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Context: Ketogenic diets (KDs) are a set of medical nutritional therapies in which
macronutrient consumption is consistently high in fat, adequate in protein, and
low in carbohydrates. They have been shown to be clinically useful in a myriad of
medical conditions.

Objective: The aim of this study was to systematically review the literature aiming
to evaluate the effects of a eucaloric, normoproteic, ketogenic diet (KD) on gonadal
hormone levels in adults.

Data Sources: The PubMed, Cochrane Central Register of Controlled Trials
(CENTRAL) and Science Direct (via Scopus) databases were searched for relevant
articles in November 2021, and the search was updated in December 2023.

Data Extraction: The present systematic review was conducted according to the
6th version of the Cochrane Handbook for Systematic Reviews of Interventions and
is reported according to PRISMA. This review only included studies with humans,
such as randomized clinical trials, cohort studies, and cross-sectional studies. Levels
of gonadal hormones were considered the primary outcome.

Data analysis: A total of 7 articles were included in the review: 3 studies were
conducted with female participants only, and 4 with active or athletic males. The
duration of the intervention was a minimum of 4weeks and a maximum of
24 weeks. Most studies found oscillation of gonadal hormones, (such as total tes-
tosterone, luteinizing hormone [LH], follicle-stimulating hormone [FSH], estradiol,
progesterone, and dehydroepiandrosterone) as an effect of the dietary
intervention.

Conclusion: A eucaloric isonitrogenous KD may offer (i) beneficial weight loss, (ii)
a change in anabolic hormone levels (total testosterone, insulin-like growth factor
1 [IGF-1] in physically active men, depending on the intensity of exercise, the
amount of fat-free mass when starting the diet, and the caloric volume of the
diet), and a beneficial effect on gonadal hormones in women with polycystic ovary
syndrome (by decreasing testosterone levels, improving the LH/FSH ratio,
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improving insulin sensitivity, and improving menstrual cycle regