4
Mental health daily physical improving v1:m1:3D( fL8279;;§'
disorders activity [71-74] sleep [75] omeg; 1S 0

[72,90]
SCFA—short-chain fatty acids; GI—glycemic index; SFA—saturated fat acids; PUFA—Polyunsaturated fatty acid.

3. Conclusions

The analysis of metabolic symptoms occurring in the course of PCOS points to the
need for a multidirectional therapeutic approach. The metabolic pathways leading to the
abnormalities are presented, which requires focusing on the improvement of parameters
related to fertility, hirsutism, the occurrence of carbohydrate-lipid disturbances and the
reduction of insulin resistance. One of the most important pathways for blocking carcino-
genesis is presented. It has been shown that significant improvement of these parameters
depends on modifiable factors related to the improvement of lifestyle, the introduction of a
diet, especially a low-calorie diet with reduced GI, normalization of sleep and the introduc-
tion of daily physical activity. In addition, supplementing the diet with antioxidants and
herbs seems to be highly effective in combating the chronic inflammation (Curcuma longa),
improving liver steatosis (Silybum marianum, Nigella sativa) and the frequently occurring
intestinal dysbiosis (probiotic therapy). Conducting our own research in this area, we
examined how increasing the supply of vitamins and minerals with the diet affects the
supply of these components in patients, so we also searched the literature and described
suggested supplementation (inositol, thiamine, coenzyme Q10, vitamin D, zinc, selenium).
Undoubtedly there is a need for further research to be undertaken to determine the ef-
ficacy and applicability of the ingredients described as a support for traditional PCOS
management.

4. Methods of Searching

In this study, we reviewed the literature focused on PCOS therapy, unrelated to
medical therapy, by searching the records of international PubMed and Embase (Elsevier)
databases from the last 20 years.

All articles collected through the electronic search process used in this article were
reviewed from the abstract. Articles unrelated to the main topic, duplicate papers in both
databases (PubMed and Embase), and conference abstracts were excluded from the review
process. Only articles published in English were considered.

The main core of the issue was the authors” own 10 years of experience and research
in this patient group. From the authors’ own studies, those that corresponded sequentially
to the intervention steps discussed were selected. The physiological basis was discussed
(searching the database for PCOS and insulin resistance or chronic inflammation or en-
docrine disorders or cancer or microbiota). Lifestyle changes were then discussed. Studies
that examined the association between PCOS and diet or supplementation (pcos + inositol;
PCOS + berberine; PCOS + vitamin D; PCOS + chromium; PCOS + zinc; PCOS + selenium;
PCOS + melatonin) or adjunctive herbs were included in the review. In the case of dupli-
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cation of information in publications, those that contribute most to the main topic were
selected.
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Abstract: The aim of this systematic review was to provide comprehensive and available data on the
possible role of phytoestrogens (PE) for the treatment of endometriosis. We conducted an advanced,
systematic search of online medical databases PubMed and Medline. Only full-length manuscripts
written in English up to September 2020 were considered. A total of 60 studies were included
in the systematic review. According to in vitro findings, 19 out of 22 studies reported the ability
of PE in inducing anti-proliferative, anti-inflammatory and proapoptotic effects on cultured cells.
Various mechanisms have been proposed to explain this in vitro action including the alteration of
cell cycle proteins, the activation/inactivation of regulatory pathways, and modification of radical
oxidative species levels. Thirty-eight articles on the effects of phytoestrogens on the development of
endometriotic lesions in in vivo experimental animal models of endometriosis have been included.
In line with in vitro findings, results also derived from animal models of endometriosis generally
supported a beneficial effect of the compounds in reducing lesion growth and development. Finally,
only seven studies investigated the effects of phytoestrogens intake on endometriosis in humans.
The huge amount of in vitro and in vivo animal findings did not correspond to a consistent literature
in the women affected. Therefore, whether the experimental findings can be translated in women is
currently unknown.

Keywords: phytoestrogens; endometriosis; lignan; resveratrol; flavonoid

1. Introduction

Endometriosis is a common benign chronic disease affecting reproductive-age women [1].
It is defined as the presence of endometrial tissue and fibrosis located outside the uterus and
is frequently associated with pelvic pain, infertility, urinary and bowel dysfunction [2—4].
As a hormonal disease characterized by features of a chronic inflammatory condition,
various theories on its development based on an uncontrolled hormonal response and
immune-mediated dysfunctions have been proposed [5,6]. Estrogens are key promoters of
endometrial cellular growth. Any insult that affects estradiol biosynthesis and catabolism
in women with endometriosis have been proposed to play a part in aberrant cell growth.
Levels of peripheral estrogens do not seem however altered in women with endometriosis.
On the other hand, estrogens are both endocrine and paracrine agents and one may
speculate that even a modest variation of estrogen production may be somehow detrimental
locally. Indeed, locally accumulated estradiol can create an estrogenic microenvironment
around endometriotic lesions. High local concentrations of estradiol and alterations in
estrogen receptor (ER) « and ERf receptor expression may activate a network of genes
regulating cell proliferation [7,8]. In line with these observations, medical treatment for
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endometriosis is still focused on pain and lesion size control with hormonal therapies able
to establish either a hypo-estrogenic or a hyper-progestogenic milieu [9,10]. In this context,
a role of diet has been postulated based on the idea that estrogen activity can be influenced
by nutrition [11,12]. In other conditions in which hormones exert a specific role, such as
breast and endometrial carcinogenesis, research has demonstrated that diet may strongly
affect incidence [13].

Phytoestrogens (PE) have been identified in various types of food stuffs including
fruits, vegetables, sprouts, beans, cabbage, soybean, grains, tea and oilseeds. Based on their
structure, the main classes of PE consist of flavonoids (i.e., puerarin, genistein, coumestrol,
epicatechin and naringenin), lignans (i.e., enterolactone), and stilbenes (i.e., resveratrol).
Classified into three main classes, PE include flavonoids (i.e., puerarin, genistein, coume-
strol, epigallocatechin gallate (EGCG), naringenin, quercetin), lignans (i.e., eneterolactone),
and stilbenes (i.e., resveratrol). [14]. Their close structural similarity to estrogens, character-
ized by a phenolic ring and two hydroxyl groups, allows them to act as weak estrogenic
factors and to interfere with hormonal and molecular signaling, having positive effects
including the prevention of menopausal symptoms, type 2 diabetes, cardiovascular disease,
obesity and cancer [15]. Moreover, PE may have poor estrogenic activity in low-estrogen
environments such as in menopause and have antiestrogenic activity in high-estrogen envi-
ronments such as those observed in endometriosis or endometrial cancer [16,17]. Several
studies have evaluated the associations between PE and endometriosis risk in animal and
human models but the data obtained are quite inconsistent or conflicting [18-77].

The aim of this systematic review was to gain insight into the mechanisms of action of
PE in endometriosis and to offer a general view of available data on their possible role for
the treatment of endometriosis.

2. Materials and Methods

The study protocol was registered “a priori” and accepted for inclusion in PROSPERO
(PROSPERO ID CRD42020220847). The methods for this systematic review were developed
in accordance with the Preferred Reporting Item for Systematic Reviews and Meta-analysis
(PRISMA) guidelines [78]. No Institutional Review Board Approval was needed. We per-
formed an advanced, systematic search of online medical databases PubMed and Medline
using the following keywords: “endometriosis” in combination with “phytoestrogen”,
“flavonoid”, “non-flavonoid”, “isoflavone”, “coumestan”, “lignan” and “resveratrol”. To
optimize search output, we used specific tools available in each database, such as Medical
Subject Headings (MeSH) terms (PubMed/Medline). The EndNote software (available
online: https:/ /endnote.com, accessed on 19 September 2020) was used to remove dupli-
cate articles. Only full-length manuscripts written in English up to September 2020 were
considered. We checked all citations found by title and abstract to establish the eligibility
of the source and obtained the full text of eligible articles. We also performed a manual
scan of the references list of the review articles to identify any additional relevant citations.
Three review authors (R.V., M.S. and L.B.) independently assessed the risk of bias for each
study using the risk-of-bias tool for case-control studies developed by clarity group [79].
We assessed the risk of bias according to the following domains: (i) Can we be confident
in the assessment of exposure?; (ii) Can we be confident that cases had developed the
outcome of interest and controls had not?; (iii) Were the cases properly selected?; (iv)
Were the controls properly selected?; (v) Were cases and controls matched according to
important prognostic variables or was statistical adjustment carried out for those variables?
We graded each potential source of bias as Definitely yes (low risk of bias), Probably yes
(Moderate risk of bias), Probably no (Serious risk of bias), or Definitely no (Critical, high
risk of bias). We summarized the risk of bias judgments across different studies for each of
the domains listed.
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3. Results

A total of 286 studies were initially identified by the search criteria. After applying the
selection criteria, a total of 60 trials were included in the systematic review [18-77]. A flow
diagram of the systematic review is shown in Figure 1 (PRISMA template). The risks of
bias of the included studies are summarized in Supplementary Figure S1. Findings derived
from the studies are herein presented based on in vitro results, evidence in in vivo animal
models and finally in humans.

Records identified through database
(PubMed/Medline) searching

Records duplicated
n=165

Records excluded for
—H language
n=8

n =286

Records excluded for type
> of article
n=23

L]
‘ Records screened ‘

n=9

Records excluded
» for Title/Abstract
n=30

Full-text articles assessed for eligibility ‘

n=G60
Full-text articles excluded
n=2

Studies included in qualitative
synthesis
n=>58

|

Total number of studies —
included in qualitative Studies included from
synthesis [ — reference lists

n =60 n=2

{ zO—:m:l—r‘:z—I<—|—|——m—m—r—m:[ OZ—me:Uf‘:mI zo—-u:-n—'ﬂ——izmc—]

Figure 1. Flow diagram of the search strategy, screening, eligibility and inclusion criteria.

3.1. Studies Included
3.1.1. Phytoestrogens and Endometriosis: In Vitro Experimental Human Models

Several studies tried to assess PE effect on human endometrial /endometriotic cells.
The results from 22 studies are summarized in Table 1. What is surprising is the hetero-
geneity of the substances studied and their respective biological effects, although for some
of them it is possible to designate common actions.
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Resveratrol was the most studied substance whose effects have been investigated in
5 out of 22 studies with significant findings in all of them [35,41,47,59,74]. According to
Ricci and coworkers [35], resveratrol could induce significant changes in cell proliferation
and apoptosis of eutopic endometrial epithelial cell cultures although without significant
differences between endometriosis patients and control women. In line, Khazei et al. have
recently reported that the anti-proliferative, proapoptotic and anti-angiogenetic effect of
this substance was not specific for ectopic endometrial cells [74].

They claimed a role for the treatment in reducing nitric oxide (NO) levels, found to be
higher in endometriotic cells, and in increasing significantly the expression of apoptotic
genes (P53, Bax, Bcl2 and caspase 3) and of sirtuin 1 (SIRT1) in both eutopic and ectopic
cells. A relationship between activation of SIRT1 by resveratrol and interleukin (IL)-
8 was investigated by Taguchi et al. [41] who, conversely, demonstrated that the anti-
inflammatory effects of the compound were more prominent in endometriotic cells than in
eutopic cells from controls. The same group, one year later, reported that, even if resveratrol
alone was not capable of inducing apoptosis in endometriotic cells, it determined an
altered expression of some key molecules involved in apoptosis such as survivin or TNE-
a-related-apoptosis-inducing ligand (TRAIL), favoring cell death in ectopic lesions [47].
Finally, a higher insulin-like growth factor-1 (IGF-1) and hepatocyte growth factor (HGF)
gene expression in ectopic endometrial cells has been demonstrated by Arablou and
coworkers [59]. In this case, resveratrol biological effect in terms of decrease in IGF-1 and
HGEF protein production was reported for both eutopic and ectopic endometrial stromal
cells from women with endometriosis but not for cells from controls. Resveratrol was
also shown to inhibit IGF-1/ERK and HGF/MAPK signal transduction pathways in a
dose-dependent manner, thus resulting in anti-inflammatory and anti-proliferative effects.
Therefore, although the exact mechanism involved is still poorly defined, all the papers
supported some in vitro benefit of resveratrol.

Three studies investigated the effects of puerarin (10*9 M), a major isoflavonoid com-
pound extracted from the Chinese medicinal herb, Radix puerariae [28,30,34]. Studies were
concordant in demonstrating that puerarin treatment in combination with ethinylestra-
diol (E2) significantly suppressed the E2-mediated proliferation of stromal cells from
endometriotic lesions. Moreover, treating ectopic stromal cells with Puerarin abrogated
ERK phosphorylation through a competition with estrogen for the binding to membrane
receptors of MAPK signaling, thus significantly decreasing cell proliferation, as well as
gene expression levels of cyclin D1, cyclo-oxygenase (COX) 2 and cyp19 involved in this
process [30,34]. Finally, Ji and coworkers demonstrated that puerarin can partly suppress
estrogen-stimulated proliferation by promoting the recruitment of corepressors to estrogen
receptor, as well as limiting that of coactivators, in order to arrest ectopic stromal cells in
the G1 phase [34]. Three studies out of 22 investigated the biological effect of chyrisin, a nat-
ural compound derived from honey, propolis, or passion flowers, on human endometrial
cells [20,66,75]. Although shown to be potent inhibitor of aromatase activity in a free cell as-
say, chyrisin, daidzein or naringenin could not attenuate aromatase activity in endometrial
stromal cells in women with and without endometriosis at any concentration tested. Only
genistein (107°~107% M) indirectly increased aromatase activity in endometrial stromal
cells from controls. On the other hand, in both VK2 /E6E7 and End1/E6E7 endometriotic
cell lines, chyrisin was shown to suppress cell proliferation and induced the programmed
cell death through changing the cell cycle proportion, increasing the cytosolic calcium
level and generating reactive oxygen species (ROS) [66]. In addition, Chrysin activated
endoplasmic reticulum (ER) stress by stimulating the unfolded protein response proteins,
especially the 78-kDa glucose-regulated protein, GRP78, the PRKR-like ER kinase (PERK)
and the eukaryotic translation initiation factor 2« (elF2«). Finally, the compound was
shown to inactivate the intracellular phosphatidylinositol 3-kinase (PI3K)/protein kinase B
signaling pathway in a dose-dependent manner from 5 to 100 uM. Similar results and the
same biological mechanisms were reported for chyrisin by Park et al. [75], actually testing
5,7-Dimethoxyflavone (DMF), a methylated form of chrysin extracted from Kaempferia
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parviflora (KP). The methylation of flavonoids has been demonstrated to greatly increase
their absorption and bioavailability. A similar biological effect was demonstrated for narin-
genin by the same authors [50]. Indeed, naringenin (100 uM) decreased the proliferation
and increased apoptosis of VK2/E6E7 and End1/E6E7 cells. In the same cells, it also
increased the production of ROS 3-fold, induced mitochondrial pro-apoptotic proteins
(Bax and Bak), in VK2/E6E7 cells by ~7-fold and in End1/E6E7 cells by 2-fold. Finally,
naringenin significantly increased apoptosis through generation of ER stress regulatory
genes, in particular G1 arrest and DNA damage 153 (GADD153), inositol-requiring protein
la (IRElx) and GRP78, and through activation of MAPK signaling and inactivation of
PI3K pathway. It is interesting to note that the same group of authors investigated these
same biological mechanisms highlighted for chirisin, narigenin for other substances, such
as apigenin, delphinidin, luteolin, quercetin, silibinin and myricetin in VK2/E6E7 and
End1/E6E7 endometriotic cells lines [50,55,61,67-69]. All these studies are summarized in
Table 1. Overall, they demonstrated that the PE effect on endometriosis is always antiprolif-
erative and proapoptic through the activation of intracellular signals of calcium, ER stress
and ROS production and through the activation of the MAPK pathway and a decreased
phosphorylation of ERK1/2 and PI3K/AKT signaling proteins.

Two studies out of 22 investigated the biological effect of EGCG in eutopic endometrial
stromal cells (EuSC) from women with or without endometriosis [35] or in EuSC and ectopic
endometrial stromal cells (EcSC) from women affected by endometriosis [40]. The results
from these studies were contradictory: while Ricci and coworkers showed no significant
difference in cell proliferation and apoptosis between cases and controls [35], Matsuzaki
et al. demonstrated an inhibited cell proliferation, migration and invasion of both EuSC
and EcSC after EGCG treatment. Moreover, EGCG significantly decreased the Tumor
growth factor b-1 (TGF-b1)-dependent increase in the mRNA expression of fibrotic markers
and significantly inhibited TGF-b1-stimulated activation of the MAPK and Smad signaling
pathways in both cells [40].

Kim et al. [48] examined the effect of Pueraria flowers extract (PFE), a rich source of
isoflavones such as genistein, daidzein, kakkalide, puerarin, and tectoridin, on immor-
talised human endometriotic cells, 11Z and 12Z. Mesothelial Met5A cells were used for
adhesion assessment after PFE treatment. They concluded that PFE significantly inhibited
adhesion and migration of endometriotic cells to mesothelial cells, suppressing the mRNA
and protein expressions of matrix metalloproteinases (MMP)-2 and MMP-9 and increasing
the phosphorylation of ERK1/2 in endometriotic cells. A decreased MMP expression was
also reported for apigenin [55] and for quercetin [68].

Takaoka and coworkers showed that Daidzein-rich isoflavone aglycones (DRIAs)
significantly inhibited the proliferation of ectopic cells in a concentration dependent man-
ner [57]. It also decreased IL-6, IL-8, COX-2 and aromatase mRNA levels, prostaglandin
E2 (PGE2) protein levels, and aromatase enzyme activity. DRIAs suppressed the Tumor
necrosis factor-« (TNF-ot) induced IkB expression, the nuclear factor-«B-IKB-inhibitory
proteins (NF-kB-ikb) complex formation, and the uptake of p65 into the nucleus.

In contrast to all this evidence, Hernandes and colleagues have shown that rutin, a
glycosylated flavonoid and extract of Uncaria guianensis, or a combination of both, was
not able to reduce cellular viability, although ROS production did increase in both eutopic
and ectopic cells [71]. In addition, significant increases levels of interleukin (IL)-15, IL-17A,
IL-4, IL-6, TNF-«, and vascular endothelium growth factor (VEGF) were observed when
eutopic endometrial cells were treated with aqueous bark extract of U. guianensis (ABE),
while exposure to aqueous bark leaf of U. guianensis (ALE) induced significant increases in
epidermal growth factor in lesion cells.

3.1.2. Phytoestrogens and Endometriosis: In Vivo Experimental Animal Models

Thirty-eight articles on the effects of PE on the development of endometriotic le-
sions in in vivo experimental animal models of endometriosis have been included in this
systematic review. Among them, PE were administered non orally (18 studies, Table 2),
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orally (18 studies, Table 3) or both (2 studies, reported in both tables). Seven studies
investigated the effects of EGCG on endometriosis development, five in mice and one in
hamsters. ECGC was administered either orally [35] or through an intraperitoneal injec-
tion [23,24,29,35,37,40,45]. In all the studies in which endometriotic lesions were measured,
ECGC induced the regression of lesions.

The compound could suppress E2-stimulated activation, proliferation and VEGF ex-
pression of endometrial cells in vitro isolated from hamsters. When evaluated by intravital
fluorescence microscopy and histology, in vivo treatment with ECGC mediated a selective
inhibition of angiogenesis and blood perfusion of endometriotic lesions without affecting
blood vessel development in ovarian follicles [23,24,35,37]. Moreover, EGCG showed to
increase total apoptotic cell numbers in the lesions [24,35,37]. Molecular mechanisms put
forward to explain these phenomena in the lesions include: selective inhibition of VEGFC
expression; down-regulation of MMP-9, chemokine (C-X-C motif) ligand 3 (CXCL3), c-JUN,
and interferon-y expression, decreased ROS generation and lipid peroxidation and reduced
MMP-2 and MMP-9 activity [29,45]. Matsuzaki and colleagues observed significantly lower
scores for both Sirius red and Masson trichrome staining in EGCG-treated mice suggesting
that this treatment may prevent the progression of fibrosis [40].

Eight studies investigated the effects of resveratrol on endometriosis development,
three in rats and five in mice. Resveratrol was administered either orally [26,36,44], or
through an intramuscular [33,43], subcutaneous [38] or intraperitoneal [35,42] injection. The
administration of resveratrol showed a marked reduction in endometriotic implants when
they were measured. Histological evaluations of tissue sections revealed that both the di-
mensions and the vascularization of the implants were diminished in the resveratrol-treated
animal model. Molecular mechanisms proposed to explain this finding include: decreased
levels of VEGF, monocyte chemotactic protein 1 (MCP-1), IL-6, IL-8 and TNF-« in the
peritoneal fluid and lower presence of lesional MMP-2, MMP-9 and VEGEF [33,35,36,43,44].
Investigating the effects of resveratrol on the expression of estrogen receptor « (ER-ov),
the proliferative marker Ki-67, aryl hydrocarbon receptor (AhR) and members of the cy-
tochrome P450 superfamily of enzymes, Amaya and colleagues found that mice treated
with estradiol (E2) plus progesterone or E2 plus the highest dose (60 mg) of resveratrol ex-
hibited a reduction in both ER-« and Ki-67 in eutopic endometrial epithelial cells. In stromal
cells, ER-« levels were reduced by E2 plus P, but not by resveratrol while Ki-67 expression
was reduced in presence of 60 mg/day of resveratrol suggesting the potential benefit of
high doses of the compound in reducing the proliferation of human endometrium [38].
Bruner-Tran and colleagues have demonstrated that oral administration of resveratrol
at dose of 6 mg either for 10-12 days or 18-20 days decreased number of endometrial
implants per mouse by 60% and the total volume of lesions per mouse by 80% [26]. More-
over, the authors studied the effect of resveratrol on EcSC in vitro invasiveness, finding a
concentration-dependent reduction up to 78%. Finally, Yavuz and coworkers demonstrated
a reduced oxidative stress in cases compared to controls in a dose-dependent manner (I.P
injection of resveratrol at low dose 1 mg/kg and high dose 10 mg/kg), confirming also
reduced lesion size and reduced proliferative scores for the treatment group independent
of the dose [42].
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The potential role for the genistein to sustain endometriosis has been explored by
Cotroneo et al. and Laschke et al. [19,25]. Totally in disagreement with the other studies
in this context, the subcutaneous and intraperitoneal injections of genistein was shown
to sustain the growth of the implanted tissue in a dose-responsive manner [19] and not
to sustain the neoangiogenesis and blood perfusion of endometriotic lesions [25]. When
measuring uterine receptor expression, the treatment resulted in a significantly uterine
decreased expression of ER-« protein and in an increased progesterone receptor (PR)
expression at all doses compared to controls [19]. When administered orally, the same
group of authors found that genistein determined an increase of uterine PR type B (PRB) at
higher dietary dose. By contrast, in his previous research Yavuz et al. demonstrated that
administered orally genistein resulted in smaller areas of endometriotic lesions and lower
histological scores if compared with control animals [22].

Subcutaneous administration of silymarin [52] and intraperitoneal injection of silibinin,
scutellarin, nobiletin, quercetin and myricetin have all been shown to reduce lesion size in
mice and rats [58,60,61,68,76]. Ham et al. also found that the expression of TNF-«, IL-1f3,
and IL-6 mRNA decreased to 80.4%, 73.8%, and 96.5% respectively in the endometriotic
lesions upon intraperitoneal silibinin treatment in mice [61]. Since scutellarin is tradition-
ally used as a potent antiplatelet agent, Ding et al. evaluated its potential therapeutic effect
showing also improved hyperalgesia in both low-dose and high-dose and changes consis-
tent with reduced proliferation, angiogenesis, and fibrogenesis of the lesions. Moreover,
this flavonoid also significantly reduced the platelet activation rate in peripheral blood
when administered intraperitoneally in mice [60]. Intraperitoneal-injected nobiletin was
shown to be effective on the activation of NF-«B in endometriotic cells, mainly targeting
on the activity of IkB kinases (IKKs) and reducing p65 phosphorylation level [58]. A
potential anti-proliferative role on endometriosis through cell cycle regulation has been
demonstrated by Park et al. upon intraperitoneal administration of myricetin, quercetinin
or luteolin in a mouse model [68,69,76].

In a rat model of endometriosis, oral administration of Puerarin inhibited the growth
of ectopic implants and reduced estrogens levels in endometriotic tissue even when admin-
istered at low dose and without systemic adverse effects [27].

The potential therapeutic action of Xanthohumol, a flavonoid belonging to the same
family of resveratrol, has been investigated by Rudzitis [32]. Similarly to resveratrol, oral
Xanthohumol was able to reduce lesion growth by decreasing cell proliferation. Similar
results were obtained with the oral administration of Sylimarin, Naringenin and Wogonin,
plant-derived flavonoids [51,54,64]. Melekoglu et al. have evaluated the effect of hesperidin,
a flavanone glycoside found in citrus fruit, on endometriosis development in a rat model
observing lower lesion volumes and increased levels of antioxidant parameters when
administered orally at dose of 50 mg/kg for 14 days [53].

Oral isoliquiriteginin (ISL), a flavonoid found in liquorice, has been found not only
to decrease lesion volume but also to reduce serum and tissue VEGF, IL1$ and IL-6
and to increase Bax, Bcl-2 and E-cadherin [72]. Other authors have investigated the
effect of a daidzein-rich isoflavone aglycones diet [57] or of extract of different plants
known to contain several PE such as Achileea bierbersteinii [39], Urtica dioica and Anthemis
austriaca [62,63], Melilotus officinalis [73] and Achillea critica [70] on endometriosis lesions.
All of them have been found to decrease the volume of lesion and adhesion scores. Also,
decreased concentration TNF-« were observed both in peritoneal [62,63] and in serum
and tissue samples [70]. Moreover, Urtica dioica, Anthemis austriaca, Melilotus officinalis and
Achillea critica (AC) extract were able to reduce peritoneal VEGF and IL-6 compared to
controls. The anti-inflammatory properties of AC were observed in the ability to reduce
serum TNF-«, VEGF and IL-6 as well.

3.1.3. Phytoestrogen Dietary Intake and the Risk of Endometriosis in Humans

Table 4 shows the results of the seven studies that have investigated the effects of PE
intake on endometriosis in humans. The first study that evaluated the effects of intaking
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soy products such as genistein and daidzein found an inverse association between the
isoflavone intake and the risk of undergoing premenopausal hysterectomy for benign
gynecological conditions, including endometriosis [18]. Similar results have been obtained
in a case-control study evaluating urinary levels of genistein and daidzein in 138 women.
Levels of isoflavones were found to be inversely correlated to stage III-IV of the disease.
Frequency of ER-2 gene Rsal polymorphism was also assessed. A significant association
was noted between specific genotypes of ER-2 Rsal polymorphism and genistein levels in
risk of advanced endometriosis. Since altered estrogen or soy isoflavone signal transduction
thanks to ER-2 gene polymorphisms may be directly responsible for susceptibility to severe
endometriosis, the authors suggested that isoflavones may play a more effective role
among the ER-2 Rsal R/r + R/R genotype than the r/r genotype, although the latter itself
is likely to be protective for endometriosis [21]. Three studies have evaluated the effects of
resveratrol on endometriosis women [31,49,65].

Table 4. Studies investigating the effect of phytoestrogen oral intake on humans.

Substance and

Authors Date Study Design ) Age (Years, Mean) Case (n) Control (n) Results
Duration
Nagata et al 2001 prospective cohort Genistein, Daidzein in 35-54 . e - decreased risk of hysterectomy for pain: RR (95% CI) 0.35
[18] study one year 429+44 (013 +097)

- inversely associated with stage IV with aOR 021 (95%

Tsuchiva ot al. Urinary levels of 2045 79 (stage I n=31; CI = 0.060.76) for Genistein and 0.29 (0.08-1.03) for

§ IZ}H erak 2007 case-control study Genistein/Daidzein, Stage I-11: 323 + 3.2 R et ) 59 Daidzein levels

NR Stage I1I-1V: 32.6 + 3.7 stage =V = - ER-2 Rsal R/ + R/R genotype more frequent than the r/r

genotype in advanced stages

- reduction in pain scores, with 82% of patients reporting
complete resolution of dysmenorrhea and pelvic pain after 2

months
Maia etal. 2012 retrospective study Resveratrol 30 mg for 2440 OC+ resveratrol (26) oc (16) - lower COX-2 expression in eutopic endometrium at
B31] 2-6 months 3144 . §
immunohistochemistry
~lower in eutopic jum at
immunohistochemistry
Mendes da
e o 017 randomized clinical Resveratrol 40 mg for 20-50 » Placebo (22) - no difference in pain scores between groups [median
- B trial 42 days 354+71 difference: 0.75, 95% confidence interval: —1.6 to 2.3]

[49]

Group I (30 patients
Quercetin 200 mg, treated with all the - significant reduction of headache (from 14% to 4%), cystitis
titrated Turmeric 20 (from 12% to 2%), muscles ache (from 4% to 1%), irritable

ngnolrgi(lﬁ etal. 2018 Pf"SP‘:f‘t“‘JV“f“h"" mg, titrated 34+ NR ?""“\‘GP :;IU) colon (from 15% to 6%), dysmenorrhea (from 62% to 18%)
° study Parthenium 19.5 mg with only linseed oil placebo and dyspareunia (from 30% to 15%), CPP (from 62% to 18%)
for three months and 5 MTHF calcium - reduction of serum PGE2 level
salt)
placebo-controlled,
- reduced MMP-2 and MMP-9 mRNA and protein levels in
Kodarahmian parallel, randomized
tal 2019 doubleblind ResveratroL 400 mg 18-37 - Placebo (17) eutopic endometrium
ctal L for 12-14 weeks 30.19 £24 - reduced level of MMP-2 and MMP-9 in endometrial fluid
[65] exploratory clinical
Y and serum
ouseflu et al. case-control study Is‘l’lf:"‘;‘:“' 1545 v0 - reduced risk of endometriosis for Isoflavones [OR 0.38
771 2020 on dietary data coumesttol, in one 3101 556 78 78 (0.33-0.83)], Lignan [OR 0.49 (0.46-0.52)], and Coumestrol

year [OR 038 (0.15-0.96)] assumption

Only statistically significant effects (p < 0.05) were reported. Legend: n.a = not applicable; RR = rate ratios; CI = confidence interval; aOR = ad-
justed odds ratio; ER-2 = estrogen receptor-2; LPS = laparoscopy; HYS = hysteroscopy; OC = oral contraceptive; COX-2 = cyclo-oxygenase-2:
SD = standard deviation; MTHF = methyltetrahydrofolate; CPP = chronic pelvic pain; PGE2 = prostaglandin E2; MMP = matrix metallopro-
teinase, NR = not reported. According to Maia and coworkers, the addition of 30 mg of resveratrol to the oral contraceptives (OC) regimen
resulted in a further significant reduction in pain scores after 2 months of treatment, with complete resolution of dysmenorrhea and pelvic
pain reported in 82% of cases [31]. Additionally, COX-2 and aromatase expression were significantly lower in the eutopic endometrium of
patients using the combination of OC with resveratrol compared with those using OC alone [31]. Kodarahmian and colleagues investigated
the effects of resveratrol on MMP-2 and MMP-9 levels in endometriosis patients (n = 34) who were randomly divided into treatment
(n = 17 patients treated with 400 mg of resveratrol) and control (n = 17 patients treated with placebo) women. Reduced levels of both
MMP-2 and MMP-9 mRNA and protein were found in eutopic endometrium as well as lower concentrations in serum and endometrial
fluid following the administration of resveratrol for 12-14 weeks [65]. A randomized controlled trial conducted by da Mendes da Silva
and colleagues randomized subjects to receive monophasic OC for 42 days in addition to 40 mg of resveratrol or placebo in order to
compare them for the reduction of pain scores. In contrast with other studies, pain scores after treatment were not significantly different
between groups leading the authors to conclude that daily use of resveratrol combined with continuous use of a OC, was not superior to a
OC alone for the treatment of pain in women with endometriosis [49]. The study conducted by Signorile et al., evaluated the effects of
quercetin, titrated turmeric and titrated parthenium in a dietary supplement with linoleic acid, alpha linolenic acid, nicotinamide and
5-methyltetrahydrofolate calcium salt in patients affected by endometriosis. The authors found a significant reduction of headache, cystitis,
muscles ache, irritable colon, dysmenorrhea, dyspareunia and chronic pelvic pain (CPP) in treated patients compared to patients treated
with a composition comprising only of linseed oil and 5-methyltetrahydrofolate calcium salt and to the placebo group. Moreover, they
reported reduction of serum dosage of PGE2 in patients treated with the dietary supplements for three months [56]. A case control study
collected dietary data from 78 women with a laparoscopically confirmed endometriosis and 78 patients with normal pelvis using a food
frequency questionnaire (FFQ) as a validated semi-quantitative questionnaire and analyzing PE type in each dietary item. The logistic
regression model observed inverse associations between the consumption of PE, total isoflavones (especially related to formononetin
and glycitein) and endometriosis risk. Additionally, high consumption of lignans (secoisolariciresinol, lariciresinol, matairesinol) and
coumestrol in the third quartile resulted in a reduced risk of endometriosis. The authors concluded supporting the role of PE consumption
in limiting the progression of endometriosis due to its inflammatory nature and the hormonal basis of the disease [77].
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4. Discussion

Most of the available therapies for endometriosis are hormonal-based therapies able to
establish either a hypo-estrogenic or a hyper-progestogenic milieu [80-82]. Phytoestrogens
are a heterogeneous group of naturally occurring compounds in plants structurally similar
to estrogens [15]. They are characterized by a phenolic ring, which determines their agonist
or antagonist properties, and two hydroxyl groups which are crucial for the binding to
ER [15]. Classified into three main classes, PE include flavonoids (i.e., puerarin, genistein,
coumestrol, EGCG, naringenin, quercetin), lignans (i.e., eneterolactone), and stilbenes
(i.e., resveratrol) [14,83]. Flavonoids are characterized by a typical structure C6-C3-C6
with two rings of benzene A and B linked by a chain of 3 carbons cycled through an
atom of oxygen [84]. Based on the connection, the position, the degree of saturation,
oxidation, and hydroxylation of the B and C rings, they are commonly divided into
isoflavones and coumestans [15,84-86]. Genistein and daidzein (up to 90% of isoflavones)
are present in soybeans [87]. Among coumestans, coumestrol is one of the most studied
and considered as an endocrine disruptor due to the high affinity in binding ERs [88],
with an estrogenic activity greater than that of other isoflavones due to the position of
its two hydroxyl groups [89]. It is present in a variety of plants including soybeans,
clover, alfalfa sprouts, sunflower seeds, spinach, and legumes. Flavones, a subgroup of
flavonoids whose main compound is apigenin, are characterized by a double bond between
C2 and C3 that may induce cell cycle arrest and DNA damage in some cell types [90,91].
The skeleton and the position of phenolic group are the main characteristics of another
flavonoid subgroup, named flavonols, of which quercetin and kaempferol are the most
predominant components in plants [86]. Epicatechin, thought to be responsible for the
main health effects of cocoa is another flavonoid compound found in unfermented cocoa
beans. Epigallocatechin gallate (EGCG), formed by the ester of epigallocatechin and gallic
acid, is present in green tea. Both of them have been associated with antioxidant and
chemopreventive effects in several cell types [92,93]. Another flavonoid, narigenin, found
in all citric fruits, seems to increase antioxidant defenses by limiting lipid peroxidation and
protein carbonylation [85,94]. Lignans are non-flavonoid PE commonly found in grains,
nuts, coffee and tea, cocoa, flaxseed, and some fruits [95]. According to some evidence,
these PE are capable of mimicking the antioxidant effects of some hormones [96]. Finally,
stilbenes are non-flavonoid PE of which the most studied is resveratrol, a compound
with two phenolic rings connected by a styrene double bond, found in a wide variety of
dietary foods, including grapes, wine, nuts, and berries [97-99]. Several in vitro and in vivo
studies reported anti-cancer, antioxidant, anti-aging, anti-inflammatory and anti-pathogen
properties of resveratrol [97,100,101].

Based on the results presented herein, these compounds may have some effects on
the disease establishment. According to in vitro findings, 19 out of 22 studies reported
the ability of PE to induce anti-proliferative, anti-inflammatory and proapoptotic effects
on endometriotic cells. Only three studies did not find any positive effect exerted by PE
in vitro [20,35,71]. Various mechanisms have been proposed to explain this in vitro action
including the alteration of cell cycle proteins, the activation/inactivation of regulatory
pathways, modification of ROS levels. Two considerations should be done in relation
to the in vitro results obtained: 1. among the 22 published studies, nine were written
by the same Chinese group [50,55,61,66-69,75,76]. Therefore, confirmatory findings by
independent groups need to be obtained. 2. many studies have used cell lines as a model for
endometriotic lesions. A number of immortalized cell lines deriving from endometriosis
have been established by either forcing cells to survive through a cell crisis or by the
introduction of one or more oncogene(s). However, genetic authentication and biological
validation of these lines was disregarded by most authors. For instance, no STR profile
was publicly available. Moreover, we have recently demonstrated that some of these
endometriotic cell lines express ER-oc but are PR-negative [8]. Since signaling initiated by
both ER-« and PR is necessary for endometrial physiology, it is of foremost importance
that cells are thoroughly characterized prior to each experiment for the maintenance of the
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proper phenotype and for their receptor status. This concept should be applied also to PE
treatment of cells.

In line with in vitro findings, also results derived from animal models of endometrio-
sis generally supported a beneficial effect of the compounds in reducing lesion growth and
development. Indeed, a role of PE in limiting ectopic implants has been shown in 36 out of
38 studies independent of the specific drug used. Only two studies did not find any positive
effect exerted by PE in in vivo experimental models [19,25] and both studies investigated
the possible role of genistein in the treatment of induced models of endometriosis. Mech-
anisms proposed to explain this effect include decreased angiogenesis and microvessel
density, enhanced fibrosis and apoptosis and alteration in MMP activity. Rats and mice offer
attractive preclinical models of reproductive disorders because they are easily bred, they
can be genetically manipulated, their reproductive system is well understood, and their
small size means large quantities of drugs are not required for testing allowing for multiple
replicates. In the context of endometriosis, these advantages apply but laboratory rats and
mice do not exhibit spontaneous cyclical decidualization and menstruation. Therefore,
although uterine tissue has been used to generate endometriosis-like lesions, the lesions are
not formed from tissue undergoing active breakdown and remodeling as might be the case
in women or menstruating primates. Therefore, similar to cell lines, experimental animal
models of endometriosis are not devoid of limits. Due to their divergence from humans
in key aspects of reproductive physiology, current experimental systems for the study of
endometriosis are a very imperfect model [102]. As a matter of fact, most of the treatment
for endometriosis used in experimental models provided satisfactory results while being
of poor efficacy in humans [18,21,31,49,56,65,77].

As a matter of fact, the huge amount of in vitro and in vivo animal findings did not
correspond to consistent literature in women affected. Randomized trials were only two
using resveratrol and outcomes evaluated included pain score and MMP activity [49,65].
Quercitin was also shown to be able to reduce pain in a prospective cohort study [56].
Reasons for a limited reporting of PE effects in endometriosis patients is unclear. We
cannot exclude that negative results have not been published. Alternatively, being natural
compounds, they are viewed as dietary supplements and regularly prescribed with poor
controls on outcomes. Certainly, based on results of experimental models, PE effect deserves
to be investigated in more depth in future or ongoing clinical trials.

5. Conclusions

Phytoestrogens are naturally-occurring plant compounds that share a similar chemical
structure and function to the estrogens found in the human body. Foods rich in phytoe-
strogens include soy, fruits, vegetables, spinach, sprouts, beans, cabbages, and grains. The
effect of diet on hormonal activity, inflammatory markers, and the immune system means
that the food choices women make might play a key role in the development of endometrio-
sis. Furthermore, endometriosis has been shown to be related to prolonged exposure to
the hormone estrogen in the absence of progesterone and to a prolonged inflammatory
environment in the pelvis. Although there is consistent evidence, deriving from in vitro or
in vivo animal model studies, for phytoestrogens’ biological properties in endometriosis,
only a few studies have been published regarding their use in patients with endometrio-
sis, with inconsistent results. Phytoestrogens have many favorable characteristics, such
as anti-proliferative, anti-angiogenic, anti-inflammatory, pro-apoptotic and anti-oxidant
properties, which could make them a viable alternative in the future for the control and
prevention of endometriosis. More powered and well-designed trials are needed to better
investigate PE effects in women affected by endometriosis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/nu13082532/s1, Figure S1: Risk of bias assessment according to the risk of bias tool by Clarity
Group [79].
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Abstract: Assisted reproductive technologies (ART) may increase risk for abnormal placental devel-
opment, preterm delivery and low birthweight. We investigated placental morphology, transporter
expression and paired maternal /umbilical fasting blood nutrient levels in human term pregnancies
conceived naturally (1 = 10) or by intracytoplasmic sperm injection (ICSI; n = 11). Maternal and
umbilical vein blood from singleton term (>37 weeks) C-section pregnancies were assessed for levels
of free amino acids, glucose, free fatty acids (FFA), cholesterol, high density lipoprotein (HDL), low
density lipoprotein (LDL), very low-density lipoprotein (VLDL) and triglycerides. We quantified
placental expression of GLUT1 (glucose), SNAT2 (amino acids), P-glycoprotein (P-gp) and breast
cancer resistance protein (BCRP) (drug) transporters, and placental morphology and pathology.
Following ICSI, placental SNAT2 protein expression was downregulated and umbilical cord blood
levels of citrulline were increased, while FFA levels were decreased at term (p < 0.05). Placental
proliferation and apoptotic rates were increased in ICSI placentae (p < 0.05). No changes in maternal
blood nutrient levels, placental GLUT1, P-gp and BCRP expression, or placental histopathology
were observed. In term pregnancies, ICSI impairs placental SNAT2 transporter expression and cell
turnover, and alters umbilical vein levels of specific nutrients without changing placental morphology.
These may represent mechanisms through which ICSI impacts pregnancy outcomes and programs
disease risk trajectories in offspring across the life course.
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Keywords: assisted reproductive technology (ART); intracytoplasmic sperm injection (ICSI); amino
acids; citrulline; glucose; lipids; free fatty acids (FFA); placenta; proliferation; apoptosis; GLUT1;
SNAT?2; P-gp and BCRP

1. Introduction

The advance of assisted reproductive technology (ART) allows the birth of thou-
sands of children every year for individuals otherwise unable to conceive naturally [1,2].
However, several reports indicate that ART pregnancies may potentially be at higher risk
for preterm birth, placenta praevia, placenta accreta, retained placenta, villous edema,
abnormal placental growth, altered placental weight and having babies with low birth-
weight [3,4]. The mechanisms by which ART affect pregnancy outcomes may originate
from maternal ovarian stimulation procedures; gamete/embryo manipulation and in vitro
culture conditions, such as culture medium composition, culture substrate stiffness/rigidity,
oxygen tension, pH, embryo culture duration; and embryo transfer methodologies, among
others. In response to these stressors the embryo may adapt its growth kinetics, leading to
altered fetoplacental growth and subsequent phenotypes [2].

Ultrastructural assessment of the human placenta following conception with ART
revealed a thicker placental barrier and fewer microvilli at the apical membrane of syn-
cytiotrophoblasts [5], suggesting compromised placental transport function. Placental
transport efficiency may indirectly be assessed by calculating the fetal:placental (F:P)
weight ratio [6]. Reduced F:P weight ratio has been observed in animal models and hu-
man population-based studies with in vitro fertilization (IVF) or intracytoplasmic sperm
injection (ICSI) techniques [2,7-10]. An altered F:P ratio may be a marker of a suboptimal
intrauterine environment, which is known to increase risk for cardiovascular and metabolic
diseases in offspring during adult life [11].

The placenta supplies nutrients to the fetus by simple diffusion, facilitated or active
transporter-mediated processes and by endocytosis/exocytosis [12,13]. Transplacental
glucose transport is predominantly mediated by GLUT1 and GLUT3 transporters [14-16],
whereas neutral amino acids are transported into the fetal circulation via the sodium-
dependent neutral amino acid transporters (SNATs), isoforms I, Il and IV [16,17]. Glucose
and amino acid transport efficiency depend upon placental size and F:P weight ratio [7,18].
Term newborns from mouse pregnancies conceived by IVF have lower birthweight but
exhibit higher placental weight and reduced F:P weight ratio. Additionally, mouse placen-
tae following IVF are less efficient in transporting amino acids [7], and exhibit decreased
mRNA expression of Glut and Snat transporters [7,10]. Further, impaired nutrient delivery
to the fetus may contribute to the low birthweight commonly reported in ART newborns [2],
and is likely to program postnatal developmental trajectories and life-long disease risk.
However, less is known about the effects of specific ARTs, such as ICSI, on placental devel-
opment and nutrient transport efficiency in human pregnancy, including whether changes
in placental development and function influence fetal nutrient levels.

Placental efflux transport has also been shown to vary according to placental size.
Activity of the transporter P-glycoprotein (P-gp) was inversely correlated with placental
size in mouse pregnancy, since larger placentae within a litter were more efficient in efflux-
ing P-gp substrates compared to smaller placentae [19]. P-gp belongs to the ATP-binding
cassette (ABC) superfamily of efflux transporters and, with the efflux transporter breast
cancer resistance protein (BCRP), comprise the best investigated of the ABC transporters
in the placenta, namely the multidrug resistance (MDR) transporters. MDR transporters
are localized to the apical membrane of the syncytiotrophoblast and prevent the entry of a
number of drugs and toxicants from the maternal circulation into the fetal compartment,
therefore functioning as major placental efflux gatekeepers against fetal exposure to po-
tentially teratogenic compounds [20]. Despite their key roles in fetal protection, placental
P-gp and BCRP have not been previously investigated in the context of ICSI. In this context,
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since placental size may vary after ART [2,4,9], it is possible that placental expression of
P-gp and BCRP in ICSI pregnancies may be impacted.

Given the evidence from animal models and human studies showing differences in
placental size and F:P weight ratio in pregnancies conceived by ART [9], and the importance
of both nutrient and efflux transporters in supporting optimal fetal development and
protection during pregnancy, we hypothesized that ICSI placentae would have reduced
nutrient transport efficiency, and that ICSI may result in increased risk of fetal exposure to
drugs and toxins in utero via altered placental MDR transport.

2. Materials and Methods
2.1. Patients

Two groups of healthy patients (control naturally conceived (CON)) and ICSI) were
recruited by the medical staff of the “Maternidade Escola” from the Universidade Federal
do Rio de Janeiro—Hospital system, in Rio de Janeiro city, Brazil. The study was approved
by the Research Ethics Board from “Maternidade Escola”—Universidade Federal do Rio de
Janeiro (project number CAAE: 30214214.0.0000.5275). In Brazil, the ICSI procedure prevails
over IVF regardless of the male infertility factor, therefore we recruited ICSI rather than
IVF conceived pregnancies in our study. Inclusion criteria comprised singleton pregnancies
naturally conceived (>37 weeks’ gestation; CON, n = 10) or conceived by ICSI with fresh
embryo transfer (>37 weeks’ gestation; ICSI, n = 11; n = 9 primary infertility and n = 2 tubal
factor infertility), delivered by elective C-section without signs of labor, recruited from
June 2015 until December 2017. Informed written consent was obtained from each patient
prior to inclusion in the study. Clinical data were collected during patient enrollment and
interviews. Exclusion criteria comprised vaginal delivery, spontaneous onset of term labor,
smoking, congenital uterine anomalies, cervical incompetence, uterine malformations,
polyhydramnios, multiple gestations and fetal-maternal complications (infectious diseases,
thyroid disease, asthma, cardiovascular diseases, diabetes, hypertension, preeclampsia,
abruption placentae, and fetal malformation). There were no other complications or
comorbidities documented in the cohort at the time of recruitment.

2.2. Blood Sampling and Placental Tissue Collection

Paired maternal/umbilical fasting blood (8 h prior to C-section) and placental tissues
were collected from women undergoing elective C-sections (with no labor). Maternal
blood was collected from a peripheral vein immediately before the C-section procedure.
Umbilical cord venous blood sampling was performed by an experienced OB-GYN, under
sterile conditions, in a single clamped segment on the neonatal side of the umbilical cord
immediately after birth, following neonatal separation from the cord and prior to placental
delivery. Blood samples were harvested in heparinized sterile vacuum blood collection
tubes and centrifuged at 3000 rpm for 15 min at 4 °C. The harvested plasma was then
aliquoted and stored at —80 °C until analysis.

Placental villous tissue collection was performed as previously described [21]. In
brief, placental core sampling was performed using cuts made to a core depth to avoid
the maternal decidua, the chorionic plate or any area of thrombosis, infarcts or other
abnormalities. Therefore, only placental villous tissue from term placentae was selected.
Placental fragments were washed in 0.9% sterile saline, quickly dried and immediately
placed in RNALater (Thermo Fischer Scientific, Sao Paulo, Brazil) for downstream mRNA
expression analysis, or fixed overnight in buffered 4% paraformaldehyde (Sigma-Aldrich,
Sao Paulo, Brazil), for histopathological, TUNEL and immunohistochemistry analyses.

2.3. Analysis of Maternal and Umbilical Venous Blood Nutrient Contents

Assessment of nutrient concentrations in the umbilical venous blood and matched
maternal blood was performed according to routine protocols by a commercial laboratory
specialized in conducting genetic, biochemical, and metabolic analyses of neonates, (DLE®
Genética Humana e Doengas Raras, located in Rio de Janeiro, Brazil).
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Free amino acid levels of aspartic acid, glutamic acid, alanine, arginine, phenylalanine,
glycine, methionine, ornithine, serine, tyrosine, threonine, tryptophan, valine, asparagine,
isoleucine, leucine, lysine, taurine, citrulline and histidine, were measured by Liquid
Chromatography/Tandem Mass Spectrometry (LC-MS/MS) method. Serum glucose,
cholesterol, HDL, LDL, VLDL and triglyceride levels were measured by the enzymatic col-
orimetric method. Free fatty acids (FFA) were quantified by the kinetic spectrophotometry
method, according to the DLE laboratory specifications for each test.

2.4. Quantitative Real-Time PCR (qgPCR)

qPCR was performed as described previously [21-23]. Total RNA was isolated from
placental villous tissue (~30 mg) using TRIzol Reagent (TRIzol Reagent; Life Technologies,
USA). RNA concentration and purity were assessed with Implen NanoPhotometer (Implen
GmbH, Munich, DE, Germany). Only samples with a 260 nm /280 nm absorbance ratio
higher than 1.8 were included in the study. For cDNA synthesis, 1000 ng of total RNA
were reverse-transcribed into cDNA using a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, San Francisco, CA, USA). mRNA levels of genes of interest were
assessed with intron-spanning primers (Table 1) by gPCR using HOT FIREPol Evagreen
gqPCR Supermix (Solis, Denmark) and the Master Cycler Realplex system (Eppendorf, Ger-
many). The following cycling conditions were performed: combined initial denaturation at
50 °C (2 min) and 95 °C (10 min), followed by 40 cycles of denaturation at 95 °C (15 s), an-
nealing at 60 °C (30 s) and extension at 72 °C (45 s). Assay efficiency ranged from 95-105%.
Genomic DNA contamination was ruled out using reverse transcriptase-negative samples
and melting curve analysis extracted from each reaction. Gene expression was normalized
to the geometric mean of three stably expressed reference genes: peptidyl-propyl isomerase
B (PPIB), 14-3-3 protein zeta/delta (YWHAZ) and TATA-binding protein (TBP) (Table 1).
Relative gene expression was calculated according to LinReg method, gPCR efficiency was
100 £ 10%.

Table 1. List of Primer sequences used in this study.

Gene Primer Sequences Reference

F: 5-GTGTATGCTTTACCCACCATTGC-3'

SLC38AL (SNATD) R: 5'-GCACGTTGTCATAGAATGTCAAGT-3" [24]
F: 5-AGATCAGAATTGGCACAGCATA-3'
SLC38A2 (SNAT2) R: 5-ACGAAACAATAAACACCACCTTAA-3' (24]
F: 5-GAGGACAATGGGCACAGTTAGT-3'
SLC38A4 (SNAT4) R: 5'-TTGCCGCCCTCTTTGGTTAC-3' (24]
F: 5-ATCAACCGCAACGAGGAGAAC-3'
SLC2AT (GLUT1) R: 5-CACCACAAACAGCGACACGAC-3' (23]
F: 5-TCAGGCTCCACCCTTTGCGGA-3'
SLC243 (GLUT3) R: 5-TGGGGTGACCTTCTGTGTCCCC-3/ [26]
F: 5-AGCAGAGGCCGCTGTTCGTT-3'
ABCBI (P-gp) R: 5/-CCATTCCGACCTCGCGCTCC-3' (271
F: 5-TGGAATCCAGAACAGAGCTGGGGT-3'
ABCG2 (BCRP) R: 5'-AGAGTTCCACGGCTGAAACACTGC-3' (271
. F: 5 GAGACTTCACCAGGGG -3' -
R: 5'- CTGTCTGTCTTGGTGCTCTCC-3!
F: 5-ACTTTTGGTACATTGTGGCTTCAA-3'
YWHAZ R: 5-CCGCCAGGACAAACCAGTAT-3' (28]
LB/ 3/
8P F: 5-TGCACAGGAGCCAAGAGTGAA-3 -

R: 5-CACATCACAGCTCCCCACCA-3'
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2.5. Histopathological, Immunohistochemistry and TUNEL Assessment of CON and ICSI Placentae

Paraffin-embedded placental tissue was cut into 5-um stepped serial cross-sections,
and every sixth section was stained with either hematoxylin and eosin (H&E) for histopatho-
logical analysis or subjected to immunohistochemical or TUNEL analysis.

Morphometric analysis consisted of evaluating the volumetric proportions of the
cellular components of the placentae as well as the presence of trophoblast pathologies that
could be attributed to the method of conception. The volumetric proportion analysis in
CON and ICSI placentae was undertaken by two separate examiners blinded to groups
estimating the following histological components: syncytiotrophoblasts, syncytial knots,
cytotrophoblasts, connective tissue, and blood vessel. Captured images were superimposed
with a grid of equidistant points (25 um). 1000 points were counted per placenta; equivalent
to an area of, on average, 655,288.7 umz. The volumetric ratio (VR) of each component
was calculated as VR = NP x 100/1000, where NP = number of equivalent points for each
histological component [22,23]. Analysis and image acquisition were performed in a Zeiss
Axiolab 1 photomicroscope (Carl Zeiss, White Plains, NY, EUA), coupled to a CCD camera
(Leica DFC345FX). Morphometric analysis was performed using the Fiji Image] 1.0 (Image],
Madison, WI, USA) program.

Histopathological analysis was undertaken by a single experienced pathologist blinded
to groups, in three random placental sections per patient. Placental pathological features
investigated were: villous edema, microcalcification, chronic villitis (presence of inflamma-
tory cells infiltrating the villous stroma), ischemic or infarction changes (defined by the
presence of localized dead or devitalized chorionic villi and noticeable villous agglutination
or early infarction), avascular villi, increased peri-villous fibrin (accumulation of fibrin
or fibrinoid material in the intervillous space), and intervillous thrombi (laminated clots
within the intervillous space) [29-31]. These pathological features were deemed either
present or absent in CON and ICSI placentae [30].

For immunohistochemistry, following deparaffinization in three xylene immersions
and rehydration in descending gradients of ethanol, endogenous peroxidase activity was
blocked with 3% H,O, in methanol for 10 min and washed in PBS. Antigen retrieval was
performed by preheating sections in 10 mmol/L sodium citrate (pH 6.0). Sections were
again washed in PBS before blocking in 3% PBS/BSA for 1 h. Sections were incubated
overnight at 40 °C, with the following primary antibodies: anti-Ki67 antibody (Spring
Bioscience, Pleasanton, CA, USA), anti-GLUT1 (1: 100—ab652, Abcam, SP, Brasil), anti-
SNAT 2 (1: 200—LS-C179270, LSBio, Seattle, WA, EUA), anti-P-gp (1:500—Mdr1[sc-55510];
Santa Cruz Biotechnology, Dallas, TX, USA) and anti-Berp (1:100—Bcrp [MAB4146]; Merck
Millipore, Burlington, MA, USA). Followed by slide washing and incubation with biotin-
conjugated secondary antibody (SPD-060-Spring Bioscience, Pleasanton, CA, USA) for 1 h.
Sections were then re-washed in PBS (3 x for 10 min each time), incubated with streptavidin-
HRP (30 min; SPD-060-Spring Bioscience, Pleasanton, CA, USA) and submitted to chro-
mogenic detection of horseradish peroxidase (HRP) activity by 3,3'-diaminobenzidine
(DAB) reagent (DAB peroxidase substrate kit, SPD-060-Spring Bioscience, Pleasanton, CA,
USA). The immune reaction was also performed in the absence of the primary antibody
(negative control) to monitor nonspecific binding of the secondary antibody.

The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis
was undertaken to assess apoptotic nuclei ratio, using the ApopTag® In Situ Peroxidase
Detection Kit (S7100—Merck Millipore, Danvers, MA, USA), according to the manufac-
turer’s instructions. TUNEL reaction was also performed omitting TdT as negative control.
Slides were counterstained with hematoxylin, dehydrated in ascending grades of ethanol,
clarified in three xylene immersions and cover-slipped. Slides were visualized with a
high-resolution Olympus DP72 (Olympus Corporation, Tokyo, Japan) camera coupled to
the Olympus BX53 light microscope (Olympus Corporation, Tokyo, Japan). Scoring of
immunosignals was performed as previously described with adaptations [32-34], using
STEPanizer software [35]. A total of 30 digital images were captured per placental fragment
of each patient. In each image, Ki-67 and TUNEL nuclei immunostaining were quantified
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and the resulting value was divided by the area of the total image, which yielded an
estimate for the number of proliferative or apoptotic nuclei present in the whole tissue
(number of nuclei/area of tissue). Quantification of GLUT 1, SNAT2, P-gp and BCRP
immunostaining was performed using the Image Pro Plus 5.0 software (Media Cybernetics,
Maryland, Rockville, MD, USA) mask tool, where immunostaining of the percentage area
of viable tissue was quantified (with negative/empty spaces excluded) [32-34].

2.6. Statistical Analysis

Outliers were identified using the ROUT method (GraphPad Prism 7.0 software).
Differences between conception groups for clinical data, immunohistochemistry, gPCR and
morphological comparisons were determined by normality test using D" Agostino-Pearson
normality test followed by unpaired t-test or non-parametric Mann-Whitney test. Data are
presented as means + standard deviation (SD) or median and interquartile range (IQR).
Nutrient outcome measures in maternal and cord blood were tested for normality and
unequal variances (Levene test, JMP v14.3). Data that were non-normal were transformed
to achieve normality, where possible. Differences between conception groups for outcome
measures were determined by f-test, or Welch ANOVA, or Wilcoxon test for non-parametric
data (p < 0.05, JMP v14.3). Nutrient data are presented as means + SD or median and
IQR. Data transformed for analyses are presented as untransformed values. There were
no sex differences in any nutrients investigated in the cord blood (data not shown), thus
analyses between CON and ICSI groups are inclusive of newborn sex. There was a total
of 10 CON and 11 ICSI participants who had nutrient levels measured in maternal blood
and umbilical vein blood. Some participants did not have a measured value for a nutrient,
and/or statistical outliers were removed, resulting in lower final n-numbers for specific
nutrient measures (which are reported for each nutrient in the tables). Fisher’s exact test
was performed to evaluate placental histopathological findings between groups (GraphPad
Prism 7.0 software). Correlations between maternal pre-pregnancy BMI and levels of
nutrients in maternal circulation, or between levels of nutrients in maternal circulation and
umbilical vein circulation, were determined by Pearson or Spearman correlation analyses.
Data are presented as Pearson’s correlation coefficient or Spearman’s rho. Statistical
differences were set at p < 0.05.

3. Results
3.1. Clinical Data

There were no differences in maternal age, initial (first trimester) and final (term) body
mass index (BMI), maternal weight gain across pregnancy, gestational age at delivery, birth
weight, placental weight or F:P weight ratio between conception groups (Table 2).

Table 2. Clinical and biometric profile of the pregnancies enrolled in the study.

Parameter CON (n =10) ICSI (n =11) p-Value
Maternal age (years) 32.50 +7.71 35.36 & 6.61 NS
Gestational age at delivery (days) 271.6 & 2.37 272.0 +3.79 NS
Weight gain (kg; 12 weeks-birth) 10.31 £ 4.44 14.30 £ 5.90 NS
Initial maternal BMI (kg/m?) 25.62 + (19.0-29.4) 23.58 + (21.7-28.3) NS
Final maternal BMI (kg/mz) 29.57 £3.17 28.59 £ 253 NS

Newborn sex M (4); F (6) M (6); F (5)

Birthweight (g) 3365 + 318 3199 + 194 NS
Placental weight (g) 592.6 + (359-689) 547.8 4 22.21 (438-655) NS
Newborn head circumference (cm) 35.00 £ 0.97 3441 +£1.36 NS
Newborn length (cm) 48.20 + 1.69 48.77 + 1.65 NS
Fetal/Placental Weight ratio 5.81+0.98 594+ 091 NS
Apgar 1/ Apgar 5’ 9/10 9/10 NS

Data are mean + SD or median (IQR). Groups were analyzed using Unpaired f-test or Mann-Whitney Test. newborn. CON = naturally
conceived, ICSI = intracytoplasmic sperm injection. NS = not significant.
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3.2. ICSI Impairs Placental SNAT 2 Immunostaining

We determined the placental mRNA expression of major transporter systems. We did
not detect statistical differences in the mRNA expression levels of the neutral amino acid
transporters, SLC38A1 (encoding SNAT1), SLC38A2 (SNAT2) and SLC38A4 (SNAT 4); in the
glucose transporters, SLC2A1 (GLUT1) and SLC2A3 (GLUT3); and in the MDR transporters
ABCBI1 (P-gp) and ABCG2 (BCRP) (Supplementary Figure S1). GLUT1 and SNAT?2 are two
major placental glucose and amino acid transporters, and their immunostaining was de-
tected in the membrane and cytoplasm of syncytiotrophoblasts, in endothelial cells of fetal
blood vessels and in the cytoplasm of placental connective tissue (to a lesser extent). SNAT2
immunostaining was decreased in ICSI placentae (p < 0.05) and there were no changes
in the semiquantitative expression levels of placental GLUT1 transporter (Figure 1A-H).
P-gp and BCRP were immunolocalized in the apical membrane and cytoplasm of sync-
tiotrophoblasts, whereas BCRP was also localized in endothelial cells of fetal blood vessels
and in placental connective tissue. There were no changes in immunostaining of P-gp and
BCRP between groups (Figure 1I-P).

CON ICsl CTR ()

Figure 1. The amino acid transporter SNAT2 is downregulated in the human ICSI placenta. Semiquantitative staining scores
(A,E,LM) and corresponding representative immunostaining photomicrographies of placental GLUT1 (B,C), SNAT2 (F,G),
P-gp (J,K) and BCRP (N,O) in control naturally conceived (CON; n = 10/group) and ICSI (n = 11/group) term placentae.
All transporters were predominantly localized to the membrane and cytoplasm of syncytiotrophoblasts. Staining of GLUT1,
SNAT2 and BCRP were also detected, to a lesser extent, in endothelial cells of fetal blood vessels and in the cytoplasm of
placental connective tissue. (D,H,L,P) negative controls. Data are presented as media + SD. (A E,I, M) statistical differences

were analyzed using Unpaired t-test. * p < 0.05. Arrows indicate the syncytium; arrow heads indicate fetal blood cells. Scale

bar =50 pm.
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3.3. Venous umbilical Cord Blood from ICSI Term Pregnancies Exhibit Specific Changes in
Nutrient Levels

We next evaluated maternal and umbilical cord blood levels of free amino acids in
CON and ICSI pregnancies to identify possible changes that could be attributed to the
method of conception. Levels of aspartic acid, glutamic acid, alanine, arginine, phenylala-
nine, glycine, methionine, ornithine, serine, tyrosine, threonine, tryptophan and valine
were consistently detected in the maternal and venous umbilical cord blood in CON and
ICSI pregnancies, whereas citrulline and histidine were not detected in some participants
(Figure 2).
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histidine (umol/L) 3.7

Figure 2. Heatmap of free amino acid levels in maternal circulation and umbilical vein in control, naturally conceived
(CON; n = 10) and ICSI (n = 11) term pregnancies. Each column represents the nutrient profile of an individual pregnancy
(maternal and umbilical vein). Darker colors indicate higher biomarker concentrations whereas lighter colors indicate lower
biomarker concentrations. X = no value measured. Refer to Supplementary Tables S1 and S2 for values.

Levels of asparagine, isoleucine, leucine, lysine and taurine, were not detected in most
participants and were therefore not analyzed for statistical differences (Supplementary
Tables S1 and S2). Overall, there were more CON mothers with blood levels of free amino
acids within the reference ranges than ICSI mothers, despite that the majority of the subjects
had amino acid levels below the reference ranges (Supplementary Figure 52). There were no
differences in the levels of free amino acids in maternal circulation between CON and ICSI
(Table 3 and Supplementary Table S1), however, citrulline concentration was increased in
venous cord blood of ICSI-conceived newborns compared to newborns conceived naturally
(p < 0.05, Table 3). Umbilical cord levels of the other amino acids measured (aspartic acid,
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glutamic acid, alanine, arginine, phenylalanine, glycine, methionine, ornithine, serine,
tyrosine, threonine, tryptophan, valine and histidine) did not differ between CON and ICSI
(Supplementary Table S2).

Table 3. Citruline and free fatty acid concentrations in maternal and umbilical vein circulations with
natural conception and ICSI.

Nutrient CON ICSI p-Value
Maternal circulation
Citrulline (umol/L) 8.2 +3.0(6) 10.7 £ 3.1 (10) NS
Free fatty acids (mmol/L) 0.89 £ 0.19 (9) 0.75 £+ 0.28 (10) NS
Umbilical Vein Circulation
Citrulline (umol /L) 6.5+ 1.6 (6) 8.5+ 1.9 (10) 0.0385
Free fatty acids (mmol/L) 0.24 £ 0.05 (10) 0.14 £ 0.08 (10) 0.0057

Data are mean =+ SD. n for each variable indicated in parentheses. NS = not significant. CON = naturally
conceived; ICSI = intracytoplasmic sperm injection.

We observed higher maternal blood levels of FFA, lipids and lipoproteins in the mater-
nal circulation compared to umbilical cord blood in CON and ICSI pregnancies (Figure 3).
Overall, both CON and ICSI mothers demonstrated normal blood levels of HDL cholesterol,
but both groups overall exhibited high levels of all other lipids/lipoproteins (Supplemen-
tary Figure S3). There were no differences in the levels of FFA (Table 3), glucose, lipids or
lipoproteins in maternal blood between CON and ICSI groups (Supplementary Table S1).
However, FFA levels were lower in cord blood of ICSI-conceived newborns compared to
newborns conceived naturally (p < 0.01, Table 3), whereas levels of other lipids/lipoproteins
and glucose did not differ between groups (Supplementary Table S52).

maternal circulation

umbilical vein

free fatty acids (mmol/L)
free fatty acids (mmol/L)
glucose (mg/dL)
triglycerides (mg/dL)
cholesterol (mg/dL)
HDL (mg/dL) biomarker levels
LDL (m g /dL) free fc(nnzl rr?cfll;ljj ?r:JgC?cisLe)/lipids
VLDL (mg/dL) 1.30 666
1.14 549
glucose (mg/dL) 658 -
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0.50 815
HDL (mg/dL) 0.40 65.8
l i LDL (mg/dL) 0.30 50.1
VLDL (mg/dL) . L
0.11 18.7
CON ICSI 0.01 3.00

Figure 3. Heatmap of free fatty acids, glucose and lipid biomarker levels in maternal circulation and umbilical vein in
control naturally conceived (CON; n = 10) and ICSI (n = 11). Each column represents the nutrient profile of an individual
pregnancy (maternal and umbilical vein). Darker colors indicate higher biomarker concentrations and lighter colors indicate
lower biomarker concentrations. X = no value measured. Refer to supplementary Tables S1 and S2 for values. m = maternal

circulation. u = umbilical vein.
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Next, we explored relationships between key clinical variables and outcome measures
in our cohort. Maternal pre-pregnancy BMI was not correlated with circulating mater-
nal nutrient levels, except a slight negative correlation between pre-pregnancy BMI and
glutamic acid levels (r = —0.439, p = 0.046). Second, we observed significant positive corre-
lations between all circulating nutrient levels in mothers with their levels in the umbilical
vein, with the exception of triglycerides, HDL, VLDL and methionine (Table 4).

Table 4. Correlations between maternal circulating nutrient levels and the same nutrient level in
umbilical vein from CON and ICSI pregnancies.

Nutrient Spearman’s Rho p-Value
Free fatty acids (mmol/L) 0.6757 0.002
Glucose (mg/dL) 0.5271 0.02
Triglycerides (mg/dL) 0.2182 NS
Cholesterol (mg/dL) 0.4717 0.03
HDL (mg/dL) 0.0095 NS
LDL (mg/dL) 0.5436 0.01
VLDL (mg/dL) —0.0250 NS
Aspartic acid (umol/L) 0.6824 0.0007
Glutamic acid (umol/L) 0.5143 0.02
Alanine (umol/L) 0.5896 0.005
Arginine (umol/L) 0.6998 0.0004
Phenylalanine (umol/L) 0.5055 0.02
Glycine (umol/L) 0.7351 0.0001
Methionine (umol/L) 0.4297 NS
Ornithine (umol/L) 0.6701 0.0009
Serine (pmol /L) 0.7165 0.0003
Tyrosine (umol/L) 0.7545 <0.0001
Threonine (umol/L) 0.8078 <0.0001
Tryptophan (pmol/L) 0.6359 0.002
Valine (umol/L) 0.9299 <0.0001
Citrulline (umol/L) 0.7900 0.0003
Histidine (umol/L) 0.6461 0.007

NS = not significant. p < 0.05 (Spearman’s rho (p)).

We also explored potential relationships between umbilical vein FFA and citrulline
levels. We did not find any relationship between levels of these nutrients (r = —0.362,
p = 0.18) for the whole cohort, or when exploring relationships within each of the CON
(p = —0.529, p = 0.28) and ICSI groups (p = 0.185, p = 0.63).

3.4. Placental Proliferation and Apoptosis Are Increased in the Human ICSI Placenta

Since altered proliferation and apoptosis have been previously described in the mouse
IVF placenta [7,36], we investigated whether the human ICSI placenta would exhibit
differences in parameters related to cellular proliferation (placental staining of the Ki67
proliferation marker) and apoptosis (TUNEL staining). Increased Ki67 staining (p < 0.0001)
was detected in the nuclei of cytotrophoblasts and connective tissue (to a lesser extent),
whereas increased apoptotic immunosignals (p < 0.0001) were visible in the nuclei of syncy-
tiotrophoblasts, cytotrophoblasts and connective tissue of ICSI placentae (Figure 4). Next,
to evaluate whether these changes would be associated with any specific placental patholo-
gies, we undertook histopathological analyses. We did not detect any placental pathologies
that could be specifically attributed to the method of conception (Supplementary Table S3).
Further, we also investigated the impact of ICSI in the number of placental histological
components by performing a volumetric proportion analyses. No changes in the number of
syncytiotrophoblasts, cytotrophoblasts, connective tissue, blood vessels or syncytial knots
were observed between groups (Figure 5).
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Figure 4. Placental proliferation and apoptosis are increased in the human ICSI placenta. Semiquantitative staining scores
(AE) and corresponding representative immunostaining photomicrographies of Ki67 (B,C) and TUNEL (F,G) obtained
from term human naturally (CON; n = 10) conceived and ICSI (1 = 11) placentae. (D,H) negative controls. (A,E) data
are presented as mean =+ SD. Statistical differences were analyzed using Unpaired t-test. **** p < 0.0001. Arrows indicate
syncytium nuclear staining; arrowheads indicate cytotrophoblastic nuclear staining. Scale bar = 50 pm.
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Figure 5. ICSI does not alter placental volumetric proportion. Representative histological photo-
micrographies of control naturally conceived (CON; n = 10) and ICSI (1 = 11) placentae and corre-
spondent volumetric proportion analyses of the number of syncytiotrophoblasts, cytotrophoblasts,
connective tissue, blood vessels, and syncytial knots. Data presented as mean + SD. p < 0.05. Arrows
indicate the syncytium, arrow heads indicate cytotrophoblasts, indicate the syncytium knots and
BV=Dblood vessels (fetal). Scale bar = 50 pm.
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4. Discussion

This is the first study to comprehensively quantify placental nutrient and MDR trans-
porters and maternal and umbilical nutrient levels, in ICSI compared to naturally conceived
pregnancies, to better understand the mechanisms that may explain poor pregnancy out-
comes in pregnancies conceived with ICSIL. Using a cohort from Brazil, we found that
ICSI pregnancies had placentae with decreased SNAT2 protein expression, had signifi-
cant increase in venous umbilical cord citrulline and decreased FFA levels at term. We
also observed increased markers of proliferation and apoptosis in ICSI placentae. These
alterations may potentially disrupt placental development and transport potential.

In our study, contrary to our hypothesis, there were no changes in placental or birth
weights or F:P weight ratio, suggesting that alterations in these parameters may not be
common findings in pregnancies conceived by ICSI (vs. other forms of ART), or, alterna-
tively, that other comorbidities often associated with sub- and infertility, but controlled for
or absent in our study (e.g., maternal complications, elevated maternal BMI), explain more
of the differences seen in fetoplacental weights following ART procedures [2,37]. This is
consistent with the lack of differences between ICSI and CON participants in our study
for maternal age, weight gain and BMI, amongst other clinical data. Further, although
greater placental weight and lower F:P ratio were reported in pregnancies conceived by
ART (ICSI and IVF) in a large Scandinavian based-population study [9], these differences
in findings may also be attributed to sample size and/or to population ethnicity and other
demographics (Scandinavian vs. Brazilian). Our findings are also in contrast with those
described in mice conceived by IVE, which exhibited lower fetal weight, higher placental
weight and lower F:P ratio [7,10]. It is important to note that there have been reports
showing species-specific placental and fetal phenotypic adaptations in response to ART [2].

We detected lower protein expression levels of the neutral amino acid transporter
SNAT?2 in ICSI placentae, whereas GLUT1 (glucose) and P-gp/BCRP (drug) immunos-
taining remained unchanged. mRNA levels of SLC38A2 (encoding SNAT2) and other
transporter systems were not different between ICSI and CON groups, suggesting that
ICSI alters placental protein levels of SNAT2 without changing its corresponding mRNA
levels, at least in term no labor C-section placentae. Placental SNAT2 has been reported to
be highly regulated by a variety of environmental factors including in vitro culture condi-
tions [7], hormones (glucocorticoid exposure) [24,38,39], pH, oxygen tension [40], high fat
diet [41], maternal protein restriction [42] and in obstetric conditions such as intrauterine
growth restriction (IUGR) [43,44]. SNAT2 transports neutral amino acids such as alanine,
asparagine, cysteine, glutamine, glycine, histidine, methionine, proline and serine and its
activity is upregulated when cell growth and increased protein synthesis is required [17].
This is consistent with our finding of increased rates of cell proliferation and apoptosis in
ICSI placentae, which may explain, at least in part, the altered placental SNAT2 expression
levels observed.

Despite altered SNAT2 protein levels, there were no changes in SNAT2 amino acid
substrates in the venous umbilical cord blood of ICSI pregnancies. However, we did find
higher cord blood citrulline levels with ICSI. Citrulline was detected in 6 out of 10 CON
pregnancies and 9 out of 11 ICSI pregnancies. This is the first report to show alterations in
citrulline levels that could be attributed to ICSI procedures. Citrulline can originate from
ornithine by actions of the ornithine carbamyl/carbamoyl transferase (OTC) or be released
as by-product resulted from enzymatic nitric oxide synthesis from arginine by endothelial
nitric oxide synthase (eNOS), inflammatory (iNOS) or neuronal NOS (nNOS) [45-47]. Of
interest, placental citrulline synthesis and transport is not well understood, but may occur
via distinct transporter systems as reported in other cell types [44,46]. Enterocytes may
uptake citrulline using B (0,+), L, and b (0,+) amino acid transport systems [48], whereas
in human umbilical vein cells (HUVECS), citrulline, along with arginine, is transported
via the cationic amino acid transporter system y+/CATs [49]. Citrulline transmembrane
transport occurring via Na+-dependent systems in rat small intestine and proximal tubular
kidney cells have also been documented [47,50,51]. Of importance, citrulline levels in
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fetal plasma were increased in nutrient restricted (70% of control diet) pregnant baboons
at mid-pregnancy, with no alterations in fetal and placental weight, i.e., prior to the
onset of IUGR [45]. Importantly, nitric oxide (NO) derived from (eNOS) activity controls
placental vascular tone and an imbalance of endothelial eNOS/arginase activity may
contribute to vascular dysfunction in IUGR umbilical and placental vessels [52]. In our
study, we excluded pregnancies with complications such as IUGR and pre-eclampsia,
but given that ART-conceived pregnancies have higher IUGR and pre-eclampsia risk [4],
further studies should investigate the maternal and fetal citrulline levels in ICSI pregnancies
complicated by these conditions.

We observed a decrease in serum FFA levels in venous cord blood of ICSI newborns.
Placental transport of FFA occurs via several transport mechanisms [16,53] and when
visually comparing the heatmaps of the maternal versus the umbilical vein lipids and
lipoproteins, it is possible to identify lower levels of these lipid biomarkers in the umbilical
vein, showing that lipid transfer into the fetal circulation is largely controlled by the pla-
centa. Future studies are necessary to investigate placental lipid metabolism and transfer
in ICSI pregnancies to understand the mechanisms leading to lower FFA levels in ICSI
newborns, and the impact this may have on fetal development. Although there were no
differences in maternal levels of lipids and lipoproteins between ICSI and CON, overall,
both groups of mothers had levels of FFA, cholesterol, triglycerides and lipoproteins above
the recommended reference ranges. This may suggest that the placenta is adapting to lipid
excess in order to regulate supply to the fetus. Further, taken with our finding that most
mothers had lower circulating levels of free amino acids than recommended reference
ranges for adults, our data suggests that participants in our study had a suboptimal nutri-
tional profile. Future studies could cross-validate blood biomarker findings with validated
food frequency questionnaires to better understand participant nutritional profiles and
whether these, or the ART procedure itself, contribute to the outcomes observed, including
lower FFA levels in cord blood from ICSI pregnancies. Since maternal malnutrition alters
materno—fetal FFA transfer in pregnancy [54], disrupts placental expression of fatty acid
transporters in mice [53] and in ewes [55] and significant lower cholesterol levels in the ICSI
mouse placenta have been reported [56], it is conceivable that placental fatty acid transport
is altered following ICSI in human pregnancies. This clearly requires further investigation.

Correlation analyses identified that, apart from triglycerides, HDL, VLDL and methio-
nine, umbilical vein nutrient levels were positively associated with maternal levels of these
nutrients. This demonstrates that even though the syncytium trophoblast barrier controls
fetal nutrient transfer through the action of diverse mechanisms [13,16], the umbilical
cord nutrient profile is directly dependent upon the maternal nutritional status. In our
cohort, maternal pre-pregnancy BMI had limited influence on maternal blood nutrient
levels. Further, the lack of correlation between umbilical cord citrulline and FFA levels in
ICSI pregnancies suggests that ICSI impacts levels of these nutrients in the umbilical cord,
possibly through independent, currently unknown mechanisms.

The placenta has high energetic demands throughout pregnancy, which increase
exponentially at term [57]. Placentomegaly has been detected at term ICSI mouse [58]
and human (IVF and ICSI-conceived) placentae [9], accompanied by significantly lower
birthweights compared to spontaneously conceived pregnancies [9]. With this in mind,
and the altered placental turnover we observed by increased rates of proliferation and
apoptosis in ICSI placentae, it is possible that ICSI placentae are reallocating energetic and
metabolic resources to a greater degree than CON, such that these metabolic substrates are
used by the placenta to guarantee proper placental size (or its overgrowth)—a hypothesis
that clearly requires further investigation. This, however, could have detrimental effects
for the fetus, such as decreased transfer of key nutrients, consistent with our finding of
lower umbilical cord serum FFA levels in ICSI newborns.

A consequence of decreased levels of specific nutrients in the fetal blood is reprogram-
ming of fetal metabolism which may, in the short-term, ensure proper fetal growth, (here
reflected by normal birthweight found in the ICSI group), but in the long-term, this adapta-
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tion may predispose offspring to cardiometabolic diseases in adult life, as demonstrated
extensively in the developmental origins of health and disease (DOHaD) field [59]. Further,
it is possible that changes in nutrient levels in the umbilical cord of ICSI newborns is one
of the mechanisms through which excessive gamete and embryo manipulation inherent to
ART procedures may program ART conception to altered developmental trajectories and
life-long disease risk.

Increased placental apoptosis may be indicative of intrauterine stress, as commonly
associated with excessive manipulation of gametes and embryos in ART reproductive
cycles [2]. Importantly, given the increase in placental Ki67 staining, we can infer that ICSI
placentae are capable of circumventing increased apoptotic rates and maintain cellular
allostasis by increasing levels of cell proliferation. The increased proliferation/cell division
rates herein observed were not associated with changes in the volumetric ratio of the
various placental cell types or specific placental-related pathologies, and thus, allowed
adequate placental and fetal growth, at least in later stages in pregnancy.

As to the other transporter systems investigated in this study, we did not observe
differences in placental expression levels of GLUT1, P-gp and BCRP transporters in the
CON and ICSI groups. Dong et al. [60] found increased levels of GLUT1 in placentae from
ART pregnancies, which contrasts with our findings. Such differences may result from
patient inclusion criteria in both studies, since the ART group in Dong’s study consisted of
pregnancies conceived by IVF and ICSI, delivered both by vaginal and C-section modes [60],
whereas in this report, we only recruited ICSI pregnancies which delivered by C-section
with no labor. Accordingly, we did not find differences in glucose levels in the maternal and
venous umbilical cord blood, which matches our findings in placental GLUT1 expression.
Further, the lack of differences in placental P-gp and BCRP expression between groups,
suggests a preserved protective function of these efflux transporters in ICSI pregnancies,
at least in later stages of pregnancy.

Strengths of our study include our comprehensive quantification of the maternal and
umbilical cord blood nutrient milieux in ICSI and naturally conceived pregnancies, which
allowed us to better capture potential differences in nutrient availability and transfer to
the fetus than inferring these based on placental transporter expression alone. Further,
our study is one of the few to examine ICSI exposures or placental outcomes in pregnant
populations from the Global South, filling a large gap in our understanding of the mecha-
nisms driving fetoplacental development and the programming of later health trajectories
in underrepresented populations. As our groups were similar for clinical characteristics,
particularly variables associated with subfertility and adverse pregnancy outcomes, all
differences described are likely to be attributed to the ICSI method of conception and/or
to the intrinsic risk factors inherent to the various causes of the couples’ infertility that
were not measured here. One potential limitation of our study is the relatively small
number of patients enrolled in each group, warranting caution when considering the
implications or translatability of our findings to other contexts. Nevertheless, our findings
provide preliminary data for larger observational trials. For example, our groups were
well-matched for key potential covariates including mode of delivery (all were C-section
with no labor), initial and final maternal BMI and newborn fetal sex rates, and we did not
include pregnancies with fetal-maternal, endocrine or metabolic complications or other
comorbidities. Thus, we were able to study the effects of ICSI more accurately. In addition,
due to our limited sample size, we were not able to robustly investigate the effects of sex
on placental outcomes. Future studies should be powered to look at sex differences in
the placenta from naturally conceived and ICSI conceived pregnancies. Another potential
limitation of our study is the semiquantitative nature of the protein measurements. Never-
theless, such analyses enabled us to identify transporter protein expression not only in the
syncytiotrophoblast layer of the placenta, but also in endothelial cells of fetal blood vessels
and in the connective tissue.
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5. Conclusions

We provide some of the first evidence for altered cord blood citrulline and FFA levels
in human term pregnancies conceived by ICSI, associated with increased placental cellular
turnover (increased rates of placental cell proliferation and apoptosis) and reduced SNAT2
protein abundance. Our data suggest that ICSI may have subtle, but important, effects
on placental function without gross alterations in placental size, histology or pathology.
Newborns conceived through ICSI may thus be potentially exposed to stressors in utero,
which can result in metabolic adaptations, at least in late pregnancy, highlighting the need
for follow-up studies to understand postnatal endocrine and metabolic phenotypes and
how ICSI and altered placental function may explain these. The present study improves
our understanding of the mechanisms that may contribute to poor pregnancy and postnatal
outcomes in ICSI pregnancies and offspring, and adds to the dearth of evidence on placental
development and function in pregnancies from the Global South.
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Abstract: Functional hypothalamic amenorrhea (FHA) is a very common condition affecting women
of procreative age. There are many reasons for this disorder, including a low availability of energy
in the diet, low micro- and macronutrient intake, overly intensive physical activity, disturbed
regeneration processes, sleep disorders, stress, and psychological disorders. The main determinant is
long-term stress and an inability to handle the effects of that stress. FHA is a very complex disorder
and often goes undiagnosed. Moreover, therapeutic interventions do not address all the causes of
the disorder, which could have implications for women’s health. As shown by scientific reports,
this condition can be reversed by modifying its causes. This review of the literature aims to update
the current knowledge of functional hypothalamic amenorrhea and underscores the complexity of
the disorder, with particular emphasis on the nutritional aspects and potential interventions for
restoring balance.

Keywords: gynecologic disease; amenorrhea; nutrition; ovary; uterus; stress; low energy; physical
activity

1. Introduction

Functional hypothalamic amenorrhea (FHA) is one of the most common menstruation
disorders among women of childbearing age. The diagnosis of FHA is based on the exclu-
sion of other causes of non-menstruation, including organic and anatomical factors [1-4].
This status should be reversible upon the modification of the basic causes.

The main determinant of the disorder is a combination of psychosocial and metabolic
stress. Predisposing factors include low energy availability [1], nutrient deficiencies [1,5],
excessive physical activity [1,2], a lack of endometrium regeneration [1,2], abnormal
sleep [1,2], emotional tension [1,2], unmanageable chronic or severe stress [1,2], and dys-
functional behavior [1,2,5]. A common occurrence in FHA is the co-existence of many
components. Previous reports suggested the crucial importance of body weight in the
pathogenesis of the disorder. However, it is now clear that functional menstruation disor-
ders are diagnosed in people with wide range of body weight and body fat. Neuroendocrine
aberrations may also occur despite a normal body weight [4-6].

In response to the above mentioned factors, the pulsatory secretion of gonadotropin
releasing hormone (GnRH) in the hypothalamus is blocked, which results in the abnormal
secretion of tropic hormones by the pituitary gland, including follicotropins (FSH) and
lutropin (LH) [1,3,7,8]. As a consequence, estrogen production is reduced, and no ovulation
occurs. Progesterone is also absent since ovulation is completely blocked. Progesterone
is produced by the luteinization of granulosa cells of the ovulating follicle. The entire
monthly cycle is deregulated and, over time, becomes completely absent [1,3,7,8].

Although the onomastics suggest a disorder associated with reproductive functions,
FHA is closely correlated with the regulation of the entire endocrine system and the
neurotransmitter system. The following metabolic and psychological consequences have
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been described (Figure 1) [7]: The hypothalamus—pituitary—-ovary axis ceases to function,
and the hypothalamus and pituitary and thyroid glands are affected. These consequences
manifest as a reduction in relevant activities. The TSH level decreases or lies at the lower
limit of the standard range, as does the T4 level. The T3 concentration is also reduced,
and the conversion of T4 to the active metabolite T3 is impaired. T4 is converted into
a non-active reverse-T3 that blocks T3 receptors [1,3]. In response to chronic stress, the
HPA axis is enhanced at each step of regulation, which results in chronically elevated
cortisol levels and subtly regulated rhythms over about 24 h. A reduced concentration of
leptin plays a significant role in this process. The characteristic results include reduced
glucose, insulin, insulin-like growth factor (IGF-1), and kisspeptin along with elevated
ghrelin, growth hormone (GH), Y neuropeptide Y, peptide YY, and beta-endorphin [3,5-9].
Kisspeptin, encoded by the Kiss-1 gene, is a hormone produced in the hypothalamus that
plays a key role in the direct stimulation and release of GnRH [1]. Moreover, some studies
have suggested a positive correlation between kisspeptin and LH secretory pulses [10].
Kisspeptin may also influence the negative and positive feedback of estrogen [11]. Many
reports have emphasized the sensitivity of kisspeptin to the metabolic state of the body
and to stress, both acute and chronic [10,11]. It was reported that the higher the cortisol
level is, the lower the plasma level of kisspeptin will be [10]. Intriguing observations
were described in one study, which observed that the subcutaneous injection of kisspeptin
in women with FHA caused the secretion of gonadotropins and an increase in estradiol
concentrations [10].
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Figure 1. Functional hypothalamic amenorrhea (FHA) and influence on the endocrine system. Figure 1
shows the major hormone axis dysfunction caused by FHA, including the additional important neuro-
hormonal factors that decrease (leptin, kisspeptin, IGF-1, FT3, insulin, and glucose) and increase (ghrelin
and peptide YY (PYY), neuropeptide Y (NPY), growth hormone (GH), glucagon-like peptide 1 (GLP-1),
beta-endorphins, and cortisol) in FHA. The hypothalamus secretes gonadotropin releasing hormone
(GnRH)), corticotropin-releasing hormone (CRH), and thyrotropin-releasing hormone (TRH), which then
affect the pituitary gland and stimulate it to secrete tropic hormones: lutropin (LH), follicotropins (FSH),
adrenocorticotropic hormone (ACTH), and thyroid-stimulating hormone (TSH). These hormones then
affect the target organs. In turn, the ovaries, adrenal glands, and thyroid glands secrete hormones
specific to them. Under physiological conditions, all hormonal axes are regulated by positive and
negative feedback. A decreased concentration of hormones occurs in each of the secretory stages for
the hypothalamus—pituitary—ovary (HPO) and hypothalamus—pituitary—thyroid (HPT) axes. More-
over, in the case of the thyroid gland, the conversion of T4 to the metabolically active form of T3 is
disturbed. Instead, the inactive form reverse-T3 is produced in excess and blocks the receptors for T3.
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As a result of metabolic adaptation, for protective purposes, the low levels of gonadal and thyroid
hormones in FHA do not stimulate positive feedback. The HPA axis is also overstimulated at each
stage of regulation. As a consequence, there is an increased level of cortisol, which may not have an
inhibitory effect with negative feedback at the higher centers of axis regulation.

Notably, changes in menstruation are the latter signs of the disorder. Symptoms
such as a lack of ovulation and abridged luteal phase are of primary concern [1,12]. These
symptoms occur despite normal monthly bleeding. Without the use of specialized tests,
these problems often go unnoticed. Other, more pronounced signals include irregular
menstruation, elongated cycles, and spotting, referred to as “oligo-polymenorrhea”.
The last step is the complete lack of menses. For women who regularly menstruate,
menstrual atrophy can occur more than 3 months. On the other hand, in the case of
irregular cycles, menstrual atrophy can occur over 6 months [1,7,12].

In light of past scientific reports, it can be concluded that multidirectional operations
are needed. Based primarily on a combination of work with the patient’s psyche and pri-
mary improvement in nutritional status. Consistent activities should include a modification
of eating habits and training [13-15].

2. Pathogenicity
2.1. Psychology

In the literature, the psychological profile of women with functional menstruation
disorders is quite well characterized. This profile includes perfectionism [16,17], high
demands for oneself and others [14], low self-esteem [16], introversion [16], a fear of
judgment [16], a strong need for social acceptance [16], problems with communication and
social networking [16], a fear of maturity and sexuality, an inability to deal with daily stress
and problems [1,16-18], and an inability to define one’s emotions [1,16]. In addition, high
levels of anxiety [14], depressed mood [14,16], depression [14,16], and sleep disorders have
been noted [1,14-18].

Abnormal nutrition and physical activity, an increased focus on diet, and a fear of
gaining weight are also common [6,18,19]. These symptoms have been observed despite the
elimination of women with clinical nutrition disorders from the sample groups [13,17,20].
Some reports, moreover, suggest that FHA is a milder form of ED (eating disorders) [16],
with a much lesser degree of mental disorders and cognitive impairment but even more
easily altered thinking and conduct [4]. However, it is important to remain vigilant, as
eating disorders can often assume different forms that are not always simple to identify.
The first step should always be to consult a doctor and a therapist [13,16,21,22]. The char-
acteristics and attitudes mentioned above can have a very strong influence on the patient’s
disturbed perception of reality and increased sensitivity to stressors [14,16,17,23,24]. In
addition, the inability to modify cognitive patterns, engage in appropriate activities, and
reduce stress can increase tension and anxiety. It was also underscored that individual
susceptibility to stress is important [14,23], and FHA is most likely to increase through
natural means. Some studies suggest that this sensitivity may be genetic [16]. It would be
interesting to determine if there is a phenotype forming a system of neurotransmitters that
lead to FHA [13,14,16].

In addition, scientific reports show that women’s exposure to stress during the prenatal
period significantly affects the unborn child and results in increased sensitivity to the
HPA axis. Early childhood experiences have similar effects [14,16]. In combination with
education, predisposition can significantly contribute to shaping irregular attitudes and
problems in life. In addition to cognitive dysfunctions, the stress related to everyday life
and an inability to deal with that stress, abnormal sleep patterns, excessive physical activity,
and a scarcity of energy from nutrients combine to form a “snowball” mechanism and
enhanced reactivity [14,17,18,23,25,26].

Thus, on the one hand, the above characteristics are common in FHA. On the other
hand, an imbalance of neurotransmitters, the overstimulation of the HPA axis, elevated
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cortisol levels, thyroid suppression, and reduced estrogen levels result in an increased
occurrence of depressive states and strengthen the characteristics of the disorder [9,25,26].

A similar mechanism affects sleep. Excessive excitation of the sympathetic nervous
system, chronic stress, anxiety, and tension are all conducive to sleeping disorders. More-
over, the lack of optimal quantitative and qualitative regeneration at night according to
circadian rhythms has numerous health implications, both physical and mental. These
implications have a strong negative impact on the whole endocrine economy, especially
cortisol and leptin. In addition, a lack of adequate regeneration increases the risk of de-
pression and contributes to greater irritability, deterioration, and decreases in cognitive
function and efficient responses. A lack of adequate regeneration also weakens resilience to
stress and available psycho-energy resources, thereby making a smaller stimulus produce
a much greater effect [27,28].

2.2. Nutrition

In a situation of energy scarcity, the body minimizes its energy expenditures by cur-
tailing less-important functions that are not essential for survival, such as menstruation.
Survival becomes the overriding goal in increasing the activation of the sympathetic ner-
vous system during a crisis. The menstrual cycle is an energy-intensive process. After
pregnancy, lactation increases the expenditures even more. Caring for two organisms simul-
taneously then becomes impossible due to a lack of energy, components, and resources for
the mother herself. The brain interprets energy scarcity and stress as adverse environmental
conditions for the birth of the offspring. All these factors impede reproductive functions
and offer protection for the body of the woman and her child. In the literature, this state is
described as a reproductive compromise [6-8,18,29,30].

A well-known important determinant for FHA development is low energy availability.
This issue is due to a lack of adaptation to the needs of food consumption and/or increased
energy expenditures linked to physical activity. Both components frequently occur together.
Regardless of the substrate, this condition generates a deficit of energy that translates into
metabolic stress on the body. Nutrient deficiencies can be an additional aggravating factor
(including of basic macronutrients, minerals, and vitamins) [5,15,20,31-33].

Energy is defined as the energy pool that remains for the body to use to maintain home-
ostasis, proper functioning, and optimal health. Energy availability (EA) is calculated based
on the quantity of calories supplied with the diet after deducting the energy expenditures
associated with the training divided by the non-fatty mass of the body [6,8,19,30].

Formula: EA = energy supplied from diet (kcal) — energy expenditure during ()
training (kcal)/non-fat body weight (kg).

This is the most widely cited pattern in the FHA literature alongside low energy
availability. Because of its simplicity, this pattern is practical to enumerate [6,30,34]. Unlike
classic energy balance, where the measurement is estimated for the total weight of the
body, for the EA model in this template, the value of energy is determined in relation to
the non-fat body weight. This type of body mass is significantly more active and generates
a higher energy cost [35]. In addition, lean body mass (LBM) is generally higher in active
individuals, suggesting that this parameter is more accurate. However, this parameter
cannot be regarded as universally precise, reliable, or adequate. The estimated demand
requires confirming other patterns and assessing the practical applications for each patient.
Regardless of the formula used, the calculation of energy consumption expenditures and
daily activity alongside controlling food intake under standard conditions may be a mistake
and cause a great deal of difficulties [5,36]. Such measures must be taken with a high degree
of caution in planning and monitoring [30,32,33].

A 2003 study suggested a threshold of 30 kcal/kg to initiate the disorder [37]. How-
ever, in subsequent studies, irregularities were observed in broad ranges, even above the
threshold of 30 kcal/kg LBM. Some scientists also observed functional disturbances even
when the declared EA was at an optimum level. However, changes in macronutrient
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consumption and other variables that could contribute to latent low energy availability
(LEA) were also recognized [20,38]. However, it was not certain that the patient’s reported
measurements were correct. Ultimately, with an increase in the deficit, the severity of
health consequences also increases [12,30]. Undoubtedly, low energy availability is associ-
ated with a serious threat to the organism, which is significant for reproduction functions
(Figures 2 and 3) [7,8,19,32].
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Figure 2. Psychological and physiological implications of low energy availability (LEA).
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Figure 3. Low energy availability (LEA) and implications in a female athlete triad, including the
functional type of dysmenorrhea and a reduction in bone mineral density.

135



Nutrients 2021, 13, 2827

It is presently difficult to estimate the exact energy limits that could contribute to
menstrual disorders. This is likely due to a number of factors contributing to energy expen-
diture and consumption. Each patient’s individual sensitivity, which has been consistently
emphasized by researchers, also plays a key role [14,18,29,30].

However, there are certain thresholds in the literature that can be used as indicators for
measurements. Low EA is determined as < 30 kcal (125 k]J)/1 kg Fat Free Mass (FFM) per
day. This value is similar to the basal metabolic rate [6,30]. The reduced energy availability
risk shall be expressed in the range of 3045 kcal (125-188 kJ)/1 kg FEM per day. This range
is considered to entail a risk of reduced energy availability and is thus recommended only
for a short time to reduce body fat. The correct EA is defined as > 45 kcal (188 kJ)/1 kg FFM
per day. Previous studies noted that this formula provides a ceiling close to “zero” for
the energy balance [30,32]. In the event of pre-existing disorders, this value is likely to
be necessary to restore lost menstruation and ovulation. The amount of energy spent on
scheduled physical activity should also be added to this scheme [6,8].

LEA plays a significant role in the food consumption of FHA women and seems to
impact not only the amount of energy delivered but also the distribution of individual
macronutrients [5,32]. A lower intake of fat and carbohydrates was recognized in studies
monitoring food intake among the sample group [20,39]. Easily digestible carbohydrates
are easily accessible, and the supply of dietary fiber and low energy density products is
generally high [20]. While the amount of protein supplied is debatable, the protein quantity
usually falls within the upper limit of the standard or is even above [20,31-33]. These
conclusions indicate the specific and interesting features of eating habits. On the one hand,
these habits may result from modern trends in nutrition that do not necessarily coincide
with the principles of proper nutrition. On the other hand, some diets correlate with eating
disorders or abnormal attitudes. It is also possible to lack sufficient knowledge and mis-
takenly believe that the consumption of a diet with more fiber, protein, and food with low
energy density is beneficial to the health of a physically active person. Each macronutrient
has an individualized role in the body, which is also crucial in the context of menstrual
function and energy availability. Some studies suggest that an increased participation of
dietary fiber and dietary protein could contribute to a widening energy deficit despite
the delivery of an optimal amount of energy [20]. Considering the characteristics of both
components, fiber and protein, the influence between the two may be multidirectional. It
is important for one to ensure an optimal supply of fat and carbohydrates in the diet to
support the endocrine system.

Studies increasingly highlight the importance of the continuous availability of readily
oxidized fuels [6,21,30,38]. The justification for such fuels is, above all, the sensitivity of
LH pulsation to glycogen resources. A previous study noted that short-term deficits in
women potentially not at risk affected the luteal phase, which is one of the first symp-
toms of menstrual abnormalities [12]. Another important nutritional factor is ensuring an
appropriate amount of carbohydrates in the diet, as carbohydrates are the primary and
fastest energy source for an organism and thus an indicator of energy balance [20]. A low
supply of carbohydrates is correlated with the depletion of glycogen, leading to glycogen
depletion [38].

Fat, which is a basic feedstock for steroid hormone synthesis, tends to be an insignif-
icant component in the diets of women with menstrual disorders. At the same time, fat
intake appears to be essential to ensure that omega-family fatty acids are present in the
appropriate concentrations to reduce inflammation in the body [18,22]. For women with
FHA, it is worth highlighting the role of omega-3 fatty acids in reducing inflammation
associated with a spectrum of interactions [18,22,40]. There are indications that these fatty
acids may improve menstrual-cycle-related ailments, as well as fertility [41,42]. Omega-
3 fatty acids have also been shown to reduce perceived stress and anxiety in PMS and
menopause, which are both states in which the amount of sex hormones is low, as in
FHA [41]. Previous research also suggested that omega-3 fatty acids can support the
prevention of depression and exert beneficial effects on the cardiovascular system and lipid
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regulation [40,43,44]—All of which could be affected to a large extent in the women in the
sample group [1,9,45].

Studies have also suggested that not only the total amount of calories delivered but also
the caloric distribution throughout the day is important for normal hormone pulsation [6],
in order to avoid periods of deficiency, which can be translated into hourly deficits in
energy availability. These values were correlated with higher cortisol levels and lower
levels of T3 and sex hormones [38,46], particularly during the training period, which could
significantly increase the exhaustion of resources [6]. The regular distribution of meals
during the day and the avoidance of periods of hunger are basic tasks in diet planning.

Apart from the supply of energy and macronutrients, dietary micronutrients and
vitamins play an important role in FHA. Vitamin D3 is a significantly deficient component in
the general population and is difficult to supplement with one’s daily diet [47]. This disorder
is exacerbated among the group of women at risk of FHA [9,45,47]. Vitamin D3 has many
functions in the body and is one of the key factors involved in the body’s skeletal economy.
Bone mineral density is extremely sensitive to functional endocrine disruptors [1,9,22]. In
addition, there is evidence that bone mineral density can have a positive impact on mood
and cognitive function, countering depression, which may provide considerable support for
the target group of women [48]. Vitamin D3 may reduce inflammation and hepcidin levels,
thereby increasing the absorption of iron [49]. Some studies have suggested that vitamin
D deficiency may be associated with impaired fertility, but more evidence is needed. In
addition, a correlation was observed between the loss of this component, lengthening of the
follicular phase, and reduction of the luteal phase [50].

Calcium has many important functions in the body and is one of the key players in
the context of bone mineral density [1,51]. Bone-related disorders are significantly more
prevalent in this population of women [9,45,49].

Magnesium has been well-studied in the context of stress, anxiety disorders, and
depression [47,51], which are often observed in women with FHA. In the case of magne-
sium, a vicious cycle was observed [52]. There is evidence that, in response to acute and
chronic stress, magnesium resources are depleted, and the urinary output of magnesium is
increased. Stressors may have a variety of backgrounds, both psychological and environ-
mental. Sleep deprivation and intense physical exertion are also important [51,52], as is a
lack of energy. Lack of energy is the main reason for increases in nutrient deficits. However,
a scarcity of magnesium can amplify the symptoms of and susceptibility to both stress
and depression [52]. In addition, magnesium performs many important functions in the
body and is a co-factor in over 300 enzymatic reactions [52]. There are also reports that
magnesium can improve the metabolism of vitamin D3 [53].

Monthly bleeding is not present, or is very rare and mild, in the studied group of
women. Thus, such women do not experience increased monthly losses of iron resources.
Nevertheless, deficits of iron [22,54] can be observed as the first factor, possibly due to
insufficient consumption of iron in the diet and/or the presence of ingredients that limit
the absorption of this element, such as excess fiber and phytic acid [17.56]. The second
most important factor is increased physical activity, particularly in endurance tests [49].
The third factor is an inflammatory state that contributes to the production of hepcidin, a
hormone that blocks the absorption of iron from the gastrointestinal tract. In addition, a
deficiency of this element can significantly increase apathy and mood swings and decrease
lactation [49].

Folate appears to be an essential component in the normal development and prepa-
ration of pregnancy. However, regardless of whether fertilization is a desirable outcome,
this nutrient should be adequately supplied in the diet. There are some indications that
folates can have a beneficial effect on menstrual cycle regulation and ovulation [41,55,56].
It was suggested that this phenomenon may be related to homocysteine [41,55]. Folate
deficiency can contribute to the hypomethylation of DNA and oxidative stress [55]. Previ-
ous studies suggested that, in the case of mutations in the MTHR C677T gene and T-allele
carriers associated with lower enzyme activity, a lower sensitivity of oocytes to the FSH
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hormone, reduced oocytes, and reduced estradiol production by granular cells compared
to the case with vectors of the wild-type gene can occur [41,56,57]. In addition, folates
can support vascular endothelial functions. Women with FHA commonly present folate
dysfunctions [1,6,9,19,56].

It was long thought that the most critical factor in FHA development was insufficient
body weight. However, the most important diagnostic parameter appears, instead, to be
the composition of the body, specifically, fatty tissue content [5,15,31,58]. In athletes, it is
recognized that, as a result of the development of greater-than-average muscle mass, the
weight of the body can oscillate beyond the normal ranges. However, the athlete’s fat levels
may be below the recommended minimum. The determination of clear standards is highly
debatable and depends on individual factors [15]. However, if the above parameters and
BMI are below the recommended standard, they must necessarily be restored to normal
values [7,15,22,59]. It is commonly acknowledged that functional disorders can occur in
those with broad ranges of both body weight and fat content, even when these parameters
are correct and do not change over the years [1,4-6,29,32]. In addition, markers indicating
low energy availability are also recognized in these women. Elevated levels of cortisol and
ghrelin have been observed alongside reduced levels of sex hormones, T3, glucose, insulin,
and leptin [5]. In many cases, the resting metabolic rate is also reduced. As a result of
metabolic adaptation, the organism must minimize its expenditures and adapt [19,30,32,60].
Additional factors include psychosocial stress and physical activity, which can exacerbate
stress on the body and impede reproduction [4,10,15].

2.3. Physical Activity

The greatest threat to FHA comes from forms of physical exercise in which aesthet-
ics and the weight of the body play an important role, e.g., bodybuilding, dance, and
gymnastics [6,15,19,22]. FHA is also common among amateurs [33,61-63], and women
are becoming increasingly involved in physical activities. Unfortunately, without proper
preparation, adaptation, and knowledge and the supervision of a specialist, there may be
many risks.

In recent years, in the pathogenesis of functional menstruation disorders, sport has
been primarily considered for inducing significant energy expenditures and compensating
for energy consumption—sometimes due to ignorance and errors in the estimation of the
exact components of the activity and sometimes due to an intentional, incorrectly designed,
and prolonged fat-reduction program. Such issues may also be caused by the deliberate
maintenance of a significant energy deficit, exacerbated by the stress of eating disorders
or dysfunctional attitudes in these areas. An open and intriguing question is whether
physical effort alone can result in hormonal deregulation. Most research discusses the
generation of deficits. However, the fact that training itself is a stressor for the organism’s
body should not be overlooked [2,59]. A systematic review considering the impacts
of activity on ovulation noted that high-intensity activity affects the functioning of the
reproductive system, particularly when one’s BMI is below the norm but also when the BMI
is within a suitable range. Many mechanisms could be involved in this relationship [59].
Another study noted the inhibitory effect of exercise on sexual hormone concentrations.
Interestingly, this effect was not dependent on energy availability. Attention has also been
paid to the need to modify training volume [30].

Physical activity is often considered an excellent way to relieve tension and improve
one’s mood. Unfortunately, for women with FHA, exercise could worsen their condition.
Previous studies noted that, in response to a stress challenge, there is a significant increase
in cortisol and a decrease in blood glucose compared to in healthy women [14,17,23,29].
This may indicate the significant depletion of energy resources and a mechanism to pro-
mote the organism’s mobilization to obtain such resources. This is an intriguing area
of study, highlighting the need to consider the sensitivity of FHA women in relation to
sporting activities.
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Compulsive and physical dependence may also be problematic. These factors may
lead to a situation where a person’s brain chemistry demands an increase in training
load and frequency [13], despite that load being greater than what the individual can
handle and/or inappropriate for particular circumstances [2,34,64—66]. This may lead to
the phenomenon of over-training and related aberrations, and addiction and compulsion
may lead to self-destruction in the mental, physical, and social fields. The characteristics
and attitudes of FHA women were found to significantly increase dysfunction [8,34].

It should be noted that training alone is a stressor for an individual. Training stimu-
lates the sympathetic nervous system and increases metabolic stress [2,29,37,58,59,67,68].
Training is often desirable for the development of an athlete. Regular physical activity
is essential for staying healthy. The optimal dose and individual adjustment of the train-
ing parameters are crucial (they should be appropriate for the situation of the person
undergoing training).

Stress and physical effort, in many cases, exacerbate the scarcity of resources and
lead to an increase in demand. For amateurs, physical activity is only a supplementary
part of life. Such individuals are burdened with many stressors resulting from everyday
life, work, and school. Consequently, all components should co-exist, including a training
plan, regeneration, and sleep; a diet that takes into account the consumption of not only
a sufficient number of calories and macronutrients but also vitamins and minerals; and
proper hydration.

3. Actionable Steps for Restoring Balance

Functional menstruation disorders can be characterized as psychosomatic diseases.
Considering all the components, in many cases, it is necessary to simultaneously include
multidirectional activities for each aspect so that changes can be smoothly implemented
and to avoid prolonging the pathological state of the body [17]. Previous studies indicate
that the longer the body’s decline persists, the longer the time needed to recover, and the
more severe the consequences. Hence, time plays a significant role [22,54].

The first step should always be to consult an endocrine gynecologist and obtain a thor-
ough diagnosis to exclude other diseases and control the current state of the body [1,2,69].

A detailed review of the patient’s diet, physical activity, feelings of stress, sleep, atti-
tudes towards nutrition, and psychological profile is also crucial. Attention should be paid
to whether the patient presents typical features of FHA and if an eating disorder is present.
Sufficient data can help to locate the main cause of the problem, and primary causes the
most destructive should be addressed first [1,23,24]. Endocrinological guidelines strongly
recommend focusing on solving the behavioral issues that contributed to the problem.
However, pharmacology is not recommended for first-line treatment because it only masks
the return of natural menstruation due to ongoing or worsening undernourishment and
exposure to stress [68]. In addition, hormone replacement therapy (HRT) does not affect
the functioning of other hormones or improve bone mineral density if the dysfunctional
condition is maintained [1,3,15,22].

Firstly, the nutritional status and eating habits of the individual should be assessed.
In the vast majority of cases, an increase in energy consumption to the recommended
value of 45 kcal/1 kg LBM supplies the amount of energy spent on training activities. The
continuous observation of the patient’s response, however, remains important. The relevant
calculations only provide an estimate, so they are not always entirely accurate [6,8,30,32].
In a study using a 360-kcal energy preparation without changes in sports activity for a
period of six months, menstruation with ovulation was observed [39,70]. This study also
observed a minimal increase 1.6 kg of body weight, which was adequate given the calories
of the products used [39,70]. Another study used a 3-month intervention to increase
energy supply and improve eating habits. As a result, 234 kcal of energy was generated,
accompanied by an increase in the supply of macronutrients, vitamins, and minerals.
Regular menstruation did not resume. However, increase of LH level and increase FSH
to LH ratio level was observed and positively correlated with EA [61]. These parameters
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provide a promising indication of a gradual recovery in the balance and correct functions
of the organism. The authors in [54] described cases of two different women who were
physically active and had appropriate body weight and body-fat content. In response to an
increase in energy availability, improvements in nutritional status markers (increases in T3
and leptin and a decrease in ghrelin) and the resumption of menstruation were noted. In
both cases, however, the observed menstruation featured anovulatory cycles with the luteal
phase. In addition, a re-stop was observed in the event of a drop in energy availability.
Importantly, no target energy level was reached throughout the intervention. Consequently,
the imposition of other factors and the lack of consistency could have contributed to the
continuation of the problems of FHA [54].

Studies suggest that more attention should also be paid to the redistribution of energy
over 24 h to avoid a latent deficit [38,46]. Dietary programming during the training period
is particularly important. The regularity of one’s meals and a regular distribution according
to one’s needs also appear to be beneficial. Too large of a gap between meals leads to
significant drops in glucose; thus, fasting or intermittent fasting is not advisable. Based on
studies analyzing the dietary habits of FHA women and their impact on the physiology and
biochemistry of the organism, a key activity seems to be to ensure the balanced participation
of macro components according to the recommended standards individually adapted to
the patient’s situation [22].

Minerals and vitamins also play an important role. Special attention in the litera-
ture is given to vitamin D3 and calcium [1,22]. Studies also suggest the possibility of
shortages of magnesium, zinc, iron, and folic acid; vitamins A, E, K, and C; and certain B
vitamins [1,20,31,33]. The best solution is to address this shortage through one’s diet. It is,
therefore, important to use high-nutrient-potential foods [22].

In the event of significant deficits or difficulties in meeting one’s dietary needs, tar-
geted supplementation needs to be considered. In the study group, deficits in vitamins
and minerals were a serious problem. On the one hand, excess stress, physical activity, and
associated inflammation lead to increased expenditures of, and demands for, nutrients [51].
Moreover, low energy availability can impair basic metabolism, which in itself can exacer-
bate deficits [22]. In addition, an excess supply of dietary fiber can make it difficult to absorb
certain nutrients [20], and an insufficiency of nutrient resources exerts metabolic stress
on the organism and may hinder basic life processes [22,47,51]. Additionally, stress may
negatively affect digestive enzymes and gut microbiota, which may result in the abnormal
uptake of nutrients from the intake of food and/or their endogenous production [51].

Vitamin D3 is essential for the proper functioning of an organism but is difficult
to acquire through food. It is thus recommended to include vitamin D3 supplements
in one’s diet [48]. The dose should be selected following a previous examination of the
blood concentration and tailored to each person’s individual needs. Another source of
vitamin D3 is exposure to sunlight [48]. The concentration of calcium in the blood must be
continuously monitored, and densitometry should also be performed in clinical settings [1].
The calcium availability in a patient’s diet should not be a problem, especially if the
patient consumes dairy products. In addition, vitamin D3 supplementation should be
considered to allow for a more efficient use of this element by the skeletal system [49].
Magnesium should also be easy to acquire through one’s diet. However, in the event of
a magnesium deficit, it is worth considering supplementation. In particular, magnesium
supplementation appears to be beneficial for women with menstrual disorders, not only
those with functional disorders [71]. An adequate supply of magnesium can have a
positive effect on a person’s mood, facilitate adaptation to stressful conditions, and reduce
irritability. In addition, magnesium can benefit the initiation and quality of sleep [52]. In
a previous study, exposure to severe mental and physical stressors, acute chronic stress,
and physical effort were correlated with lower levels of zinc in the serum and plasma; zinc
was also observed to have positive effects on the efficacy of antidepressants and lower
cortisol levels [51]. Another intriguing observation was a reduction in inflammation and
oxidative stress [72]. Iron supplementation can have a number of negative effects on one’s
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health. For example, excess iron can lower the concentration of leptin. The best solution
seems to be an extended diagnosis and to address the shortage through one’s diet as far
as possible. Supplementation should be used as a last resort and only under the ongoing
supervision of a doctor. The best solution for securing a supply of folic acid appears to
be its consumption within one’s diet because the folic acid in food products occurs in
a methylated form. In the case of mutations such as those of the MTHFR C677T gene,
synthetic folic acid supplementation is not effective. In this case, it is worth considering folic
acid’s methylated form. Other factors involved in methylation should also be considered,
such as vitamins B2, B6, and B12 and zinc [41,55]. Any decision should be made after
consultation with a specialist and introduced on a case-by-case basis. The omega-3 fatty
acids mentioned in the previous section play an important role in the functions of the
body and have beneficial effects [40]. Determining the appropriate supply for one’s daily
diet and the optimal balance between omega-3 and omega-6 fatty acids could, however,
pose a significant challenge. The concentrations of individual omega-3 acids are also a key
factor [40,43].

Only a few vitamins and minerals have been mentioned in this article. It is important
to stress that each of the aforementioned nutrients is needed for the proper functioning of
an organism, especially in the case of significant loads. B vitamins, especially folic acid, and
antioxidants should not be neglected. To a large extent, the demand for nutrients allows
a well-balanced diet to be achieved. It would also be beneficial to include recreational
food in the diets of women with FHA (i.e., foods that are slightly more processed and
have a higher energy density). Firstly, these foods will increase the quantity of calories
delivered in a relatively simple way. Secondly, they could positively influence the psyches
and satisfy the needs of FHA women. These measures would contribute to easing tension
and preventing the use of drugs. The removal of such nutritional restrictions would help
to improve nutritional relationships, encourage good eating habits, and facilitate healthy
functioning [20].

A major factor to consider is the reduction of stressors. Physical activity, despite
its many advantages, is one of these stressors. For women with FHA and malnutrition,
its effect is compounded [14,23,29,58]. The issue of functional menstruation disorders is,
moreover, common among athletes. Hence, a number of studies have focused on the above
group. These researchers focused on using non-volatile training parameters. However, the
modifications of those parameters were subject to energy consumption, and interventions
produced varying results (also positive). This has led to the belief that physical activity
can remain at a similar level over the long term. However, it is not appropriate to compare
professionally trained trainers to amateurs with fewer training pressures, which could
introduce further modifications. It is certainly not appropriate to generalize measures
for applications requiring training units and the development of peak sport performance.
Moreover, recreational athletes do not always have a professional training plan adapted to
their current capabilities that reasonably accounts for the necessary regeneration periods.
Studies suggest that excessive physical activity can occur among FHA women, which may
be caused by eating disorders or other dysfunctions [13,34].

The complete avoidance of planned activities without the agreement of the patient
does not appear to be an optimal solution. The avoidance of such activities may be stressful
and generate anxiety when the sport is a daily routine, especially when it is related to eating
disorders, compulsion, and/or addiction. In the above situation, it is important not to drive
and support destructive behavior. On the other hand, it is worth considering modifications
based on a compromise with the patient and coming to an agreement with solutions that
are safe for that particular context. To minimize health risks, it should also be ensured that
regeneration and nutritional status are maximized. Research further suggests the need
to alter the training variables, such as by a reduction in the volume and intensity of the
training [30,59]. It would also be beneficial to reduce the training frequency and introduce
longer regeneration times, e.g., every other day. The types of training could also be altered.
For example, yoga and related outdoor activities have a high potential to improve mental
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and physical health and do not generate increased excitability of the sympathetic nervous
system; instead, they may have the opposite effect. However, resistance may be caused by
patients” anxiety in response to changing their exercise patterns, increasing their energy,
and reducing their training parameters [6]. It is very important that experts make the
patient aware of these issues. Patients should also work with a psychotherapist to reduce
the relevant barriers and improve their psychological states [1,13,17,22]. Interventional
studies on the use of psychotherapy in the treatment of FHA are already sufficient. The
studies to date suggest including both cognitive and behavioral therapy due to promising
results indicating the resumption of menstrual function with ovulation, increased leptin
and T3 concentrations, and a decrease in ghrelin and cortisol levels [18,23,24]. Body weight
also did not change, which is an additional positive aspect [18,23,24]. More research needs
to be conducted in this area. However, given the low risk of undesirable activities, the
pathogenesis of the problem, the characteristics of the group, and the benefits already
examined, therapy appears to be an important element of recovery. This measure is not
only likely to contribute to the correction of dysfunctional attitudes and thoughts but
can also enable stress to be properly handled and diminished. In addition, nutrition and
physical activity can be extremely beneficial. Ultimately, the benefits of psychotherapy
seem to be significant in both psychosocial and physical terms [14,16-18,23,24].

4. Conclusions

Considering the overall pathogenesis of FHA, the most sensible approach is to combine
improved nutritional status with physical activity and psychotherapy and work on daily
stress. A broad range of relaxation techniques can complement these measures [14]. In
addition, it is important to ensure that a patient obtains a good quality and quantity of
sleep [27]. It is always important to bear in mind the individual sensitivity of the patient
and maintain observations.

It is important to continuously and consistently maintain the initiated changes. The
present study demonstrates that, the longer the time of decay, the more the time needed
to regulate that decay. Changes, such as body weight reductions, are not recommended
for 6 to 12 months after standardization. In addition, latent irregularities, such as a
lack of ovulation and an abridged luteal phase, should also be prevented. This study
indicates that the stressors occurring during the first phase of the cycle influence the
delay of ovulation, leading to luteal dysfunction [30]. It is also important to ensure the
continuous observation of the patient and a sensible approach both during and outside
the recovery and maintenance period. Moreover, the individualization of interventions
is crucial, and an interdisciplinary approach seems to be the best solution for promoting
a promising prognosis.
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Abstract: Advanced research in recent years has revealed the important role of nutrients in the
protection of women'’s health and in the prevention of women'’s diseases. Genistein is a phytoe-
strogen that belongs to a class of compounds known as isoflavones, which structurally resemble
endogenous estrogen. Genistein is most often consumed by humans via soybeans or soya products
and is, as an auxiliary medicinal, used to treat women'’s diseases. In this review, we focused on
analyzing the geographic distribution of soybean and soya product consumption, global serum
concentrations of genistein, and its metabolism and bioactivity. We also explored genistein’s dual
effects in women'’s health through gathering, evaluating, and summarizing evidence from current
in vivo and in vitro studies, clinical observations, and epidemiological surveys. The dose-dependent
effects of genistein, especially when considering its metabolites and factors that vary by individuals,
indicate that consumption of genistein may contribute to beneficial effects in women’s health and
disease prevention and treatment. However, consumption and exposure levels are nuanced because
adverse effects have been observed at lower concentrations in in vitro models. Therefore, this points
to the duplicity of genistein as a possible therapeutic agent in some instances and as an endocrine
disruptor in others.

Keywords: genistein; soya products; dual role; dose-dependent

1. Introduction
1.1. Genistein in Food

Genistein (5,7-dihydroxy-3-(4-hydroxyphenyl) chromen-4-one) is a phytoestrogen
and isoflavone found in soybeans and soy-derived foods [1], including soya products,
meat alternatives, edamame, and tempeh [2]. It has been detected in many processed
foods [3] and can also be found in other foods [4]. Genistein’s content in mature soybean
seeds and therefore in soya products, varies by region, from the highest genistein content
(>70 mg/100 g food) in soybean seeds from the US, Korea, and Japan, to the lowest from
Europe (39.78 mg/g) and Taiwan (45.88 mg/g) [4]. Alongside reporting high genistein
concentrations in soybeans, the US is currently leading the world in soybean production
and export [5]. Furthermore, the demand for plant-based protein in Western societies is
increasing; while dollar sales of all US foods have increased by 17% over the past two
years, plant-based food sales have increased by 43% over this same time period [6]. As a
compound that is so commonly found in food and specifically in soy products (Table 1),
developing our understanding of genistein is paramount in both preserving global health
and furthering advancements in women health.
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Table 1. Genistein content in consumable products.

Mean Genistein

Concentration @ Standard

Food (mg Genistein/ Deviation References
100 g Food)
Textured Soy Flour 89.42 26.96 [7-15]
Instant Beverage Soy Powder 62.18 3.69 [14,16-20]
Soy Protein Isolate 57.28 14.17 [7,14,16,19,21-29]
Meatless Bacon Bits 45.77 0.11 [13]
Kellog’s Smart-Start Soy Protein Cereal 41.90 N/APD (n<3) [13]
Natto 37.66 7.85 [30-36]
Uncooked Tempeh 36.15 17.64 [11,14,16,29,31,37-39]
Miso 23.24 8.37 [14,16,17,30,31,33,35,36,40-43]
Sprouted Raw Soybeans 18.77 11.22 [23,32,40,44-49]
Cooked Firm Tofu 10.83 3.98 [30,40,50]
Red Clovers 10.00 0.00 [51]
Worthington FriChik canned meatless
chjfken nuggets (prepared) 935 N/A (1 <3) 311
American Soy Cheese 8.70 N/A (n<3) [30]
Kellog’s Kashi Go-Lean Cereal 7.70 N/A (n<3) [13]
Chocolate Power Bar 3.27 N/A (n<3) [44]
Hoisin Sauce 3.25 N/A (n<3) [13]
Cake-Type Plain Doughnuts 2.44 111 [13,40]
Raw Pistachios 1.75 N/A (n<3) [40,52]
Reconstituted Infant Formula
(Abbot Nutrition) 137 0.7 [53,54]
Cooked USDA Commodity Beef Patties 1.09 0.42 [31]
Fat Free Frankfurter Beef 1.00 N/A (n<3) [13]
Raw Chicken Breast Tenders 0.25 N/A (n<3) [13]
Raw White Grapefruit 0.03 N/A (n<3) [44]
Whole Raw Eggs 0.02 N/A (n<3) [44,45]
Mature Raw Black Beans 0.00 0.00 [44,55,56]

a Data summarized from [4] ® Not Applicable.

1.2. Genistein Levels in Various Populations

Genistein has been found and quantified globally in measures ranging from daily
intake to serum concentration. Prominent data from several different studies in popula-
tions are outlined in Table 2, which is representative of two larger correlations of serum
genistein concentrations.

Table 2. Genistein levels in populations worldwide.

Number of

Population Subjects Sample Type Quantified Genistein References  Year
Large majority, except for cow’s
Blood, urine, and saliva samples ~ milk-formula-fed infants, below
Healthy infants in from cow- and breast-milk-fed ~ LOD (<27 ng/mL in blood, <1.4
Pennsylvania, infants ng/mL in saliva, and <0.8
collected at the ng/mL in urine) [57] 2009
Children’s 165 Urine (cow-formula-fed infants) 13.6 ng/mL
Hospital of Blood (soy-formula-fed infants) 890.7 ng/mL (median)
Philadelphia and Urine (soy-formula-fed infants) 7220 ng/mL (median)
its affiliated clinics Saliva (soy-formula-fed infants) 10.9 ng/mL (median)
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Table 2. Cont.

. Number of i ‘e
Population Subjects Sample Type Quantified Genistein References  Year
Cohort of women
in Philadelphia, 451 Daily consumption 2.4-3.9 mg (average)
PA, USA
Subgroup of larger 58] 2008
cohort of women . . . 136.4 ng genistein/mg creatine
in Philadelphia, 27 Daily urine excretion (average)
PA, USA
Adult participants Daily consumption (Ireland) 0.368 mg/day (average)
from Ireland, Italy, 7312 Daily consumption (Italy) 0.302 mg/day (average)
the Netherlands, Daily consumption [59] 2003
and the UK (The Netherlands) 0.516 mg/day (average)
Daily consumption (the UK) 0.389 mg/day (average)
Daily consumption A
Women of various 1550 (White women) 3.6 ug genistein/day (average)
racial and ethnic Daily consumption -
groups across the 935 (African American women) 1.7 ug genistein/day (Average)
us Daily consumption . [60] 2006
286 (Hispanic women) 0 pg genistein/day (average)
Daily consumption 3534 ug genistein/day
185 g
(Chinese women) (average)
195 Daily consumption 6788 ug genistein/day
(Japanese women) (average)
Adults from Daily consumption 14.5-18.3 mg genistein/day
various regions of 215 Serum level 475.3 nmol genistein/liter of [61] 2001
Japan serum
Daily excretion in urine 14.2 pmol genistein/day
Chinese men 48 Daily consumption 19.4 + 12.36 mg/day [62] 2007
Plasma genistein concentration of
Adult (20-39 years 20 women that rare;ly ctonsumed 14.3 nmol/L (geometric mean)
1d) women from SOy procucts .
° he UK Plasma genistein concentration of 165 nmol /L
the 20 women that drank no soy milk N
. (Geometric mean)
but ate some solid soya foods 163] 2001
Plasma genistein concentration of
women that drank 0.25 pints of .
20 soy milk daily and ate some solid 119 nmol/L (geometric mean)
soya foods
Plasma genistein concentration of
20 women that drank 0.5+ pints of 378 nmol /L (geometric mean)

soy milk daily and ate solid soya
foods regularly

First, Table 2 shows that individuals who consume more soy products or soy-derived
foods have higher serum levels of genistein. Supporting data from Verkasalo et al. [63]
demonstrated that among four groups of twenty British women consuming increasing
amounts of soya products (determined via a food diary method), plasma concentrations
of genistein increased in a manner correlated with total soya consumption. In order of
lowest to highest soya product consumption, the participant groups’ geometric mean
plasma concentrations (nmol/L) of genistein were 14.3, 16.5, 119, and 378. The Spearman
correlation coefficient a quantitative measure for the strength of this correlation between
plasma isoflavone concentrations and estimated dietary intakes was determined to be
between 0.66 and 0.80 [63]. This correlation also extends beyond blood serum, as genistein
has been shown to be more common in the breast milk of mothers that are consuming
vegetarian and especially vegan diets [3]. It was further demonstrated that genistein can
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cross the placental barrier and potentially affect the developing fetus, as it was detected in
similar concentrations in the maternal plasma, umbilical cord plasma, amniotic fluid, and
neonate plasma in seven healthy Japanese mother-child pairs [64].

Secondly, the data in Table 2 also shows that both residents of Asian countries and
Asian minority populations in Western countries consume significantly more soy prod-
ucts and, therefore, have higher serum genistein levels than other populations. This is
further displayed in Figure 1, and validated when considering that China is the world’s
largest importer of soybeans, consuming roughly one-third of the global annual soybean
harvest [65]. However, evidence suggests that eating a soya-rich diet, as vegetarians and
vegans commonly do [66], can elevate daily genistein intake levels among individuals to
a similar degree. British women who consumed soya regularly were reported to have a
daily soya-product consumption that rivals that of Japanese adults consuming a traditional

diet [63].
314
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Figure 1. Heatmap showing daily genistein consumption levels across 7 surveyed countries. Data from [58,59,61,62].

Another relevant population in relation to genistein is perimenopausal and post-
menopausal aged women. As literature regarding the clinical applications of phytoe-
strogens has risen to prominence, millions of peri- and postmenopausal women have
begun taking genistein and soya supplements, aiming to alleviate their menopausal symp-
toms [67,68]. Taken in conjunction with the aforementioned populations, it is important to
investigate genistein’s effects, not only because of increased global soya consumption [69],
but because genistein is ubiquitously present in food, breast milk, and human serum and is
therefore bioactive in vulnerable, underrepresented, maternal, and neonatal populations.

1.3. Metabolism and Metabolites of Genistein

Genistein is typically ingested from vegetation as the glycoside genistin. Genistin
is hydrolyzed by phlorizin hydrolase (a small intestine brush-border lactase) [70] or by
enteric microflora [71] into genistein (the bioactive aglycone) before absorption or further
modification by enteric microflora [72]. Genistein, like other polyphenols, has an oral
bioavailability of roughly 10% [73]. With its low absorption potential, its lipophilic nature,
and low molecular weight, genistein can be passively transported into intestinal cells [74],
leading to post-absorption metabolism.

Most orally consumed genistein is eliminated by urine within a day of consump-
tion [75]. When absorbed into the bloodstream via the intestinal tract, genistein and all of
its metabolites were shown in a mouse model to have a half-life of 46 h [76]. However, in
a study of nineteen healthy women, its bioactive life as unconjugated genistein aglycone
was shown to be much shorter at just 7.13 h [77] This short bioactive life most commonly
ends when genistein is modified by uridine diphosphate-glucuronosyltransferases (UGTs)
and sulfotransferases (SULTs) in the intestinal enterocytes and liver [73,78]. Conversion to
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genistein glucuronide is the most common fate of absorbed genistein [76,79], and though
it varies greatly between individuals, it is also less commonly carried out by UGTs in
the kidneys [80]. The large majority of the circulating genistein that is not converted to a
glucuronide form is converted via enterocytic and hepatic sulfotransferases (SULTs) to a
sulfate form [76]. These sulfate and glucuronide groups are added to the 7 and 4’ positions,
creating different compounds that can have 1 glucuronide, 1 sulfate, 2 glucuronides, or
one of each [79]. It is also important to mention that sufficient expression and localiza-
tion of UGTs and SULTs in other organs, such as the heart and lungs, allows for minor
metabolism of genistein in these organs [78,81]. Furthermore, different cell types, due to
the composition of different ratios of UGT:SULT enzymes, may vary in their metabolism of
genistein [82].

To a significantly lesser extent [83,84], genistein is also metabolized via cytochrome
P450 (CYP) reaction to produce mostly hydroxylated metabolites [84-86]. The enzyme
CYP1A2 is the most relevant of the CYP group, converting genistein to orobol (3'-OH-
genistein) [86,87]. Less often, other CYP enzymes such as CYP2E1, CYP2D6, and CYP3A4,
and CYP2C8 also metabolize genistein via oxidation [86,87]. Figure 2 illustrates ingested
genistein’s most common metabolic processes and metabolites.
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Figure 2. Major genistein metabolites. Data from [79,82,86-89]. Structures from [1,79].

Though enteric bacteria are known to play a prominent role in the uptake and
metabolism of genistein [3], Munro et al. [90] reported that its metabolic pathway may be
significantly altered by variations in microflora, intestinal transit time, pH, redox potential,
and even immune status and diet. There is even a likely temporal aspect to this metabolic
plasticity, as data presented in Hoey et al. [91] suggests that the ability to hydrolyze gly-
cosides to aglycones, and therefore genistin to genistein, develops before 4-6 months
postnatally and plays an important role in isoflavone metabolic capabilities.

Equol, metabolized from daidzein, another isoflavone found in soybeans, is also rele-
vant when discussing enteric bacteria and genistein because it is an isoflavone metabolite
with stronger estrogenic activity than all other known isoflavones and isoflavone metabo-
lites; it also exhibits the strongest antioxidant activity of any isoflavone metabolite [92-94].
Although equol itself is produced when intestinal bacteria metabolize daidzein and its
glycoside form daidzin, the human microfloral bacteria Slackia isoflavoniconvertens has
also been described as capable of converting genistein to 5-hydroxy-equol [88]. However,
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while this metabolite is slightly altered, 5-hydroxy-equol shares many of equol’s chemical
properties, exhibiting a greater antioxidant capacity than genistein [95].

It is difficult to quantify the significance of this genistein metabolite in terms of
women’s health, as most women likely do not have the correct gut bacteria for producing it.
Depending on genetic and dietary factors, only 25-50% of people are believed to have gut
bacteria that are capable of producing equol from daidzein [96]; this is especially relevant
considering multiple different bacteria can catalyze this conversion, and only a fraction of
them are known to be concurrently capable of 5-hydroxy-equol formation from genistein.

1.4. Estrogenic Effects of Genistein

Given the structural similarity of genistein and estrogen, genistein may exhibit a litany
of possible biological effects while circulating. Many of these effects stem from its status
as an isoflavone and therefore an estrogen mimic [75]; it acts on estrogen receptors (ERs),
ER alpha and beta, primarily through the classical genomic mechanism [97]. It does differ
from estrogen, however, in its preference for ER beta (gene name: ESR2) over ER alpha
(gene name: ESR1). In a solid-phase competition experiment, genistein was shown to
have a binding affinity for ER alpha that is 4% of that of 17 3-estradiol (E2), and a relative
binding affinity for ER beta of 87% [97]. Because of genistein’s hydroxyl substituents, these
relative binding affinities for both ERs are significantly higher than that of other isoflavones,
such as daidzein and formononetin [97]. This, however, is complicated by variation in the
presence and distribution of both ERs temporally, between different body tissues and cell
types, and even between individuals and populations [98-100].

Genistein has also been shown to exhibit agonistic activity with G protein-coupled
estrogen receptor 1 (GPER1) [101], yielding a binding affinity higher than that of E2 but
smaller than that of E2 [101,102]. This activity is compounded by results reported in Du
et al. [103], in which treatment with genistein induced greater gene and protein expression
of GPER while inhibiting MAP kinase activation in mouse microglial cells. Other molecular
targets of genistein include topoisomerase I and II [104,105], protein tyrosine kinases [106],
and 5a-reductase [107].

2. Biological Effects and Mechanism(s) of Genistein
2.1. In Vivo Experimental and Clinical Findings

Before soy gained widespread usage and more media attention, genistein was thought
to be a primarily beneficial chemoprotective compound in vivo. Barnes [108] created a table
detailing 29 studies characterizing the effects of genistein and genistein-containing products
on carcinogenesis in rats and mice, finding a protective effect of genistein in 21 studies, and
no effect in the other 8 studies. In vivo evidence also supports genistein’s capability for
supporting bone health and suppressing cancer development in tissue. Messing et al. [109]
treated pre-operative bladder cancer patients with daily oral genistein (placebo, 300, or
600 mg per day), finding that once excised, the cancerous bladder tissue had significantly
lower levels of EGFR phosphorylation. Among its reported antitumor, osteoblastic, and
anticarcinogenic abilities, genistein has also been suggested to exhibit antioxidant [110],
positive cardiovascular [111], and antilipogenic [112] effects. Although many subsequent
reviews have echoed these positive findings, there exists some recent controversy over
genistein’s net beneficial effects.

Given its strong potential for therapeutic activity, genistein has faced more scrutiny over
the past decade; it does have the potential to exhibit adverse effects. Turner et al. [113] found
that serum genistein levels that correlate with those found in women consuming a high-soy
diet did not affect bone loss in a rat model for postmenopausal osteoporosis; this evidence
outright contradicts previous literature on genistein’s osteoblastic capabilities [114,115].

Singh et al. [116] demonstrated that a single high dose of genistein (500 and
1000 mg/kg) had hepatotoxic, oxidative stress, and correlative genetic expression effects
within 24 h of intraperitoneal administration into male Swiss albino mice. However, this
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was not the case with lower doses; thus, these negative effects were elicited by levels of
circulating genistein that was within the realm of pharmacological treatment [109].

Studies with rats have also demonstrated that peri- and neonatal exposure of rats
to genistein can negatively affect their reproductive capabilities. Wisniewski et al. [117]
found that exposing male rats to even low doses of genistein during gestation resulted
in significantly decreased phallic length, testis size, circulating testosterone, and general
reproductive fitness. This is especially concerning considering genistein’s ability to cross
the human placental barrier [64]. Lewis et al. [118] also demonstrated that near-therapeutic
doses of genistein (40 mg/kg subcutaneously) given to neonatal female rats could cause
increased uterine weight, advanced onset of puberty, and even permanent estrus. However,
these effects were not replicated in females dosed with 4 mg/kg, correlating with the
exposure level for human infants drinking soy-based formula [57].

In vivo studies of genistein’s effects may be further confounded by the timing and
frequency of genistein consumption. Kerrie et al. [119] hypothesized that lifetime soy
consumption, if begun early in life, causes epigenetic changes that reduce the occurrence
and reoccurrence of breast cancer. Some of the most prominent data supporting this claim
come from the work of Korde et al. [120], which found the most consistent reduction in
breast cancer risk among Asian American women who had their largest soy intakes during
childhood as opposed to adolescence or adulthood (although a decrease in risk was seen
across all 3 groups). Kerrie et al. further reported that three other case-control studies on
Asian and Asian-American women supported the association between reduction of breast
cancer incidence and initiation of soy consumption at an earlier age. Interestingly, Joanne
et al. [121] reported that although Caucasian women see the same significant benefits,
they show less of a reduction in breast cancer risk. However, the idea that genistein’s
positive effects are somehow race- or ethnicity-dependent has been mostly discredited, as
Asian immigrants to western countries who reduce their soy-intake have a similar cancer
incidence as Western individuals [122-124].

2.2. In Vitro Experimental Findings

Genistein is of particular interest in vitro because it exhibits highly variable and
often contrasting biological effects, especially in relation to cell proliferation and cancer.
Akiyama et al. [125] showed that, in vitro, genistein inhibited tyrosine-specific protein
kinase activity of the EGF receptor, pp60¥ and pp1108°8s, and therefore inhibited
growth and metastasis, in A-431 epidermoid carcinoma cells. In vivo, genistein was also
shown to inhibit serine- and threonine-specific protein kinase activity in the EGF receptor of
these cells [125]. Agarwal et al. [126] reported that, in DU145 metastatic prostate carcinoma
cells, genistein inhibited the activation of extracellular signal-related protein kinase (ERK)
1/2, a kinase whose overactivation is a fundamental aspect of prostate cancer proliferation.
Treatment of the DU145 cells, a prostate cancer cell line, at doses of 100-200 mM of genistein
coincidentally resulted in significant cell growth inhibition and induction of apoptosis [126].
In contrast to this inhibition, Chen et al. [127] demonstrated that lower concentrations
(1 mM) of genistein increased the proliferation of MCF-7 human breast cancer cells by
increasing the protein and mRNA content of the IGF-1 receptor (IGF-IR) and insulin
receptor substrate-1 (IRS-1), enhancing tyrosine phosphorylation of IGF-IR and IRS-1.

However, there is a large body of evidence suggesting that genistein’s metabolism and
biological effects may vary by dosage or exposure levels, even depending on the cell type
affected. For example, Chen et al. [127] and Wang et al. [128] showed that MCF-7 breast
cancer cell growth was stimulated by low concentrations of genistein (1078-107° M) and
inhibited by higher concentrations (>10~° M). Moore et al. [129] found that low in vitro
concentrations of genistein (<1 pg/mL; 3.7 uM) elicited proliferation in human uterine
leiomyoma cells, while higher exposure levels (>10 pug/mL; 37 uM) had inhibitory effects.
This non-monotonic dose response to genistein was different for the uterine smooth muscle
cells, and a similar dose response to genistein on behavioral parameters in rat offspring has
been observed in vivo [130]; it is also a hallmark of environmental endocrine disruptors
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such as BPA [131]. Figure 3 illustrates this point by portraying three different cell lines’
non-monotonic responses to genistein between 0.001 and 100+ uM. For reference, the
dose response curves on this figure are overlaid with serum genistein levels for three
surveyed populations.

~8—-MCF-7 Breast Cancer Cells [128]

Ps)
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Figure 3. Relative growth of several cell lines at variable concentrations of genistein overlaid with
serum levels of genistein for three populations. Data from [57,61,63,128,129,132,133]. Note that
no (0) genistein marks a value of 1 relative growth unit. This is considered the control group for
all studies. Also, note that none of the cell lines were reported to be prominent metabolizers of
genistein. Concurrently, the serum concentration studies only assessed circulating genistein, while
its metabolites (likely the most predominant forms in vivo) would presumably also have effects on
the cell lines.

However, it is important to note that these in vitro studies and reference values do
not account for genistein’s metabolites. Given variable bioactivity between genistein and
its metabolites, the half-life of genistein and the levels of circulating metabolites may be
another pertinent variable in determining the effects of genistein on various tissues in vivo.
As such, in vitro studies that treat cells with genistein alone may find significantly different
results when compared to studies that used characteristic concentrations of genistein
and its metabolites. Further in vitro research should consider genistein metabolites when
conducting all forms of exposure assessment, as doing so will provide a more accurate
picture of genistein’s net effects.

3. Genistein and Women’s Diseases
3.1. Genistein and Obesity

Multiple studies purport genistein’s ability to combat obesity at various system-wide
levels. This is one of the reasons post-menopausal women may supplement their diet with
genistein, as studies with ovariectomized mice have shown orally-consumed genistein to be
an inhibitor of the increased fat accumulation, weight gain, insulin resistance, and hepatic
lipogenesis that is typically associated with post-menopausal estrogen deficiency [134].
Part of this effect was even shown to be a result of genistein inducing apoptosis in inguinal
fat [135].

Genistein was further shown to decrease the adipose tissue content of female mice
when compared to vehicle treatment groups [136]. However, genistein’s mechanism of
action for reducing body fat likely differs from its activity in other body tissues. While
genistein has a much higher binding affinity for ER beta, this same study found that
genistein was incapable of significantly reducing the adipose tissue content of female
ER alpha knockout mice (xERKO) when compared to a vehicle control [136]. This sug-
gests genistein’s mechanism of action on adipocytes uncharacteristically favors ER alpha
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rather than ER beta [136], as it did not reproduce this adipose tissue reduction in mice
that were lacking ER alpha while expressing ER beta. Further evidence showed that in
utero exposures to genistein also potentiates obesity throughout the lives of Agouti mice
born to dams consuming high-soy diets during gestation [137], suggesting an expecting
dam’s genistein intake may play a role in their offspring’s predisposition towards obesity.
Genistein may also regulate obesity by affecting thyroid peroxidase [138], insulin [139],
and leptin activity [140].

These anti-obesity effects are not exclusive to the genistein aglycone. For example,
orobol (3'-OH-Genistein), the metabolite from the CYP1A2 enzymatic pathway, has been
shown to have a significantly greater inhibitory effect on mouse fibroblast adipogenesis
than genistein [141].

It is important to mention that genistein’s status as a soy-derived compound means
it is generally consumed alongside significant amounts of plant-based protein, and it is
well documented that protein is among the most thermogenic and appetite-reducing of the
macronutrient groups [142]. Velasquez and Bhathena [143] compiled six human studies,
all of which showed that soy-protein was significantly more effective than carbohydrates
at increasing metabolic rate and lowering body weight. Though one of these studies did
show pork to be more thermogenic than soy [144], three of them showed soy protein to
be as or more thermogenic than meat and milk-based proteins [145-147]. This means that
supplementing one’s diet with genistein from natural sources, and therefore consuming
plant-based protein, likely yields many of the thermogenic benefits associated with meat
and animal protein consumption. Importantly, one meta-analysis of 24 studies [148]
concluded that soy consumption generally elicited either no weight change or weight
gain. However, this same review concluded that isoflavone—and therefore genistein—
consumption significantly reduced the body mass index (BMI) in postmenopausal women
independent of soy protein intake.

3.2. Genistein and Breast Cancer

Breast cancer is the most common cancer in women in the United States, causing
thousands of deaths each year. Given results from multiple literature reviews and stud-
ies [108,119,120,149,150], genistein has clearly shown a strong potential for breast cancer
prevention. Women who eat more genistein, especially earlier in life, have a significantly
decreased likelihood of developing breast cancer. These same women also have a lower
risk of recurrence of treated breast cancer [119-121]. Genistein also inhibits the growth
of human MCF-7 breast cancer cells at a concentration of 107> M [128], and even po-
tentiates the anticarcinogenic effects of tamoxifen on the growth of ESR1-positive and
HER2-overexpressing human breast cancer cells [150].

It is important to mention that genistein’s anticarcinogenic property is attenuated
based on both the concentration of genistein and the cell surface receptors of the target
cells. Although Wang et al. [128] demonstrated genistein’s ability to inhibit MCF-7 tumor
growth at higher concentrations, at lower concentrations they saw stimulated growth.
Furthermore, Pons et al. [151] illustrated that at concentrations representing genistein
blood levels of individuals consuming a high-soy diet, genistein’s potentiating effects
on breast cancer cells were influenced by the ESR1/ESR2 ratio of the cells. In this study,
MCE-7 cells, which have a higher ESR1/ESR2 ratio, being treated with cisplatin, paclitaxel,
or tamoxifen saw an increase in cell survivability when also treated with genistein. This
suggests that genistein may have the potential to elicit counterproductive effects in women
already being treated for a high ESR1/ESR2 ratio breast cancer using these common over-
the-counter therapeutics [151]. Conversely, genistein was shown to have a harmless or
beneficial effect when the procedure was repeated using cells with a low ESR1/ESR2 ratio
(including both T47D cells and MCEF-7 cells transformed to overexpress ESR2) [151]. Taken
in context, this suggests that a genistein-supplemented regimen for treating breast cancer
can be beneficial; however, it might be contraindicated for women whose tumors present
with a high ESR1/ESR2 ratio.
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Because of its numerous dose-dependent and receptor-influenced biological effects
and its various metabolic pathways, it is difficult to conclude genistein’s role in breast
cancer development and treatment. Though sufficient consumption has been shown to
prevent breast cancer development [152], the literature is controversial regarding genistein’s
effects on active cases of breast cancers. For example, a review published in 2000 focusing
on genistein and breast cancer stated that the net result of genistein consumption on breast
cancer activity or proliferation was inconclusive [119]. Furthermore, a meta-analysis of
164+ relevant studies in 2019 on genistein and breast cancer concluded that “the impact of
dietary genistein intake on breast cancer remains unclear” [153]. Like the aforementioned
studies, this review stated that variation in mode of intake, metabolism, menopausal status,
estrogen receptor expression pattern, and gene mutations among individuals is key to
determining the net effect of genistein consumption. These data suggest that further studies
focused on the above factors and their interactions may yield more definitive answers and
even future treatments for one of the most common cancers that affect women.

3.3. Genistein and Uterine Leiomyoma

Human uterine leiomyomas, also called fibroids, clinically affect about 40% of child-
bearing aged women in the United States with symptoms of bleeding, dysregulation of the
menstrual cycle, belly pain and infertility. Genistein’s effects on uterine leiomyomas is a
rapidly expanding research subject, also appearing to follow a dose-dependent interaction
pattern. Moore et al. [129] found that low in vitro concentrations of genistein (<1 ug/mL)
elicited proliferation in human uterine leiomyoma cells but did not do so in human uterine
smooth muscle cells. However, higher exposure levels had inhibitory effects on both
cell types causing cellular morphological changes, inhibiting cell proliferation, inducing
apoptosis, and even causing targeted leiomyoma autophagy [154]. This type of biphasic
dose-response is similar to what has been characterized regarding genistein and breast
cancer [128]. It is also important to note that leiomyoma cells were more sensitive to the
proliferative effects of genistein at a high dose (>1 pug/mL) than the smooth muscle cells,
indicating a possible risk factor in terms of genistein consumption and fibroids.

There are many pathways by which genistein has been shown to affect leiomyoma
growth; understanding these pathways is a critical step in revealing the mechanisms behind
genistein-induced cell proliferation or inhibition and its therapeutic potential. Results from
Di et al. [155] suggest that the inhibition described in Moore et al. [129] was the result of a
high dose of genistein’s down-regulation of the TGF-3 pathway, most notably activin A and
Smad3. Although outlined in Eker rats, another pathway by which genistein was shown to
inhibit leiomyoma cell proliferation was by acting as a ligand for peroxisome proliferator-
activated receptor-y [156]. Wang et al. [128] elaborated on these findings by hypothesizing
that genistein’s emergent inhibitory effects at higher concentrations (>10~> M) might occur
through regulating the estrogen-responsive pS2 in contrast to its proposed activity at
low concentrations.

Di et al. [157] demonstrated that low concentrations of genistein increased prolifer-
ation of uterine leiomyoma cells by rapidly associating with the IGF-1 receptor, causing
interactions between ERx and IGF-IR, and activating the extracellular regulated kinase and
MAP kinase pathways. Low concentrations of genistein have also been shown, in human
leiomyoma cells, to activate MAPKp44 /42, MSK1, and increase phosphorylation of histone
H3 at serine10 (H3S10ph) [158]; these effects lead to increased cell proliferation, further
demonstrating that genistein can even have epigenetic effects on human leiomyoma cells.

While there is sufficient evidence to conclude genistein can affect fibroids once formed,
there is less evidence for associations between genistein consumption and the risk of fibroid
incidence. As an example, Simon et al. [159] found that, across 328 women, there was no
correlation between fibroid occurrence and urinary output of genistein (used as a proxy for
blood genistein content). However, the inhibitory effects of genistein at high doses indicate
that a requisite level of soy product consumption might be an important consideration in
protecting patients with either predisposition towards or active fibroids.
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3.4. Genistein and Endometriosis

Given genistein’s ability to mimic estrogen and endometriosis” hormone-responsive-
ness [160], a reasonable hypothesis might assert that genistein could affect the incidence,
severity, or timing of endometriosis that affects thousands of premenopausal women in the
United States. Though 54 mg of oral genistein consumed daily has been shown to be an
effective alternative treatment for managing endometrial hyperplasia in premenopausal
women [161], much of the literature regarding its effects on endometriosis in women is
conflicting. A large majority of it appears to be focused on in vivo rodent studies.

Regarding the incidence of endometriosis, it is uncertain as to whether genistein
consumption affects a woman'’s likelihood of developing the condition. One study encom-
passing over 500 American women found no significant correlation between endometriosis
and urine concentration of genistein [162]. The same study further concluded that, among
the women with moderate-to-severe endometriosis, there was no correlation between
phytoestrogen consumption and disease severity. This study conflicts with results from
another study which found that higher levels of urinary genistein were correlated with a
reduction in advanced endometriosis risk [163]. However, this study is less generalizable
because it only included women that were infertile and nulliparous. One might assume that
comparing the prevalence of endometriosis across populations with large discrepancies
in genistein consumption may help explain these conflicting results. However, women
living in Asia and Japan, populations known to consume significantly more genistein than
their Caucasian counterparts, develop endometriosis at a 1.5-3x greater rate than women
in Western populations do [164]. Given that peer-reviewed studies have concluded that
genistein may be associated with increased, decreased, or unchanged endometriosis risk,
further controlled research is needed on a larger scale to explain any confounding variables,
potential associations, or lack thereof.

The dispute over genistein’s anti-endometriosis effects appears to be less common
across rodent studies. For example, Cotroneo and Lamartiniere [165] concluded that
genistein’s effect on a rat model of endometriosis depended on the method of intake;
subcutaneously injected genistein sustained intestinally implanted endometrial tissue,
while dietary genistein did not. However, rats given oral genistein in Yavuz et al. [166]
saw a significant regression of peritoneal endometriotic implants when compared to the
control group. These two studies suggest genistein might have an inhibitory and even
regressive effect on endometriotic cells, which is supported by studies showing that genis-
tein inhibits expression of proinflammatory cytokines NF-«B, ESR2 [167], Bcl-2, COX-2,
and PGE [168] in rodent models of endometriosis. There does not appear to be thorough
research into why rodent studies are more conclusive in supporting genistein’s potential
for treating endometriosis, but it may be due to several factors ranging from the paucity
of human investigations, fundamental physiological differences between humans and
rodents, confounding lifestyle variables, and more.

3.5. Genistein and Endometrial Cancer

In 2018, there were 89,929 related deaths and 382,069 new cases of endometrial cancer,
globally [169]. The global incidence rate is also projected to pass 573,000 new cases by
2040 [170]. Genistein has been shown to inhibit endometrial cancer through a variety of
direct and indirect pathways. For example, genistein was shown to suppress endometrial
cancer cell proliferation in ECC-1 and RL-95-2 cell lines by decreasing expression of h\TERT
and ER«, leading to effects on both the AKT/mTOR and MAPK pathways [171]. Treatment
with 5 mM of genistein was also sufficient to significantly affect Ishikawa cell prolifera-
tion and initiate downregulation of several prominent oncogenes, including the MAPK
pathway-related genes (AA704613, MYC-associated zinc finger protein; and AA829383,
mitogen-activated protein kinase), the cell cycle-related genes (AA789328, cyclin-dependent
kinase (CDC2-like) 10; and W70051 M-phase phosphoprotein 9), and the cell migration
and adhesion-related genes (AA283090 CD44 antigen; and N66616 phosphodiesterase
7A [172]. Further research confirmed a significant negative correlation among breast cancer
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survivors between consumption of genistein-containing herbal products and endometrial
cancer incidence [173]. It appears that a significant body of research on the subject suggests
that consumption of genistein has anti-endometrial cancer properties.

Understanding genistein’s effects on endometrial cancer-related hormones is critical
in assessing genistein’s role in endometrial carcinogenesis. Though estrogen has been
shown to induce the proliferation of endometrial cancer cells, genistein has been shown
to suppress this process. Sampey et al. [174] showed that though genistein itself did not
increase Ishikawa cell growth nor affect estrogen’s proliferative effects on an Ishikawa
monoculture, 10-100 nM of genistein did suppress estrogen’s proliferative effects on a
coculture including endometrial stromal cells along with Ishikawa cells. The same study
further discussed how studies using ESR2-specific agonists yielded similar data. Since
estrogen is a naturally occurring hormone in all women, this means that genistein is
likely able, in vivo, to suppress endometrial cancer proliferation. This concept is further
validated when considering results outlined in Zhang et al. [175] and Lee et al. [176], two
literature analyses that discussed multiple epidemiological studies that showed a negative
correlation between soya intake and endometrial cancer risk, and genistein and ovarian
cancer risk, respectively.

3.6. Genistein and Polycystic Ovarian Syndrome

Given that polycystic ovarian syndrome (PCOS) is considered a possibly heritable
disorder whose pathology might be partially hormonal in nature [177], there is a valid
interest in genistein as a potential therapeutic for and effector of this disorder. Khani
et al. [178] found that women with PCOS treated with a 3 month genistein regimen of
18 mg per 12 h saw decreases in circulating luteinizing hormone, serum triglyceride, LDL
cholesterol, and testosterone; all of which are commonly increased in all PCOS patients.
This evidence suggests that genistein can significantly improve the hormonal and lipid
profile of women with PCOS, thereby reducing their likelihood of developing comorbid
cardiovascular or metabolic disorders. This is supported by findings described in Jamilian
and Asemi [179], a study that compared isoflavone supplementation to placebo in two
groups of 35 women with PCOS. They found that the group that was supplemented
daily with 50 mg of soy isoflavone for 12 weeks saw significant improvements in their
hormonal and lipid profiles; the same group further showed decreased insulin resistance.
Furthermore, another study utilizing a test diet including 35% soy protein found that
women with PCOS that adhered to the diet saw improvements in BMI, glycemic control,
circulating testosterone, and lipid profiles, alongside significant increases in circulating
nitric oxide (NO) and glutathione (GSH) [180].

Using 36 mg/day, Romualdi et al. [181] reported similar findings with regards to
cholesterol levels and triglycerides. However, this study was contradicted by both Khani
et al. [178] and Jamilian and Asemi [179] in finding no significant changes in hormonal
profiles and glycoinsulemic metabolism. However, this difference may be attributable
to sample size (1 = 12) or the profile of the sample population (all women in Romualdi
et al. [181] had both hyperinsulemia and dyslipidemia alongside their PCOS).

Isoflavone supplementation has also been shown to clinically improve the gut health
of women with PCOS. For example, after isoflavone intervention, a 50 mg isoflavones/day
regimen over just three consecutive days improved predicted stool metagenomic pathways,
microbial alpha diversity, and glucose homeostasis in PCOS patients. The effect was
so profound that, post-treatment, these variables resembled the profile of the control
group at baseline [182]. Though further testing is required, evidence suggests that dietary
supplementation of genistein may be a viable natural option for treating many of the
symptoms of PCOS [175-179].

3.7. Genistein and Cervical Cancer

Cervical cancer used to be the leading cause of cancer death of women in the United
States; however, in the past 40 years, the number of cases of cervical cancer and cancer
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deaths have decreased significantly because of Pap tests and HPV vaccinations [183]. As
with breast cancer, there exists conflicting evidence and controversial conclusions regarding
genistein’s effects on the viability, incidence, and severity of cervical cancer. For example,
while cervical cancer cells of the HeLa [184], CaSki and ME180 [185] lines have been
shown to be sensitized to radiation therapy by high doses of genistein (2040 mM), low
concentrations of genistein (0.001-1 uM) have also been shown to promote HeLa cell
proliferation and inhibit apoptosis via the PI3K/Akt-NF-kB pathway [133].

These results were directly challenged by Sahin et al. [186], who found that 25 uM genis-
tein sensitized HeLa cells to cisplatin by inhibiting the NF-xB and Akt/mTOR pathways.
The same results were also challenged by Hussain et al. [132], who found that genistein
inhibited HeLa cell proliferation and promoted both apoptosis and cell cycle arrest at doses
as low as 5 uM, becoming more effective with higher doses tested up to 150 uM.

The difference between the conclusions of these studies seems to lie in the concen-
tration of genistein used to expose HeLa cervical cancer cells. Similar to the biphasic
concentration-dependent responses observed in uterine leiomyoma [129] and MCF-7 breast
cancer cells [128] (noted in Figure 3), HeLa cells appeared to show the same nonmonotonic
response to genistein across these three studies; exhibiting proliferation at lower concen-
trations and suppression at higher concentrations. Most notably, increasing the dosage
meant that genistein had the opposite effect on the NF-kB pathway. Though more research
is needed—especially in terms of epidemiological and human in vivo evidence—to come
to a sound conclusion regarding genistein and cervical cancer, this evidence suggests that
using genistein at controlled high concentrations could be an effective treatment for both
inhibiting the growth of and radiosensitizing cervical cancer cells for therapy.

3.8. Genistein and Menopause (Hormone Regulation)

Menopause is marked by a series of physiological changes linked to a reduction in
bodily estrogen and progesterone production, potentially eliciting symptoms such as hot
flashes secondary to vasomotor dysfunction, sweating, thinning of vaginal membranes,
mood effects, sleep insufficiency, and more [187]. It occurs in women between ages 40-58,
and even older, yet the age of onset can be affected by multiple factors including smoking,
contraceptive use, BMI, and more [188]. It is unlikely that genistein influences the timing of
menopause onset itself; despite a large disparity in genistein consumption between Asian
and Caucasian women, they both typically experience menopause at around the same
age [189,190].

Genistein has been thoroughly explored for its potential use in postmenopausal hor-
monal replacement therapy in alleviating the severity of menopausal symptoms. This
is largely because although current hormone-replacement therapies are available, many
of them may increase the risk of thromboembolism, cancer, stroke, and other complica-
tions [191]. The use of genistein as a form of hormone replacement therapy is common [114],
and has been shown to be significantly more effective than a placebo at combatting several
of the post-menopausal symptoms and physiological effects in women.

Double-blind studies showed that 54 mg of daily oral genistein reduced hot flashes
without negatively affecting endometrial thickness, liver function, or blood physiology
in postmenopausal women [192]. The same dosage has also been shown to reduce bone
resorption while increasing bone deposition [193], improve brachial arterial vasodila-
tion and perfusion capability [194], enhance endothelium function as effectively as es-
trogen/progesterone treatment [195], and even showed cardioprotective activity in post-
menopausal women [196].

Even considering different populations, those that consume more genistein such as
Asian women have a significantly decreased propensity towards postmenopausal hot
flashes [114]. Reinforcing this notion, a 2016 meta-analysis of 62 clinical trials across 6653
postmenopausal women found that phytoestrogen supplementation was significantly cor-
related with reductions in the number of daily hot flashes and general vaginal dryness [197].
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The literature appears to mostly support genistein supplementation as a viable option for
reducing many of the symptoms of menopause (Table 3).

Table 3. Summary of 62 human studies and literature reviews of human studies on genistein’s effects on women’s

health—both in vivo and in vitro studies are included.

Category of Studies’

Total Number of Studies

Conclusions Regarding (Number Included in the =~ Exposure Testing .
s ogne . . Daily Dosage
Genistein/Whole Exposure Testing Range In Vitro Testing Range In Vivo (mg) References
Isoflavones/Genistein Range/Daily Dosage (uM) 8 8 8
Metabolites Column In Vivo) ?
Genistein: 36-600 (all doses
above 54 were in one study) [67,68,95,108—

Evidence suggests effects
are primarily beneficial

Evidence suggests effects
are debated /inconclusive,
but does suggest potential
benefits
Evidence suggests effects
are debated /inconclusive,
and does not show any
potential for benefits
Evidence suggests effects
are primarily detrimental

Genistein Mode: 112,120,121,125,132,143~
42 (27) Genistein: 2.0-370 54 (7 studies) 147,149,150,152,161,171-
Whole Isoflavones: 173,175,176,178-180,182,184—
40-165 186,192-200]
Soy Intakes/Week: 0.76-12.0
11.9) Genistein: Genistein: 30-54 Whole [108,114,119,128,129,151,154,155,
0.0037-185 Isoflavones: 45 163,174,181]
4(2) Genistein: 1-10 Whole Isoflavones: 33.3-300 [148,153,159,162]
Genistein: b
5(5) 0.001-3.7 N/A [127,133,157,158,201]

2 Omitted studies include those which reported measures that could not be converted to fit this table. ® Not applicable.

4. Clinical Therapeutic Options

Because of its numerous positive biological effects, genistein has begun to see widespread
medicinal use. Over the counter genistein supplements are marketed to the general public
using buzzwords such as “life extension, wellbeing, health supplement,” and more [202];
however, even “Amazon’s Choice” genistein supplement lacks citations, instead stating that
these claims have not been validated by the FDA in the fine print [203]. While there is a
large body of evidence suggesting the numerous health benefits of genistein for nearly all
populations, it is important that the public also be informed of the risks associated with
supplementation. This is especially relevant and concerning considering many of these
marketed supplements are individual pills containing 125+ mg pure genistein aglycone
each [202], greater than 5x the total daily average whole genistin and genistein consumption
values for Chinese [62] and Japanese adults [61]. Values in this range are within the realm
of doses given in genistein’s clinical trials [109]. Despite the therapeutic potential of these
significantly larger dosages, they also carry increased risks [116-118]. Given the need for
further investigation into maximizing the benefits and minimizing the potential side effects,
genistein supplementation is currently not recommended without first consulting a pharma-
cist or physician [204]. Across much of the literature, the most consistent and safe results
appear to be found at genistein consumption levels similar to those found in traditional
Asian diets [108,110,112,120,121,193,205].

As previously mentioned, genistein has been used in human clinical trials for purposes
such as restricting growth and growth factor activity in cancer cells [109]; a 2008 literature
review [149] reported that across 20+ studies, genistein has been shown to be a strong
potentiator of antitumor chemotherapeutics, including tamoxifen [150]. Genistein was
even found to increase the sensitivity of renal [198], prostate [206], esophageal [199], and
cervical cancers [185] to radiation therapy. Genistein therapies show great potential; they
utilize genistein’s dual effects that are cell- and organ-specific, hormone receptor content-
mediated, and concentration-dependent to improve the clinical outlook of a broad range of
women'’s diseases.
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5. Conclusions

The geographic distribution of soya product consumption has resulted in differential
serum concentrations of genistein globally. We have evaluated and summarized research
evidence from current in vivo and in vitro studies, clinical observations, and epidemio-
logical surveys to show that genistein has been reported to have dual effects in women'’s
health when all data are taken under consideration. The effects of genistein appear to be
dose-dependent and varies by individuals and suggests that genistein’s effects may be
dependent on the levels of consumption, serum concentrations, and other factors that may
contribute to its beneficial effects in women’s health, disease prevention, and treatment.
However, there have been inconclusive beneficial effects of genistein reported in women
and in in vivo animal studies; conversely, even adverse effects have been observed at
lower concentrations in in vitro and in in vivo animal models. Therefore, the duplicity of
genistein in women'’s health is that it has been reported to serve as a possible beneficial or
therapeutic agent in some instances and as an endocrine disruptor in other situations.
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Abstract: Leiomyoma is the most common benign uterine tumor in reproductive-age women. In-
creasing numbers of studies are focusing on the effects of environmental exposure on the incidence
and progression of tumors. One major step taken in the food industry is the addition of food preser-
vatives to maintain freshness. Butylated hydroxytoluene (BHT) is a synthetic phenolic antioxidant,
which is widely used as an additive to develop fat-soluble characteristics, as well as in cosmetics
and rubber. Previous studies also highlighted that BHT may be related to increased fibrosis capacity
and carcinogenic effects. In this study, we explored the effects of the commonly used food additive
BHT on leiomyoma progression, and the related mechanism. The exposure of the ELT-3 leiomyoma
cell line to BHT for 48 h increased the proliferative effect. Since leiomyoma progression is related to
increases in extracellular matrix (ECM) accumulation and matrix metalloproteinase (MMP), BHT
could effectively increase ECM-related protein expression, as well as MMP-2 and MMP-9 protein
expression. This increase in ECM, in response to BHT, may be linked to the activation of the phos-
phoinositide 3-kinase (PI3K)/ Akt and mitogen-activated protein kinase (MAPK) signaling pathway.
Through PI3K inhibition, BHT’s effect on leiomyoma progression could be partially modulated.
These results suggest the harmful effect of BHT exposure on leiomyoma progression may relate to
PI3K modulation. However, an in vivo study is necessary to confirm these findings.

Keywords: butylated hydroxytoluene; leiomyoma; uterine fibroids; extracellular matrix; matrix
metalloproteinase; environmental exposure

1. Introduction

Leiomyoma (aka uterine fibroids) are the most common benign uterine tumors in
reproductive-age women, with an incidence rate of more than 70% [1,2]. Clinically, the
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leiomyoma is categorized according to its location. The International Federation of Gyne-
cology and Obstetrics (FIGO) classified the definition, submucosal myomas (FIGO type
0, 1, 2) and intramural myomas (FIGO type 3, 4, 5). Submucosal myomas were located
below the endometrium, and intramural myomas were located within the uterine wall [3,4].
The main symptoms of leilomyoma are abnormal vaginal bleeding, lower abdominal pain,
and bulk symptoms [5]. Recently, studies have reported links between leiomyoma and
recurrent miscarriage and infertility [5,6].

Although the pathogenesis of uterine leiomyoma is still not entirely clear, one of the
most commonly accepted hypotheses is the accumulation of extracellular matrix (ECM) [7,8].
Extracellular matrix deposition contributes to the amassing of symptoms and the firmness
of the tumors, and studies have shown that ECM can enhance the excessive proliferation [9]
of the uterine myometrium in a process called mechanotransduction [10]. The components
of the ECM include collagen (COL1A1), fibronectin, and proteoglycan.

Leiomyoma cells express significantly higher levels of ECM components than normal
uterine smooth muscle cells [11]. Under normal conditions, the ECM is degraded by
matrix metalloproteinases (MMPs), of which MMP-2 and MMP-9 are enzymes that mainly
degrade collagen [12,13]. In turn, the activity of MMPs is regulated via tissue inhibitors
of metalloproteinase (TIMPs) [13,14]; therefore, the balance between MMPs and TIMPs
regulates the remodeling of ECM.

With the progression of ECM deposition, intracellular signaling pathways are trig-
gered, such as the mitogen-activated protein kinase (MAPK) and PI3K/Akt (protein kinase
B (PKB)) pathways, which increase proliferation and cell survival and maintain the ECM'’s
deposition microenvironment in leiomyoma [15,16].

Considering the rapidly increasing consumption of food additives, more and more
studies are revealing their potentially harmful and toxic effects. To preserve food freshness,
antioxidant additives are widely used. Butylated hydroxytoluene (BHT) is one of the most
commonly used antioxidant additives, which can improve the stability of fat-soluble vita-
mins and cosmetics and prevent spoilage [17]. As food antioxidants, the Joint Committee
of Experts from FAO/WHO point out the consumption of BHT, its acceptable daily intake
(ADI) should not be higher than 0.5 mg/kg body weight [18]. In cosmetics formulations,
BHT was used in a wide range, from 0.0002% to 0.5% [19]. In the pulmonary fibrosis animal
model, BHT was used as a successful model, with significant endothelial injury and fibrosis
phenomenon [20,21]. Additionally, BHT was found to have a systemic effect on the lung,
reproductive system, liver, and kidney [17]. However, previous studies have shown that
the consumption of BHT could induce lung carcinogenesis [22]. Notably, BHT’s role in
leiomyoma is still not clear. The aim and the novelty of this study were to investigate the
role of BHT in leiomyoma progression.

2. Materials and Methods
2.1. Cell Culture and Treatments

The Eker rat-derived uterine leiomyoma ELT3 cell line was provided by Dr. Lin-Hung
Wei (Department of Oncology, National Taiwan University Hospital, Taipei, Taiwan). Cells
were cultured in Dulbecco’s modified Eagle medium/Ham’s F-12 Medium in a 1:1 ratio
(CAISSON Labs, Smithfield, UT, USA), supplemented with 10% fetal bovine serum (FBS;
GIBCO, Grand Island, NY, USA), 100 units/mL penicillin (CORNING; Manassas, VA,
USA), 100 nug/mL streptomycin, sodium bicarbonate (2.438 g/L, BioShop, Burlington,
ON, Canada), and 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; 5.986 g/L;
BioShop) under cultured conditions (37 °C, 5% CO) [23].

The cells were starved in serum-free medium for 24 hours and then treated with BHT
in 1% FBS medium for 24, 48, and 72 h.

2.2. Cell Viability Assay

The effect of BHT (Sigma-Aldrich, St. Louis, MO, USA) on cell viability was analyzed
using the MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide; Abcam,
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Cambridge, MA, USA) assay. After treatments, 1 mg/mL MTT in phosphate-buffered
saline was added and incubated for an additional 3 h. The formazan crystals were dissolved
in 100 uL dimethyl sulfoxide (DMSO; ECHO Chemical Co. Ltd., Taipei, Taiwan). The
optical density was measured using a VERSA Max microplate reader (Molecular Devices,
San Jose, CA, USA) at 570 nm and 630 nm. We used the absorbance of the control group as
the denominator to calculate the cell viability percentage.

2.3. Colony Formation

Cells were seeded in 6-well plates (500 cells/well) and treated with different concentra-
tions of BHT for 48 h. After 48 h, we removed the medium and replaced it with a completed
medium, which we then cultured for 1 week. The colonies were fixed with methanol (Echo
Chemical Co. Ltd.) and stained with 0.5% crystal violet (Sigma-Aldrich) [24]. We then
added DMSO to dissolve the crystal violet and used a VERSA Max microplate reader to
measure the absorbance (595 nm). We used the absorbance of the control group as the
denominator to calculate the percentage changes.

2.4. Immunofluorescence

After the treatments, the cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for
10 minutes at room temperature, treated with 0.5% Triton X-100 in PBS for 10 minutes, and
then blocked with 5% bovine serum albumin (BSA for 30 minutes at room temperature),
following with previous study [25]. The cells were then incubated with anti-MMP-2 (1:200,
Abcam) or anti-MMP-9 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted in
5% BSA overnight at 4 °C, followed by Alexa Fluor 448-goat anti-rabbit Immunoglobulin
or Alexa Fluor 546-goat anti-mouse Immunoglobulin antibodies (Thermo Fisher Scientific,
Waltham, MA, USA) for 1 h at room temperature. Photographs were taken under a
fluorescence microscope, then Image ] was used to quantify the fluorescence intensity.

2.5. Protein Preparation and Western Blot

Cell lysates were homogenized with ice-cold RIPA buffer containing protease (Roche,
Basel, Switzerland) and phosphatase inhibitor (Roche, Basel, Switzerland). Following
quantification, 30 ug of protein was boiled for 5 minutes, then separated using 10% or
15% SDS—polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride
membranes (0.22 pm). Nonspecific binding sites were blocked with blocking buffer (5%
BSA) for 1 h at room temperature, and the membranes were incubated with the primary
antibodies for proliferating cell nuclear antigen (PCNA) (1:1000, Cell signaling), matrix
metallopeptidase 9 (MMP-9) (1:1000, Santa Cruz Biotechnology), MMP-2 (1:1000, Abcam),
collagen type I (COL1A1) (1:1000, Genetex), alpha-smooth muscle actin (x-SMA) (1:1000,
Genetex (Irvine, CA, USA), PI3K (1:1000, Cell Signaling Technology, Danvers, MA, USA),
p-Akt (1:1000, Cell Signaling), Akt (1:1000, Cell Signaling), extracellular-signal-regulated
kinase (ERK) (1:1000, Cell signaling), p-ERK (1:1000, Cell signaling), p38 MAPKinase
(1:1000, Cell signaling), p-p38 (1:1000, Cell signaling), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (1:10000, Proteintech, Rosemont, IL, USA) at 4 °C overnight.
The membranes were washed and incubated for 2 h with anti-rabbit/mouse IgG coupled
with alkaline phosphatase (1: 10,000) and then washed with TBST buffer. The bands were
detected using ECL and visualized with the eBlot Touch Imager tm (eBlot Photoelectric
Technology, Shanghai, China). The values shown were normalized to the internal control
GAPDH and analyzed via the Image] software.

2.6. Statistical Analysis

Data are expressed as mean =+ standard deviation. Statistical analysis was performed
with Graphpad Prism version 9 (GraphPad Software, Inc., San Diego, CA, USA), using
Student’s t-test and one-way analysis of variance (ANOVA), and we used Tukey’s test for
post-mortem analysis. p < 0.05 indicates a statistically significant difference
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3. Results
3.1. Effects of BHT on Leiomyoma Proliferation
3.1.1. Proliferative Effect

We used MTT as the cell proliferation assay to evaluate the changes in cell viability
following BHT exposure in ELT-3 cells. The ELT-3 cells were seeded in a 96-well plate
for 24 h. After starvation for 24 h, they were treated with a graded concentration of BHT
(0.1-25 uM) for 24 and 48 h. All the concentrations used for the 48 h treatments could
significantly increase leiomyoma cell viability (Figure 1A,B), indicating the potential role
of BHT in leiomyoma cell viability. The doubling time of BHT treatments significantly
decreased the doubling time (Figure 1C); moreover, the PCNA expression (Figure 1D)
would increase after BHT treatments, showing that BHT could increase the ELT-3 cell
proliferation.
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Figure 1. Butylated hydroxytoluene (BHT) effects on leiomyoma proliferation. ELT-3 cells were cultured in a 96-well plate
(3000 cells/well) after starvation with a serum-free medium for 24 h. They were then treated with different concentrations
of BHT for 24 and 48 h, and we performed the following assays: (A) MTT assay to evaluate the cell viability for 24 h
and (B) 48 h, used doubling time formula to calculate the (C) doubling time and Western blot for (D) proliferating cell
nuclear antigen (PCNA) expression; (E) colony formation assay, following culturing in a 6-well plate for the analysis of the
long-term effect of different concentrations of BHT; (F) graphical representation of colony numbers and (G) absorbance
percentage following BHT exposure at different concentrations. Image] was used to determine the colony number. *, p < 0.05;
**, p <0.01; and ***, p < 0.001, compared with the control group. Doubling time = duration * log (2)/(log (final concentration)
—log (initial concentration)).

3.1.2. Colony Formation

To investigate the long-term effect of BHT on ELT-3 cell proliferation and its ability
to stimulate stem cell characteristics, such as colony formation, a colony formation assay
was performed after BHT exposure for 48 h and the replacement of the complete medium.
The results show that BHT could significantly increase colony formation (Figure 1E), as
evidenced by the increased colony count assessed via image | (Figure 1F). Furthermore, we
used DMSO to dissolve the staining and measure the absorbance (Figure 1G). Overall, BHT
exposure could significantly enhance colony progression and leiomyoma’s proliferation
potential.

3.2. Effects of BHT on MMP Modulation
3.2.1. Effects of BHT on MMP-9 and MMP-2 Protein Expression Using
Immunofluorescence

Immunofluorescence was used to measure the protein expression of MMP-9 and
MMP-2 following 48 h of BHT exposure. The intensity of fluorescence was significantly
increased in both MMP-9 and MMP-2, indicating that BHT enhanced the levels in live cells
(Figure 2A-C).
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Figure 2. Effects of BHT on MMP modulation. ELT-3 cells were cultured in DMEM/F12 medium. After serum-free starvation
for 24 h, cells were treated with different concentrations of BHT for 48 h, and the following experiments were performed:
(A) immunofluorescence to measure expression changes, employing graphical representations of the fluorescence intensity
levels of (B) MMP-9 and (C) MMP-2. Additionally, increased (D) MMP-9 and (E) MMP-2 protein expression (1 = 3—4) are
shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with the control group. We used a fluorescent microscope at 40 x

magnification. IntDen: integrated density.

3.2.2. Effects of BHT on MMP-9 and MMP-2 Protein Expression Using Western Blot

Matrix metalloproteinases act as a regulator of ECM accumulation. Western blot
analysis confirmed that BHT exposure could significantly increase MMP-9 (Figure 2D) and
MMP-2 (Figure 2E) protein expression.
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3.3. Effect of BHT on Extracellular Matrix Related Proteins
3.3.1. Effects of BHT on ECM Related Protein Expression Using Immunofluorescence

Immunofluorescence was used to measure the protein expression of x-SMA and
COL1A1 following 48 h of BHT treatment. The intensity of fluorescence was significantly
increased in both «-SMA and COL1A1 (Figure 3A-C).
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Figure 3. Effect of BHT on extracellular protein expression change. ELT-3 cells were cultured in DMEM/F12 medium.
After serum-free starvation for 24 h, cells were treated with different concentrations of BHT for 48 h, and the following
experiments were performed: (A) immunofluorescence to measure expression changes, employing graphical representations
of the fluorescence intensity levels of (B) a-SMA and (C) COL1A1. Additionally, increased (D) a-SMA and (E) COL1A1
protein expression (1 = 3—4) are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001, compared with the control group. We used a
fluorescent microscope at 40 x magnification. IntDen: integrated density.
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3.3.2. Effects of BHT on ECM Related Protein Expression Using Western Blot

The overexpression of extracellular matrix-related proteins contributes to leiomyoma
progression. Therefore, we explored ECM-related protein expression in response to BHT
treatments, including COL1A1 and x-SMA as confirmation for previous immunofluores-
cence results. Our results were consistent with the fluorescence intensity results. More-
over, BHT exposure induced the significant protein expression of COL1A1 and a-SMA
(Figure 3D,E). Collectively, these results indicate that the BHT exposure could enhance
ECM accumulation in leiomyoma.

3.4. PI3K/Akt and MAPK Signaling Related Protein Expression Change in BHT Induced ECM
Accumulation

One of the well-known triggering factors that regulate extracellular—intracellular
signaling is ECM [15]. Studies showed that activation of PI3K/Akt and MAPK signaling
pathways could modulate ECM progression [26]. Therefore, we sought to explore whether
BHT mediated ECM induction is accompanied by activation of the PI3K/Akt pathway.
ELT-3 cells exposure with BHT for 48 h resulted in an increase in PI3K and p-Akt/Akt
protein expression (Figure 4A,B), and in low doses, BHT could activate MAPK signaling
transduction (Figure 4C,D), indicating that BHT exposure could activate PI3K/Akt and
MAPK signaling pathway to increase the ECM accumulation.
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Figure 4. The PI3K/Akt and MAPK signaling pathway involved in BHT-induced ECM accumulation. ELT-3 cells were
cultured in DMEM/F12, followed by serum-free starvation for 24 h. Cells were treated with different concentrations of BHT
for 48 h. Western blotting was used to explore the protein expression of (A) PI3K (B) p-Akt/Akt (C) p-ERK/ERK, and (D)
p-p38/p38 protein expression (1 = 3). *, p < 0.05; **, p < 0.01; and ***, p < 0.001 compared with the control group. GAPDH
was used as loading control.
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3.5. The Potential Modulative Signaling Pathway in BHT Induced ECM Accumulation

PI3K inhibitor, wortmannin, was used to investigate the potential modulator of BHT
on ECM accumulation. According to a previous study, PI3K acts as the important modulator
of MMP-2 [27]. By using wortmannin, the results indicated that the PI3K inhibition could
reverse the BHT's effect on ECM accumulation (Figure 5).
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Figure 5. The potential modulative signaling pathway in BHTOinduced ECM accumulation: (A) the flowchart shows that
treated with PI3K inhibitor wortmannin for 2 h and treated with BHT for 48 h to evaluate the PI3K modulated BHT’s
effect in ECM accumulation. After treatment, Western blot analysis was used to evaluate the (B) PI3K, (C) MMP-9, and
(D) MMP-2 protein expression. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 compared with the control group. GAPDH was
used as loading control.

4. Discussion

In this study, BHT exposure showed its ability on the progression of uterine leiomy-
oma by increasing the proliferation and extracellular matrix accumulation effect through
PI3K/ Akt and MAPK signaling modulation.

The extracellular matrix is engaged in a complex interaction with the surrounding
microenvironment while providing structural support to the cell and tissue [11]. Moreover,
ECM could induce signaling networks, which, in turn, induce further ECM synthesis
and deposition [11]. In leiomyoma, ECM turnover and remodeling are disrupted, with
the overexpression of related proteins, such as collagen, fibronectin, and x-SMA [7]. The
key modulator of ECM accumulation is the matrix metalloproteinase, which participates
in tissue remodeling and modulated the tissue inhibitor of metalloproteinases (TIMPs)
in leiomyoma [28]. Leiomyoma pathogenesis involves growth factor stimulation, with
subsequent cell proliferation, inflammation, and fibrosis [29]. Several signaling pathways
are involved in leiomyoma progression, including the MAPK signaling pathway, the phos-
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phorylation of extracellular signal-regulated kinases (ERK), the phosphoinositide 3-kinase
(PI3K)/ Akt pathway, and the wingless-type (Wnt)/3-catenin signaling pathway [30].

The PI3K/Akt pathway participates in the regulation of mammalian target of ra-
pamycin (mTOR), and modulates cancer cell survival, proliferation, and apoptosis, there-
fore playing an important role in cancer progression [24] and in leiomyoma [31].

The pathogenesis of uterine leiomyoma is still not clear, but leiomyoma growth is
estrogen- and progesterone dependent, which indicated hormone dependence plays an
important role in leiomyoma progression [32,33]. Studies have shown that early exposure
to environmental endocrine-disrupting chemicals (EDCs) increases the risk of leiomyoma
development later in life [32,34,35]. EDCs are found in sweeteners, preserved food, and
food additives [36]. EDCs impart steroidogenesis [37], estrogen-like effects, and promote
the development of gynecological tumors.

Food additives maintain quality, taste, and freshness [38]. For food spoilage pre-
vention, these food antioxidant agents are one of the major classes of food additives [39].
The most commonly used category is synthetic phenolic antioxidants, such as butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA). These food additives were
approved by the US Food and Drug Administration. However, their side effects for hu-
mans are still being debated; for example, their consumption increases oxidative stress,
carcinogenicity, reproductive toxicity, and DNA repair defects [40,41]. Therefore, BHT
has been restricted in some food additives, but females can still be exposed via cosmetics
and medicine consumption [19], in addition to exposure to rubber, plastics, and even the
environment [42], with long-term effects.

Studies exploring the toxicity of BHT have been inconsistent. One study highlighted its
positive effects based on its antioxidant activity, ability to increase intracellular antioxidant
enzyme levels [43], and anti-cancer effects [19], while several other studies have indicated
that BHT may induce kidney and liver damage [19]. Notably, BHT metabolites are related to
toxicity, as shown in a study that used gas chromatography coupled to mass spectrometry
(GC-MS) [44]. Based on BHT's structure, it has a greater ability to accumulate in adipose
tissue and affect hormone regulation in mammary glands, as well as being transferred
through the placenta [45].

BHT was found to be harmful to metabolic- and reproductive-related diseases. In
reproductive disorders, the exposure of mouse Leydig cells (TM3) with BHT suppressed
cellular proliferation, altered the cell cycle, and changed the cytosolic and mitochondria
calcium homeostasis [46]. In addition to causing endoplasmic reticulum (ER) stress and
increasing DNA damage, it further triggered the apoptosis signaling pathway, which,
in turn, activated the PI3K/Akt and MAPK signaling pathways, eventually promoting
carcinogenesis [46].

Antioxidant enzymes could eliminate oxidative stress. Manganese superoxide dismu-
tase (MnSOD), on the other hand, could act as a tumor suppressor [47] and promotor [48].
MnSOD, a highly antioxidative compound, promoted metastatic effects through the upreg-
ulation of MMP-2 [49]. In lung cancer patients, MnSOD-positive tumors were related to
higher MMP-2 expression and caused tumorigenesis, including proliferation and fibrosis
progression [50]. Anti-oxidation or oxidative stress would regulate MMP activation [51].
High doses of MnSOD, with its ability to eliminate oxidative stress, had a tumor-suppressor
effect in several cancers [52], while low doses caused no changes in oxidative stress, leading
to the accumulation of reactive oxygen species (ROS) and stimulating cancer progression
through increased MMP activity [49]. Incomplete ROS degradation may trigger MMP-2
activation [53], and therefore, the different effects of the antioxidant and the additive an-
tioxidant should be considered. Our results also revealed that BHTs effect on ECM-related
protein expression may vary with different dosages—in low dosage exposures, they are
most effective.

Studies showed that BHT interacts with PI3K/Akt and MAPK signaling modulation
and enhances fibrosis [54]. An injection of 400 mg/kg BHT in BALB/C mice resulted in
significant intestinal fibrosis and lung fibrosis within 14 days [55]. Additionally, BHT could
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induce lung carcinogens and lung damage, as shown in transgenic mice with the rasH2
gene that underwent exposure with BHT for 9 weeks [56]. BHT exposure also increased
collagen I, III, and V expressions and altered both the telomerase and apoptosis-related
expressions, along with further epithelial cell injury. Collectively, these studies indicate
that BHT potentially affects fibrosis progression [57].

In the current study, BHT’s role in leiomyoma progression was explored for the first
time. BHT increased proliferative effect, increased ECM-related protein expression, and
induced ECM accumulation, which is essential to leiomyoma progression. Additionally,
in vitro experiments showed that BHT exposure could alter protein expression, in addition
to activating the PI3K/Akt and MAPK signaling pathway. The study shows, for the first
time, that BHT exposure could increase the leiomyoma progression, indicating that it may
participate in PI3K and MAPK signaling pathways. However, the in vitro study used could
not fully explain the role of BHT in leiomyoma. The metabolites of BHT may play different
roles in leiomyoma progression; therefore, further animal studies are needed to realize its
effect in the future.

5. Conclusions

Environmental exposure to BHT could be associated with several disease disorders
and disadvantages. Using the ELT-3 rat leiomyoma cell model, the results shed light on
BHT'’s potential in enhancing leiomyoma cell proliferation, colony formation, and ECM
accumulation in a mechanism that might involve modulation of PI3K/Akt and MAPK
signaling pathways (Figure 6). It is the first study to explore the effect of food additives
on leiomyoma progression. Further studies will be needed in the future to investigate the
pro-fibroid effects of BHT metabolites in animal studies.

BHT
CH; OH CH,
HaC CHs
HaC CHs
CHy

MMP-2

Cell proliferation Extracellular matrix accumulation

Colony formation  Cell viability COL1A1

PCNA a-SMA

X

Leiomyoma progression 1

Figure 6. Schematic representation of the potential effects of BHT in leiomyoma progression. BHT could increase cell

proliferative effect, modulate PI3K/Akt and MAPK signaling pathways, increase MMP enzyme and protein expression, and

increase the ECM-related protein expression.
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Abstract: Strength training increases systemic oxygen consumption, causing the excessive generation
of reactive oxygen species, which in turn, provokes oxidative stress reactions and cellular processes
that induce uterine contraction. The aim of this study was to evaluate the possible protective effect of
Spirulina platensis (SP), an antioxidant blue algae, on the contractile and relaxation reactivity of rat
uterus and the balance of oxidative stress/antioxidant defenses. Female Wistar rats were divided
into sedentary (CG), trained (TG), and T + supplemented (TG50, TG100) groups. Reactivity was
analyzed by AQCAD, oxidative stress was evaluated by the malondialdehyde (MDA) formation,
and the antioxidant capacity was measured by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) method.
Strength training increased contractile reactivity and decreased the pharmaco-mechanical component
of relaxing reactivity in rat uterus. In addition, training decreased oxidation inhibition in the plasma
and exercise increased oxidative stress in the uterine tissue; however, supplementation with algae
prevented this effect and potentiated the increase in antioxidant capacity. Therefore, this study
demonstrated that food supplementation prevents changes in reactivity and oxidative stress induced
by strength training in a rat uterus, showing for the first time, that the uterus is a target for this exercise
modality and antioxidant supplementation with S. platensis is an alternative means of preventing
uterine dysfunction.

Keywords: Spirulina platensis; physical exercise; uterus; oxidative stress; muscle reactivity

1. Introduction

Regular training has numerous beneficial effects on human health through the induc-
tion of homeostatic adaptations in different physiological systems such as the cardiorespi-
ratory and muscle systems [1]. However, the magnitude of the effect of a specific training
regime can vary significantly between individuals, as well as in individuals undergoing
training who may not respond as expected [2]. This is due to factors such as the charac-
teristics of the training regime, environmental conditions and individual factors, such as
habitual physical activity, previous physical fitness level, genetics, psychological factors,
age and sex [3].

In the past few decades, women have become increasingly physically active and
evidence demonstrates that physical training can increase self-esteem, cardiorespiratory
fitness, ovulation, and menstrual regularity while decreasing insulin resistance and body
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fat [4]. Despite this, several studies have reported that the female reproductive system
is highly sensitive to physiological stress, and training with excessive loads is related to
diseases such as osteoporosis and reproductive disorders including late menarche, primary
and secondary amenorrhea and oligomenorrhea, which occur in 6% to 79% of women
involved in athletic activities [5,6].

Additionally, free radicals have a dual role in the reproductive system; they function
as key signaling molecules that modulate various reproductive functions and can directly
influence the quality of oocytes, the oocyte—sperm interaction, the implant and initial
embryonic development in their microenvironments [7]. The extent to which reactive
species are useful or harmful is determined by factors such as the duration of exercise, the
intensity, physical conditioning and the nutritional status of the individual [8]. Thus, the
uterus should definitely be considered an important organ, making it an attractive target
for exercise.

Oxidative stress has been widely studied within the scope of aerobic exercise. How-
ever, responses to anaerobic exercise, such as strength training have hardly been explored
and the main focus has been on the muscles involved with exercise while the consequences
for other types of muscles have been neglected. Thus, it is important to investigate the
changes in the smooth muscles as a result of the practice of physical exercise since these
muscles are mainly responsible for the control of most of the hollow organs in the body
systems, including the uterus [9]. Different stages of molecular mechanisms related to
muscle contraction have been shown to be susceptible to redox modulation, including
the regulation of Ca?* channels in the sarcoplasmic reticulum and myofibrillar sensitivity
to Ca2* [10-12].

Considering the important role of oxidative stress in the pathophysiology of several
diseases, including some uterine disorders, and that poorly managed training loads can
promote oxidative stress, there has recently been an increase in the consumption of nutrients
that can act beneficially, either in isolation or in association with physical training, to
improve the redox balance [13]. Food intake or antioxidant supplements are used as a
non-invasive tool to decrease muscle damage, improve exercise performance, prevent or
reduce oxidative stress, and improve lifespan with fewer of the specific risks that strenuous
exercise can cause in athletes [14,15]. The benefits of antioxidant supplements may be
related to an improvement in the cellular redox state, and in turn, a decrease in oxidative
changes in DNA, lipids and proteins [16].

In this context, marine organisms, especially algae-derived compounds, play an
important role among natural products due to the presence of secondary metabolites
with great chemical diversity [17]. One marine organism that deserves to be highlighted
is Spirulina platensis (Oscillatoriaceae), a blue-green algae that has been attracting atten-
tion due to its medicinal and nutritional properties, because of its antioxidant proper-
ties [18] and its effects on the smooth muscles of the aorta [19], trachea [20], ileum [21] and
cavernous body [22].

Therefore, experimental models of strength training are considered to be a viable
way to investigate the effects of organic dysfunctions induced by exercise on uterine
contractility. Assuming that algae promotes beneficial effects in models of intestinal smooth
muscle [23] and the vascular system [24] of animals submitted to intense strength training,
it was hypothesized that strength exercise alters the contractile and relaxing reactivity of
the Wistar rat uterus, and that food supplementation with S. platensis prevents uterine
dysfunctions caused by exercise.

2. Materials and Methods
2.1. Substances

The salts used for the Locke Ringer’s solution were purchased from Vetec (Rio de
Janeiro, Brazil), Nuclear (Porto Alegre, Brazil) and Dinamica (Diadema, Brazil). MDA,
1,1-diphenyl-2-picryl hydrazil (DPPH), methane hydroxymethylamine (tris),
phenyl-methyl-sulfonyl fluoride (PMSF), aprotinin, dithiothreitol (DTT), Tween 20 and
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albumin were purchased from Sigma Aldrich (Rio De Janeiro, Brazil). Distilled water was
used to dilute the substances and prepare the stock solutions and the diethylstilbestrol was
dissolved in absolute alcohol (96° GL). The carbogen mixture (95% O, and 5% CO,) was
obtained from White Martins (Rio De Janeiro, Brazil). All substances were weighed on
analytical scales, GEHAKA model AG 200 (Sao Paulo, Brazil).

2.2. Animals

Two-month-old virgin Wistar female rats (Rattusnorvegicus) weighing approximately
150-250 g, were purchased from the Animal Production Unit of the Instituto de Pesquisaem
Farmacos e Medicamentos (IPeFarM). The animals were maintained under controlled
ventilation and temperature (21 £ 1 °C) with water ad libitum in a 12 h light-dark cycle
(lights on from 6 a.m. to 6 p.m.). Female rats were treated 24 h before euthanasia with
diethylstilbestrol (1 mg/kg, s.c.) for estrus induction. The experiments were carried
out from 7 a.m. to 11 p.m. The euthanasia of the rats was performed during the light
period of this cycle. The experimental procedures (Ethics Committee on Animal Use of
UFPB: 0211/2014) were performed following the guidelines for the ethical use of animals in
applied etiology studies [25], and those of the National Council for Animal Experimentation
Control (in Brazil) [26].

2.3. Preparation and Supplementationwith Spirulina platensis

Spirulina platensis in powder form was purchased from the INFINITY Pharma labo-
ratory (Hong Kong, China) (Lot No. 17J11-B004-02504). The powder was prepared at the
Roval Manipulation Pharmacy (Joao Pessoa, Brazil) (Lot No. 20121025). The S. platensis
powder was prepared and dissolved daily in saline solution (NaCl 0.9%) and a solution was
obtained at the dose to be used in the study (50 and 100 mg/kg) and administered to the
rats after its preparation [19]. Supplementation occurred for a period of eight weeks [27]
and algae was administered orally, thirty minutes before the exercise session [28] with the
aid of stainless-steel needles for gavage (BD-12, Insight, Ribeirao Preto, Brazil) and 5 mL
disposable syringes with 0.2 mL precision (BD, Joao Pessoa, Brazil).

2.4. Experimental Groups

Female rats were randomly divided into a sedentary group, or submitted to a strength
training protocol and supplemented with S. platensis (50 and 100 mg/kg). Thus, the study
consisted of the following groups with 28 rats each: sedentary group (CG, control), a group
trained for 8 weeks (TG), a group trained and supplemented with algae 50 mg/kg (TG50),
and a group trained and supplemented with S. platensis 100 mg/kg (TG100).

2.5. Strength Training Program

Female rats belonging to the strength training group were submitted to a training
program that consisted of jumping in a liquid medium in a cylindrical PVC container
(dimensions: 30 cm in diameter and 70 cm in length). The depth of water in the tanks was
50 cm, equivalent to twice the length of the mouse to prevent them from climbing to the
edge of the cylinder. The water was previously heated to a temperature of 32 °C, as this
was considered neutral in relation to the rat’s body temperature [29].

Strength training was performed according to the protocol developed by Marqueti et al.
(2006) for jumping in liquid medium [29]. The protocol consisted of 4 sets of 10 to
12 repetitions with an interval of 30 s between sets, and with progressive overload be-
ing adjusted according to the animal’s weight (Scheme 1). The overload was applied to the
animals’ chest through a fabric vest that allowed the jumps to be performed without the
load disconnecting from the body or impeding their movements. An overload correspond-
ing to the weight of the vest when wet (25 g) was considered and charged to the specific
load corresponding to the animal’s body mass for better training accuracy.
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Adaptation I Weeks

| [ I |

2-4 sets x
5-9 jumps
(50%)

[ 1sdand2 | | 3rdand4th | [ Sthandeth | [ 7thandsth |
4 sets x 4 sets x 4 sets x 4 sets x
10 jumps 10 jumps 10 jumps 12 jumps
(50%) (60%) (80%) (80%)

Scheme 1. Strength training program. Adaptation week—three alternate days of exercise sessions with a load of 50% of
the animal’s body weight, number of sets and repetitions adjusted for each session (1st day: 2 sets x 5 jumps; 2nd day:
4 sets x 5jumps; and 3rd day: 4 sets x 9 jumps). 1st and 2nd weeks—4 sets of 10 jumps and an overload of 50% of the
animal’s body weight. 3rd and 4th weeks—4 sets of 10 jumps and load of 60% of body weight. 5th and 6th weeks—the
4 sets of 10 jumps and an overload of 80% of the animal’s body weight. 7th and 8th weeks—continue the 4 sets of 12 jumps
and load 80% of body weight. A rest period of 30 s was given between all sets.

After the end of the training protocols, the animals in the training group were eu-
thanized by anesthesia with ketamine 100 mg/kg (i.p.) and xylazine 10 mg/kg (i.p.),
followed by a complementary method of decapitation with the aid of a guillotine. They
were euthanized 48 h after the last exercise session in order to eliminate the acute effect of
the exercise on the reactivity (MOURA et al., 2012) [30].

2.6. Isolating the Uterus of Female Rats

Female rats were treated 24 h before euthanasia with diethylstilbestrol (1 mg/kg, s.c.)
for estrus induction. The abdominal cavity was opened, and the uterus was dissected and
placed in Locke Ringer’s nutrient solution at 32 °C gassed with a mixture of carbogen.
Then, the 2 uterine horns were separated by incision, opened longitudinally and suspended
vertically by cotton thread in baths of isolated organs (6 mL), under tension of 1 g and kept
at rest for at least 40 min. The solution was changed to every 15 min [31].

Uterus and plasma fragments were obtained for the biochemical measurements. These
samples were quickly removed and stored in a freezer at —80 °C until the moment of analysis.

Locke Ringer’s solution (adjusted to pH 7.4 with NaOH or 1N HCl) was carbonated
with carbon and kept at 32 °C, and its composition (mM) was: NaCl (154.0); KCI (5.6);
CaCl, (2.2); MgCl, (2.1); glucose (5.6); NaHCO3 (6.0).

2.7. Contractile Reactivity Evaluation

As described above, the uterus was assembled and after the stabilization period
(40 min), a contraction with 60 mMKCI was induced to verify the organ’s functionality.
After 15 min, two cumulative concentration-response curves for KCl or oxytocin were
obtained. The contractile reactivity was calculated from the maximum contraction of the
uterus of the animals from the groups that received supplementation with S. platensis
and/or were submitted to strength training, being that obtained by the average of the
maximum amplitudes of the control curves. Comparisons were made between groups
that received supplementation with S. platensis and/or underwent strength training, using
maximum effect values (Emax) and the negative logarithm (base 10) of the concentration
of KCl or oxytocin producing 50% of the Emax (pECs).

2.8. Relaxation Reactivity Evaluation

After the stabilization period, a uterine contraction was induced with oxytocin
(1072 TU/mL) or KCI (60 mM). After the formation of the tonic component, isoprenaline or
nifedipine was added cumulatively to the organ bath of all groups, in different prepara-
tions [32]. The relaxation response was observed and expressed as the reverse percentage
of the initial contraction produced by the contractile agents. Comparisons were made
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between groups that received supplementation with algae and/or underwent strength
training, with the means of the maximum amplitudes of the control curves, based on the
Emax and pECs( values of the relaxation substances, being calculated from the cumulative
concentration-response curves that were obtained.

2.9. Evaluation of Oxidative Stress (MDA) and Antioxidant Defenses (CAT)

After the animals were euthanized, the cervical vessels were sectioned to collect blood
in test tubes with anticoagulant (EDTA) and were centrifuged at 1198 x g for 10 min. The
supernatant was stored in Eppendorf® tubes and refrigerated at 20 °C [33,34]. To obtain the
homogenates, the uterine horns were isolated and frozen at 20 °C. The tissue was weighed,
macerated and homogenized with 10% KCl at a ratio of 1:1. Afterwards, the samples were
centrifuged (1198 x ¢/10 min) and the supernatant was separated for testing.

Lipid peroxidation was evaluated by quantifying the MDA production. This was per-
formed using the method of quantification of thiobarbituric acid reactive species (TBARS)
in which two TBA molecules condense with one MDA molecule through a reaction colori-
metric; this product can be easily detected by spectrophotometry. After obtaining plasma
and uterine homogenate, 250 uL aliquots were incubated at 37 °C in a water bath for
60 min. Afterwards, samples were precipitated with 400 uL of 35% perchloric acid and
centrifuged at 16,851 x g for 20 min at 4 °C. The supernatant was transferred to Eppendorf®
tubes, 400 pL of thiobarbituric acid (TBA) 0.6% was added to the samples and incubated at
95-100 °C for 1 h. Then, after cooling, the samples were read in a spectrophotometer at
532 nm. The turbid samples taken after the water bath were centrifuged again at 1198x ¢
for 10 min before reading [35].

The colorimetric method of the reduction of DPPH was used to assess the total
antioxidant capacity (CAT).This method is based on the ability of the sample to reduce
the DPPH radical, which has a purple color, to 1,1-diphenyl-2-picryl hydrazine, a colored
transparent, which is detected by spectrophotometry. Thus, 50 uL of plasma or pulmonary
homogenate and 2 mL of DPPH solution dissolved in absolute ethanol (0.012 g/L) were
added to a centrifuge tube and protected from light; then, the tubes were vortexed for 10 s
and kept at rest for 30 min. Next, the samples were centrifuged at 7489 x g for 15 min at
20 °C. The supernatant was read in a spectrophotometer at 515 nm. [36]

Analyses was performed to compare the MDA levels (umol/L of sample) or the CAT
(%) between the CG, TG, TG50 and TG100 groups.

2.10. Statistical Analysis

The functional results obtained were expressed as mean and standard error of the
mean (S.E.M.) (n = 5) and statistically analyzed for intergroup comparison using Student’s
t-test. The results were statistically analyzed using two-way analysis of variance (ANOVA)
followed by Tukey’s post-test. The differences between the means were considered signifi-
cant when p < 0.05. The pCEs) values were calculated using linear regression, and Emax
was obtained by averaging the maximum percentages of contraction or relaxation. All
results were analyzed using Graph Pad Prism version 5.01 (Graph Pad Software Inc., San
Diego, CA, USA).

3. Results
3.1. Effects of Strength Training and Supplementation with S. platensis on the Contractile
Reactivity of the Uterus to KCI and Oxytocin

In the group submitted to strength training (GT), there was a reduction in potency and
an increase in contractile efficacy in response to KCI (pCE5g = 1.0 £ 0.03; Emax = 172.7 £ 8.1%)
when compared to the CG (pCEsp = 2.0 & 0.07; Epax = 100%). Supplementation with
S. platensis in GT50 (pCEsg = 1.6 £ 0.02; Emax = 84.3 & 8.8%) and in GT100 (pCEs5( = 2.1 £ 0.05;
Emax = 119.7 & 9.1%) prevented the increase in efficiency and reduced the potency of KCl
(Figure 1a).
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Figure 1. Effect of strength training and food supplementation with S. platensis on the cumulative
concentration-response curves to KCl (a) and oxytocin (b) in isolated rat uterus, in CG (o), TG (H),
TG50 (A) and TG100 (O).The symbols and vertical bars represent the mean and the e.p.m., respectively
(n =5). ANOVA one-way followed by Tukey’s post-test.

In female rats submitted to strength training, there was a reduction in potency and
an increase in the contractile efficacy of oxytocin (pCEs5p = 2.1 & 0.1; Epax=222.0 = 7.1%)
compared to the CG (pCEsp = 3.4 £ 0.2; Enax = 100.0%) and food supplementation with
S. platensis in GT50 (pCE50 = 3.5 £ 0.1; Emax = 207.2 & 15.0%) and in GT100 (pCE5p = 3.5 £ 0.1;

Emax = 169.1 £ 7.7%) partially prevented the increase in efficiency and reduced the potency
of this agonist (Figure 1b).
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3.2. Effect of Strength Training and Supplementation with S. platensis on the Relaxing Response in
Utero to Nifedipine and Isoprenaline

Strength training did not alter the potency or relaxing efficacy of nifedipine
(pCEsp = 11.0 = 0.2; Emax = 100%) compared to the CG (pCEsp = 10.6 &= 0.08; Emax = 100%).
However, dietary supplementation with seaweed in the GT50 (pCEs = 8.8 &= 0.2; Epyax = 100%)
and in the GT100 (pCEsp = 8.6 £ 0.2; Emax = 100.0%), decreased the relaxing potency of
nifedipine, with no change in efficacy (Figure 2a).
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Figure 2. Effect of strength training and food supplementation with S. platensis on the cumulative
concentration-response curves to nifedipine (a) and isoprenaline (b) in uterus of rats pre-contracted
with KCl and oxytocin, respectively, in in CG (e), TG (M), TG50 (A) and TG100 (CJ).The symbols and

vertical bars represent the mean and the e.p.m., respectively (1 = 5). ANOVA one-way followed by
Tukey’s post-test.
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Strength training (Emax = 89.6 £ 3.6%) decreased the relaxing efficacy of isoprenaline
in relation to CG (Emax = 100%) and supplementation with algae in GT50 and GT100
(Emax = 100%) prevented the decrease in effectiveness. In relation to the potency, the GT
(pCES50 = 9.8 & 0.3) decreased the relaxing power of isoprenaline compared to the CG
(pCEs5p = 12.0 £ 0.3); food supplementation with S. platensis prevented this reduction in
both doses (GT50—pCEsg = 12.0 & 0.2; GT100-pCEsp= 12.3 + 0.2) (Figure 2b).

3.3. Effect of Strength Training and/or Food Supplementation with S. platensis on the
Concentration of MDA in the Plasma and Uterus of Rats

In female rats submitted to strength training and supplemented with S. platensis at
doses of 50 and 100 mg/kg, no difference was observed in the plasma MDA concentration
of the TG (3.6 & 0.2), TG50 (3, 8 & 0.4) and TG100 (3.1 £ 0.1) compared to the control CG
(3.2 £ 0.1) (Figure 3a).
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Figure 3. Effect of strength training and/or food supplementation with S. platensis on the concentration of MDA in the
plasma (a) and in the uterus (b) of rats, in groups CG, TG, TG50 and TG100.The symbols and vertical bars represent the
mean and the e.p.m., respectively (1 = 5). ANOVA one-way followed by Tukey’s post-test, * p < 0.05 (TG, TG50 and TG100
vs. CG); #p < 0.05 (TG50 and TG100 vs. TG); & p< 0.05 (TG100 and TG50 vs. TG). CG = control group; TG = trained group;
TG50 = group trained and supplemented with algae at a dose of 50 mg/kg; TG100 = group trained and supplemented with
algae at a dose of 100 mg/kg.

When analyzing the samples of uterine tissue, the concentration of MDA was increased
in the TG group (3.9 & 0.1) and this increase was prevented by supplementation with algae
in the TG50 groups (1.9 = 0.2) and more markedly in TG100 (1.0 =+ 0.05) compared to the
control CG (1.6 = 0.1) (Figure 3b).

3.4. Effect of Strength Training and/or Food Supplementation with S. platensis on the Total
Antioxidant Capacity in Plasma and Rat Uterus

In rats trained and supplemented with S. platensis, it was shown that strength training
decreased the percentage of inhibition of oxidation in plasma (15.2 + 0.4%) and that
supplementation with seaweed in TG50 (22.4 & 0.1%) and TG100 (24.6 & 0.9%) attenuated
this effect compared to the CG (28.4 £ 0.7%) (Figure 4a).

In the uterus, the oxidation percentage was increased by TG strength training (97.4 & 1.3%)
and by supplementation with S. platensis in TG50 (107.4 £ 1.9%), with this increase being
marked in TG100 (130.8 + 4.0%) compared to the CG (83.6 & 3.4%) (Figure 4b).
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Figure 4. Effect of strength training and/or food supplementation with S. platensis on the percentage of antioxidant capacity
in plasma (a) and in uterus (b) in rats, in CG, TG, TG50 and TG100.The symbols and vertical bars represent the mean and
the e.p.m., respectively (n = 5). ANOVA one-way followed by Tukey’s post-test, * p < 0.05 (TG, TG50 and TG100 vs. CG);
#p <0.05 (TG50 and TG100 vs. TG). CG = control group; TG = trained group; TG50 = group trained and supplemented
with S. platensis at a dose of 50 mg/kg; TG100 = group trained and supplemented with S. platensis at a dose of 100 mg/kg.

4. Discussion

In this research, we investigated the modulation of contractile reactivity in the uterus
of rats by strength training and in the association of dietary supplementation with training,
as well as its effects on the balance of oxidative stress and antioxidant defenses. As a result,
we demonstrated that strength training decreases potency and increases contractile efficacy,
and decreases relaxing potency in rats” wombs, and these effects were prevented by dietary
supplementation with Spirulina platensis. In addition, we found that supplementation with
kelp prevented the increase in oxidative stress and improved uterine antioxidant defenses
in trained female rats.

Several studies have shown that the pathophysiology of diseases that affect organs
covered by smooth muscle, such as the intestine, vessels and uterus, may involve the
deregulation of oxidative stress, as this is harmful to the contraction of smooth muscle.
In addition it promotes changes in the function of various proteins from receptors to ion
channels, which are responsible for triggering contractile processes [37]. The reactivity of
the uterine smooth muscle plays a critical role in regulating and controlling the contractile
activity of the myometrium. Many problems such as abortions, premature births, post-
partum hemorrhages and uterine colic are associated with the abnormal regulation of the
contractility of this muscle [38—40].

It is also important to emphasize that when women who practice physical exercise are
subjected to excessive exercise, which is often accompanied by inadequate recovery, this
can lead to disturbances in the body’s homeostasis and hormonal dysregulation, which, in
turn, can cause disorders in the reproductive system related to oxidative stress [5].

The correlation between oxidative stress and diseases involving the female reproduc-
tive system has led to an increase in the consumption of antioxidant supplements as a
useful non-invasive tool, especially by women who exercise, and are seeking to decrease
muscle damage, improve exercise performance and prevent or reduce oxidative stress.
In addition, the concomitant use of these supplements has been shown to be promising
and important for obtaining the positive results of the exercise [41]. In this scenario,
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Spirulina platensis stands out, and it is used by athletes and physical activity practitioners
due to its antioxidant potential and its high protein concentration [42].

From this, it was hypothesized that strength training promotes deleterious changes in
uterine contractile and relaxing reactivity by increasing oxidative stress and that dietary
supplementation of rats with Spirulina platensis would prevent the effects of exercise on the
uterine reactivity of rats by decreasing oxidative stress.

Uterine contractions happen through pharmaco-mechanical and electromechanical
coupling, which predominantly occurs through an increase in cytosolic calcium concentra-
tion ([CaZ*].) [43], with pharmaco-mechanical coupling being induced by the release of cal-
cium (Ca?*) from intracellular cells mediated by inositol 1,4,5-triphosphate (IP3),while elec-
tromechanical contraction coupling is related to the change in resting potential, which pro-
motes membrane depolarization, triggering the influx of Ca?* through voltage-dependent
calcium channels (Cay), and consequently, a contractile response. Thus, oxytocin, an
agonist of oxytocin receptors (OT), was used as a pharmaco-mechanical contractile agent
and to simulate the myogenic of this musculature [44]. KCl was used as a depolarizing
agent of the cell membrane, resulting in an influx of Ca?* and contraction.

Our data showed that strength training induced an increase in contractile efficacy in
the two investigated couplings, demonstrating that uterine contractile reactivity is a target
for exercise, and that dietary supplementation with Spirulina platensis prevented these
effects in all tested doses. These results indicate that Spirulina platensis acts to prevent the
formation of contractile compounds resulting from the practice of strength training, which
in turn reduces the influx of Ca?* and promotes a decrease in the contractile reactivity of
the uterine smooth muscle.

Brito (2014) [28] demonstrated that supplementation with S. platensis potentiates the
relaxing reactivity of the aorta (at doses of 150 and 500 mg/kg), against acetylcholine,
and a decrease in contractile reactivity towards phenylephrine in the aorta of healthy rats.
Similarly, Souza (2018) [45] found that supplementation with S. platensis potentiated the
relaxing reactivity of the cavernous body of a rat. Thus, it was hypothesized that food
supplementation with S. platensis would alter the relaxing reactivity of a rat uterus.

With regard to the relaxing response using nifedipine, an electromechanical agent
Cay blocker, it was observed that strength training is not related to that component of the
relaxing response. In the evaluation of the pharmaco-mechanical relaxation coupling, it
was observed that the effect promoted by isoprenaline, a pharmaco-mechanical agonist,
once again demonstrated the preventive effect of S. platensis, since the reduction in the
relaxing potency was prevented in all doses tested. These data corroborate those observed
in contractile reactivity and indicate that Spirulina platensis might target specific points that
have been modulated by exercise.

In view of the data presented, it appears that the strength training model promoted
changes in the contractile and relaxing uterine reactivity, with a resulting increase in
contractile function, and that these changes were prevented by supplementation with
S. platensis. It is known that strength exercise is strongly associated with the generation
of ROS that alter tissue homeostasis, leading to different adaptations of the physiological
changes induced by the deviation in cardiac output and hypoxia, which can affect the
female reproductive system [5]. These adjustments are reflected by changes in contractile
proteins, mitochondrial function, metabolic changes, intracellular signaling and transcrip-
tional responses [46]. Thus, it was postulated that strength training and supplementation
with S. platensis would modify the oxidative stress/antioxidant defense balance in plasma.

For this study, we used a methodology that determines MDA levels through a colori-
metric reaction that results in the formation of a fluorescent pink chromogen that can be
detected by means of a spectrophotometer reading [47], to confirm or discard the hypothe-
sis that food supplementation with S. platensis reduces the formation of free radicals and
prevents oxidative stress induced by strength training in the uterus of female rats Wistar.

When analyzing the rats submitted to the training protocol, an increase in MDA
levels was observed, which was prevented by supplementation with seaweed in the
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tested doses. Although a sharp increase in the production of oxidants is necessary for
myocellular adaptations to exercise, a chronic increase in protein oxidation can have
serious consequences.

The chronic response to both aerobic and anaerobic training is to improve the an-
tioxidant capacity of plasma, and the acute response relates to the production of specific
antioxidants [48]. Based on this premise and that oxidative damage stimulates antioxi-
dant defenses, we evaluated whether food supplementation with S. platensis and strength
training would alter the systemic and tissue antioxidant capacity of Wistar rats [49].

When we analyzed the groups submitted to strength training, a decrease in the
percentage of plasma oxidation inhibition was observed, demonstrating that strength
training can decrease the systemic antioxidant capacity and that supplementation with
S. platensis partially prevented this decrease. Despite this, there were no consequences
related to systemic lipid peroxidation. However, when analyzing this parameter at the
tissue level, there was an increase in antioxidant capacity in all groups tested, indicating
that S. platensis potentiates the increase in antioxidant capacity in rats” uterus induced by
strength training, strongly suggesting that a decrease in contractile free radicals resulting
from the practice of strength exercise is one of the possible mechanisms to explain this
preventive effect.

It is already well-established that pro-oxidant and antioxidant factors interact in a
complex way to reach levels that do not damage the intracellular environment. When
this balance is disturbed by an increase in free oxidizing substances, oxidative stress
occurs and this event affects the whole body [19]. Such conditions are related to muscle
fatigue [50], diabetes [51], arterial hypertension [52] and intermittent ischemia induced
by myometrium contractions that restrict blood flow to the uterus, causing a state of
reperfusion/ischemia [53,54].

Therefore, when physical exercise is not prescribed correctly, ROS can induce lipid
peroxidation leading to problems such as inactivation of cell membrane enzymes, necrosis
of muscle fibers, release of cellular enzymes into the blood, decreased effectiveness of
immune system and alteration of mitochondrial function, leading to decreased muscle
performance, overtraining and impairing important adaptations to training [55].

Thus, one can suggest that dietary supplementation with S. platensis has promising
potential in pathophysiological processes that involve dysregulations in uterine contractile
homeostasis such as dysmenorrhea, premature birth and abortion, as well as its preventive
action for women who practice intense physical activity.

5. Conclusions

Based on the data presented and the discussion above, it was demonstrated, for the
first time, a beneficial preventive effect of dietary supplementation with S. platensis, as well
as its association with strength training.These preliminary data provide new insights into
the mechanisms involved in this effect, and require tests in humans to confirm the possible
effects, such as the reduction in uterine oxidative damage, which may contribute to better
uterine functioning, especially for practitioners of progressively intense exercise during
exposure to stress.
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Ach acetylcholine
DPPH  1,1-diphenyl-2-picrylhydrazyl radical
EDTA  ethylenediamine tetra-acetic acid

Emax maximum effect

MDA malondialdehyde

SEM. standard error of the mean
CG control group

TG group trained for 8 weeks

TG50 group trained and supplemented with S. platensis at 50 mg/kg
TG100  group trained and supplemented with S. platensis at 500 mg/kg
TBARS thiobarbituric acid reactive substances
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Abstract: In recent years, there has been an increasing interest in natural therapies to prevent or
treat female diseases. In particular, many studies have focused on searching natural compounds
with less side effects than standard hormonal therapies. While phytoestrogen-based therapies have
been extensively studied, treatments with phytoprogestins reported in the literature are very rare.
In this review, we focused on compounds of natural origin, which have progestin effects and that
could be good candidates for preventing and treating female diseases. We identified the following
phytoprogestins: kaempferol, apigenin, luteolin, and naringenin. In vitro studies showed promising
results such as the antitumoral effects of kaempferol, apigenin and luteolin, and the anti-fibrotic
effects of naringenin. Although limited data are available, it seems that phytoprogestins could be a
promising tool for preventing and treating hormone-dependent diseases.

Keywords: female disease; progesterone; phytoprogestins; phytochemical compounds

1. Introduction

In recent years, there has been an increasing interest in alternative and natural methods
for the prevention or treatment of female diseases. In particular, many studies have focused
on searching for adequate compounds with less side effects than standard hormonal
therapies. Although the etiopathogenetic mechanisms of many gynecological diseases,
such as endometriosis [1] and uterine fibroids [2] are still not clear, the role of steroid
hormones is undoubted. Indeed, there is an important hormonal imbalance, for example,
in endometriosis [3], uterine leiomyomas [4], ovarian cancer [5], and breast cancer [6].

The father of medicine, Hippocrates, proclaimed “Let food be the medicine and
medicine be the food” around 25 centuries ago. In recent studies, there is a high interest in
dietary phytochemicals. Phytochemicals are chemical compounds of natural origin that
can be used as therapeutic or preventive agents.

Nutraceutical compounds can exert their effects on health in different ways, including
through hormonal activity. Their mechanism of action is: 1. Competition with the hormone
for binding to the corresponding receptor, thanks to a structural similarity; 2. Influence on
the activity of key enzymes of the biosynthetic pathway, such as in the case of isoflavones,
which are moderate aromatase inhibitors, thus reducing estrogen synthesis; 3. Influence on
the epigenome by affecting DNA methylation activity, histone modification, and microRNA
regulation [7].

Phytoestrogens and phytoprogestins are phytochemical compounds of natural origin,
which have estrogenic and progestagenic effects, respectively [8,9]. While phytoestrogen-
based therapies have been extensively studied in the clinical setting, treatments with
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phytoprogestin are still in the preclinical stage, and their potential remains unexplored [8].
Therefore, we decided to review the current evidence supporting the preventive and
therapeutic effects of phytoprogestins in female diseases.

2. Methods

In this narrative review, we performed a bibliographic search of studies evaluating
the effects of dietary phytoprogestins on reproductive cells and tissues and the possible
association of these nutritional compounds with gynecological diseases. The search was
carried out on Pubmed using combinations of the following terms: phytochemicals [MeSH],
flavonoids [MeSH], kaempferol, apigenin, naringenin, luteolin, women, uterine fibroids,
endometriosis, ovarian cancer, and breast cancer. The search was narrowed to studies in
humans or relevant animal models of human diseases and complemented by screening
the reference lists of the selected articles. We also briefly review the pharmacological
mechanisms of progesterone receptor activation and progesterone-based therapies in order
to provide a background to the discussion of phytoprogestins.

3. Progesterone

Progesterone is a sex steroid hormone essential in female reproduction, including the
menstrual cycle and the establishment and maintenance of pregnancy [10]. The etymology
of the name derives from the Latin “pro gestationem” [11], as it allows the endometrium to
pass from the proliferative to the secretory stage, facilitating the nesting of the blastocyst
and is essential for maintaining pregnancy; in fact, it promotes the uterine growth and
suppresses the contractility of the muscular tissue of the uterus (myometrium). In the
mammary gland, it promotes the development of the gland for the secretion of milk. In
addition, progesterone plays an essential role in the physiology of non-reproductive tissues,
such as the cardiovascular system, the central nervous system, and bone tissue. In the
brain, progesterone is neuroprotective, and its metabolite allopregnanolone is a GABAergic
agonist [12,13] (Figure 1).

Steroids are ancestral molecules [11] characterized by a common base structure of
cyclopentane-perhydro-phenanthrene, a polycyclic complex of 17 carbon atoms making a
four-ring system. Based on the number of carbon atoms, sex steroids can be categorized
into three groups: progesterone and progestins, with 21 carbon atoms, androgens, which
have 19 carbon atoms, and finally estrogens, with 18 carbon atoms.

The biosynthesis of steroid hormones is the same in all organs where they are pro-
duced, such as the ovary, testis, adrenal cortex, brain, and placenta. The gonadal proges-
terone is mainly transported by blood to reach the target cells, while the progesterone
produced by adrenal gland is mostly locally converted into glucocorticoids and andro-
gens [14]. Progesterone circulates in the bloodstream bound to cortisol-binding globulin
(approximately 10%) and serum albumin and has a relatively short half-life of only five
minutes. The metabolites mainly produced in the liver are sulfates and glucuronides,
which are excreted in the urine. Circulating progesterone is converted by the kidney into a
mineralocorticoid, deoxycorticosterone (DOC). During the luteal phase, pregnancy, and
administration of exogenous progesterone, most circulating DOC arises from this pathway
and may bring unbearable side effects [14].

Progesterone exerts its physiological effect by binding to target cells via specific nuclear
progesterone receptors (PR) or by binding to membrane receptors (progesterone receptor
membrane component, PGRMC, or mPR). The binding with the nuclear receptors gives
rise to a genomic pathway that requires a much longer response than the non-genomic one,
which is triggered when progesterone binds to membrane receptors.

PRs are expressed in the human ovary [15], uterus [16], testis [17], brain [18], pan-
creas [19], bone tissue [20], mammary gland [21] and urinary tract [22]. PRs, together with
the receptors for estradiol, mineralocorticoids, glucocorticoids, and androgens, belong to
the superfamily of nuclear receptors. The nuclear progesterone receptor consists of a central
binding domain for DNA (DBD) and a carboxylic terminal binding domain for the ligand
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(LBD). In addition, the receptor has transcription activation function (TAF) domains that
interact with coactivators and corepressors to regulate the downstream target genes [23]
(Figure 2). The newly transcribed progesterone receptor is assembled into an inactive
multiprotein chaperone complex in the cytoplasm [24]. The receptor at this level must be
inactive [25] since its activation occurs only in the presence of a link with the hormone,
which induces a conformational change of the receptor [26].

Brain Respiratory system Breast
Increased basal body temperature Increased ventilatory Ductal branching
Anti-seizure, anxiolytic, analgesic response to CO, Alveolar development
Neuroprotection after injury Fluid retention
=
Fallopian tubes )
Cardiovascular system deéjced dC'“uT mg?!ty
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- i J

Figure 1. Schematic representation of the organs in which progesterone performs functions. Progesterone acts in reproduc-
tive as well as in non-reproductive tissues. NOS = nitric oxide synthase, NO = nitric oxide.

Two isoforms of PR are transcribed from a single gene by alternative splicing from
two distinct promoters [27,28], giving rise to transcripts that encode, respectively, for the
protein isoforms A (PRA) and B (PRB) (Figure 2). PRA and PRB are identical in sequence,
except that PRA lacks 164 amino acids at the N-terminal, making it the shorter of the two
proteins [28].

Progesterone may act through a genomic (slow process) or a non-genomic (fast process)
pathway. The classical pathways of progesterone actions are mediated via nuclear receptors.
Progesterone enters the cell and binds PRs, inducing their conformational change and
dimerization. The complex of progesterone with PR translocates to the nucleus and interacts
with DNA-binding elements in the genome, activating the transcription of progesterone-
responsive genes (Figure 2). The non-genomic (also called non-classical or extranuclear)
progesterone action initiates at the cell surface with the activation of the cytoplasmic PRs or
membrane-bound PRs (mPRs) and determines an intracellular signaling that elicits a rapid
response [29]. These proteins include the progesterone receptor membrane component 1
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CYTOPLASM

PGR proteins

NH,

(PGRMC1), its counterpart PGRMC2, and the family of membrane progesterone receptors
(mPR), also known as PAQR (progestin and adipoQ) receptors [30].

Studies in mice have shown that the elimination of the PRB isoform resulted in
the unhealthy development of the mammary gland [31], while the elimination of PRA
caused an abnormal development of the uterus and impaired its reproductive function [32].
Therefore, in animals, a dominant expression of one of the two isoforms seems to be
necessary for the normal functioning and development of some organs. On the other
hand, in humans, all healthy tissues, including those of the mammary gland and uterus,
have epithelial cells that express PR with the co-expression of both the PRA and PRB
isoforms [33,34]. This condition suggests that the colocalization and thus the cooperative
activity of PRA and PRB mediate the action of PR in humans. Although the two isoforms
are expressed in the same way in most human tissues, there is a different expression in the
endometrium. In fact, during the secretory phase of the menstrual cycle, when there are
high levels of circulating progesterone, the PRA isoform is poorly expressed, resulting in a
clear predominance of PRB [33].

In breast and endometrial cancers, there are substantial differences in progesterone
levels and its isoforms compared to normal tissues. In fact, in healthy tissues deriving
from the mammary gland, epithelial cells equally express both PR isoforms [34], while in
neoplastic biopsies, it is possible to see a significant increase in the expression, alternatively,
of PRA or PRB [34,35]. Similarly, in endometrial cancer, it is common to find only one of
the two isoforms expressed, either PRA or PRB, suggesting that the lack of co-expression
of both isoforms is an early event of the onset of endometrial cancer [36].

A third isoform (PRC) has been identified in the human placenta [37]. PRC is an
isoform with a truncated N-terminal domain, with a molecular mass of approximately
60 kDa, present in the cytoplasm. PRC lacks the first zinc finger of the DBD, but it can still
bind progesterone. The actions of PRC are not clear, but it can form heterodimers with PRA
and PRB and, in this way, regulate the transcriptional activity of the PR isoforms [37,38].

NUCLEUS

CYTOPLASM

Corepressor

DBD H LBD COOH

Figure 2. Progesterone receptors and their activation. The nuclear receptor is formed by two promoter regions on the PR
gene, one for PRA and one for PRB, and these two promoters allow the synthesis of the two separate mRNA transcripts that
code for the two different isoforms PRA and PRB. DBD = DNA-binding domain, H = hinge, LBD = ligand-binding domain,
SPRM = selective progesterone receptor modulator, PRE = progesterone responsive element, TF = transcription factor.
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4. Progesterone-Based Drug Therapy

Progestogens are the most common compounds used as drug therapy for the treatment
of women’s diseases. Many gynecological diseases are treated with synthetic progestin-
based drugs. In the United States, endometrial cancer is one of the most common gyneco-
logical cancers, with 46,470 new cases and 8,120 deaths in 2011 [39]. Even if the molecular
mechanisms involved in endometrial carcinogenesis are not clear, it seems that chronic
exposure to estrogen and its metabolites without sufficient counterbalance of progesterone
has proliferative effects [40,41] and is harmful to DNA [42,43]. Based on the antiestrogenic
role of progesterone, many patients affected by endometrial cancer may have an indica-
tion to progesterone-based therapy, particularly in case of contraindications to surgery
or desire for fertility maintenance. Indeed, women with endometrial hyperplasia and
well-differentiated endometrial adenocarcinoma show a good response to progestogen
therapy [44]. However, as the severity of the disease increases, the efficacy of progestogens
decreases [45].

Other estrogen-dependent female pathologies with a high social impact, such as
endometriosis, are often treated with progestin therapies [46,47], including synthetic pro-
gestins such as medroxyprogesterone acetate or dienogest [48,49]. Uterine fibroids may
also be treated with progestins. Since the first reports of decades ago [50], studies have fo-
cused on the effects of different progestins on uterine fibroids, with different drug dosages
and regimens. For example, medroxyprogesterone acetate [51] and dienogest [52,53] have
shown a regressive effect on uterine fibroids.

Moreover, progestogens are widely used as a contraceptive method and in menopausal
hormone therapy, in combination with estrogens. These therapies may also have an effect
of prevention of ovarian cancer, but they increase the risk of venous thromboembolism
and present side effects [54,55]. Therefore, the identification of alternative progestogens
is clinically significant. Numerous studies in the literature indicate a great interest in
developing phytoprogestogens, such as botanical extracts or food supplements, hoping to
provide the beneficial effects of progestins while avoiding the side effects.

Selective progesterone receptor modulator (SPRM) is a class of synthetic ligands that
act on the PR and tend to be more tissue-specific than progestins. The mechanism of
action of SPRMs occurs through binding to PR, resulting in a conformational change of the
receptor. The action can be agonistic, antagonistic, or mixed. The agonist action of SPRMs
involves the recruitment of different coactivators to induce transcriptional activity and
occurs in tissues where high levels of coactivators are present, while antagonist activity
occurs where corepressors are in excess (Figure 2).

When the PR is inactive, SPRMs bind to the receptor and activate it. The binding
involves nuclear import, which gives the receptor the property of dimerization. In the nu-
cleus, the dimer interacts with the response element in the DNA, causing the up-regulation
or down-regulation of the gene [56,57]. The action of SPRMs also depends on the ratio
of PR-A and PR-B in the tissue and on the specific binding affinity of the SPRMs for each
receptor isoform [58]. SPRMs have been developed for clinical applications, considering
their tissue selectivity and low rate of side effects [59]. Their application is principally for
the treatment of uterine fibroids [60], endometriosis [61], and breast cancer [62].

Despite having beneficial effects, for example, in the treatment of uterine fibroids,
the prolonged use of SPRMs may lead to endometrial hyperplasia and other side effects.
Indeed, it has been shown that long-term use of the SPRM asoprisnil results in long-term
damage to the endometrium. Ulipristal acetate has been approved in Canada and Europe
as a presurgical therapy for patients with uterine fibroids to control bleeding, and in the
United States for emergency contraception. However, it has raised concerns due to liver
toxicity [63], as well as telapristone acetate, which was stopped in 2009. Vilaprisan is still
under study, and its possible collateral effects are not yet known [64].
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5. Phytoprogestins

Phytoprogestins are chemical compounds of vegetal origin that have progesterone-
like activity and can function as non-steroidal SPRMs. Unlike estrogenic counterparts,
which have been extensively studied, the literature reports much fewer studies on phy-
toprogestins. The following phytoprogestins have been identified: kaempferol, apigenin,
luteolin, and naringenin (Figure 3).

Kaempferol OH Naringenin OH
HO HO (0) .‘\‘\\‘
OH O OH O
. . OH . oH
Apigenin Luteolin OH

HO

OH O

Figure 3. Chemical structure of phytoprogestins.

5.1. Kaempferol

Kaempferol (KP: 3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is
a flavonoid found in several botanical families, including Pteridophyta, Pinophyta, and
Magnoliophyta (Figure 3). Flavonoids are a group of secondary metabolites widespread in
nature. These substances are known for the benefits of their consumption, which seems to
reduce the risk of cancer and cardiovascular diseases [65]. A case—control study showed
a 40% reduction (adjusted odds ratio 0.60) in breast cancer risk in Chinese women in the
upper quartile of serum KP levels [66]. The risk of epithelial ovarian cancer was also
decreased by 40% among women in the highest quintile of KP dietary intake of a large
prospective cohort in the USA, the Nurses’ Health Study [67]. Several studies have shown
that KP has excellent antioxidant properties. In fact, it is able to decrease, even at low
concentrations, the levels of the hydroxyl radical and peroxynitrite, highly reactive species
capable of causing severe damage to DNA, proteins, and lipids [68]. In addition, KP has
anti-inflammatory properties not only in vitro but also in vivo [69,70].

KP inhibits estrogen receptor-«, causing antiestrogenic effects, depending on the
concentration of endogenous estrogens. The antiestrogenic activity of KP results in the
inhibition of the growth of hormone-dependent tumors; this activity has been demonstrated
in numerous in vitro studies, for example, in endometrial carcinoma cells [71] and two
lines of breast cancer cells [72].

In uterine fibroids, despite being hormone-dependent tumors with severe symptoms,
the effects of KP have not been extensively studied. KP treatment reduces the expression
of the estrogen receptor, thus inhibiting the cell proliferation of human uterine leiomyoma
cells in vitro [73], although its therapeutic effect in vivo remains unknown (Table 1).

204



Nutrients 2021, 13, 4326

Table 1. Effects of phytoprogestins that suggest their potential to treat women’s diseases.

Substance Study Design Effects Significance References
Could be useful to treat
Kaempferol Experiments in mice and rats Anti-inflammatory chronic pelvic pain and [69,70]
its causes
Another potential
In vitro culture of human neutrophils Antioxidant therapeutic mechanism [68]
to treat endometriosis
In vitro culture of endometrial Growth inhibition Co.u Id be effectlv.e
. against endometrial [71]
cancer cells and apoptosis -
hyperplasia and cancer
. Growth inhibition Could be effective
L In vitro culture of human cancer . . .
Apigenin cell Tines and apoptosis against endometrial [74,75]
VEGEF inhibition hyperplasia and cancer
. Human breast tumor xenografts in Inhibition of tumor Could be an adjuvant
Luteolin . growth [76,77]
nude mice . . therapy of breast cancer
and angiogenesis
Analgesic, Could be useful to treat
Naringenin Mouse model in vivo anti-inflammatory and  chronic pelvic pain and [78]
antioxidant its causes
Rat model of hepatic injury in vivo Antifibrotic Could be effective to [79]

treat uterine fibroids

5.2. Apigenin and Luteolin

Apigenin (4',5,7-trihydroxyflavone) is found in a wide range of plants, including
chamomile (Matricaria recutita). The traditional use of chamomile as a treatment for in-
somnia and anxiety has led to investigations of its active constituents, including apigenin.
Apigenin is mainly present as a glycosylated compound in significant quantities in veg-
etables (parsley, celery, onions), fruit (oranges), herbs (chamomile, thyme, oregano, basil),
and vegetable drinks (tea, beer, and wine) [80]. Apigenin is considered a phytoestrogen,
although it has a much lower potency than other phytoestrogens such as genistein [81].
However, in recent studies, it has emerged that apigenin is also a phytoprogestin. A study
found that apigenin reduces the risk of breast tumors in women exposed to prolonged
treatment with medroxyprogesterone acetate [82,83]. A study by Horwitz and Sartorius
showed that prolonged progestogen therapy could lead to the development of breast cancer
through the activation of stem cells that differentiate into cancer cells [84]. In animals sub-
jected to medroxyprogesterone therapy, apigenin administration decreased the incidence
of tumors by 50% [82].

Apigenin has an antitumor effect by acting through a variety of mechanisms, includ-
ing the induction of cell cycle arrest and apoptosis [74], attenuation of phosphorylation
of MAP kinase [85] and inhibition of the proinflammatory cytokine interleukin-6 [86].
In vitro studies have shown that treating human breast cancer cell lines [75] with apigenin
significantly reduced the expression of vascular endothelial growth factor (VEGF) and its
receptor VEGFR-2 [87]. The significant reduction in VEGF disadvantages the tumor growth
and development in breast tissue.

Apigenin taken orally is detectable in peripheral blood at concentrations sufficient
to be biologically effective [88]. Immediately after ingestion, its concentration increases,
and it remains in circulation for a long time, suggesting that it can accumulate within
tissues to levels sufficient to exert chemo-preventive effects [89]. Furthermore, apigenin
increased the endometrial expression of Hand2, which is a transcription factor stimulated
by progesterone. The activation of Hand2 by progesterone allows an antiproliferative
action in the endometrium, further suggesting that apigenin is a phytoprogestin. Apigenin
appears to be non-toxic even at high doses, as suggested by a study in which it was
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repeatedly administered to animals up to 50 mg/kg per 10-13 days, and no signs of
toxicity were observed. Apigenin seems to reduce endometrial (Ishikawa) cell proliferation
regardless of progesterone [90]. In vivo, apigenin is rapidly metabolized to luteolin.

Luteolin, a flavonoid found in more than 300 plant species, many of which are read-
ily available in the human diet, has been demonstrated to be an excellent progesterone
antagonist [91] (Figure 3). A study showed that luteolin effectively inhibits the growth of
progestogen-dependent human xenograft tumors, inhibiting angiogenesis and limiting the
conversion of breast cancer cells to stem cell-like cells [76,77]. Interestingly, preliminary
results suggest that luteolin may inhibit the growth of endometriotic lesions in a mouse
model [92].

5.3. Naringenin

Naringenin (4,5,7-dihydroxy-2-(4-hydroxyphenyl)-2,3-dihydrochromen- 4-one) be-
longs to the subclass of flavanones (Figure 3). It is a colorless compound that gives the
typical bitter taste in citrus, including grapefruit, orange, and lemon [93].

Naringenin has antioxidant, immunomodulatory, anti-inflammatory, nephroprotec-
tive, hepatoprotective, neuroprotective, antidiabetic, antitumor, and anti-atherosclerotic
properties. In addition, naringenin has a high bioavailability [94,95].

Naringenin is able to inhibit the recruitment and generation of reactive oxygen species
(ROS), thereby reducing oxidative stress [78,96]. Moreover, it acts directly on the NF-KB
pathway in vitro and in vivo [97]. This signaling pathway is known to be activated by
external agents such as pathogens. In the presence of external agents, pro-inflammatory
cytokines such as IL-1 and TNF-« are recalled [98]. This stimulation and this recall in-
volve the activation of the IKB kinase complex (IKK), which eventually phosphorylates
IKK . The phosphorylated IKB allows NF-KB to translocate into the nucleus, causing
inflammatory responses [99]. Naringenin can prevent the degradation of IKB, inhibiting
the transcription activity of NF-KB [98].

In numerous studies, it has emerged that naringenin is also an excellent anti-fibrotic
agent [79]. In fact, naringenin was able to decrease the expression of collagen, fibronectin,
and Smad3 induced by TGF-§ and to inhibit Plasminogen Activator-1 (PAI-1) in hepatic
cells [100]. Some of these mechanisms are similar to those fueled by progesterone in uterine
fibroids [4].

In a study by Rosenberg et al. [101] it emerged that naringenin may also have progestin-
like activity. More specifically, the study showed that the progestin activity of naringenin
is weak and acts at concentrations around 10~°~10~® M. These concentration levels are
similar to those deemed necessary for the action of resveratrol as a weak estrogen [102],
but not for the activity of synthetic progestins such as norgestrel and norgestimate. In fact,
the biological activity of naringenin compared to norgestimate is about 104-fold lower.

The effects that naringenin as a phytoprogestin could have on diseases such as en-
dometriosis and uterine fibroids remain to be investigated. An in vitro study found that
naringenin induced apoptosis and inhibited the proliferation of immortalized cell lines
derived from the endocervical epithelium of a premenopausal woman undergoing hys-
terectomy for endometriosis [103].

6. Conclusions

There is large unexplored potential in using plant-derived substances to treat human
diseases. Some of these phytochemicals have been characterized as phytoprogestins,
based on their similarity with progesterone and their pharmacological interaction with PR,
functioning as agonists, partial agonists, or antagonists. At least four phytoprogestins have
been studied in vitro with promising results such as the antitumoral effects of KP, apigenin,
and luteolin, and the anti-fibrotic effects of naringenin. Although there are limited data
in the literature, it appears that phytoprogestins could be a good tool for preventing and
treating hormone-dependent diseases such as endometriosis, uterine fibroids, ovarian
cancer, and breast cancer, with potential reduction in the side effects of currently available
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hormone treatments. The next step is to proceed with tests in well-characterized animal
models to define the therapeutic mechanisms and safety of these substances, along with
observational human studies correlating the dietary ingestion of phytoprogestins with the
prevalence and incidence of gynecologic diseases.
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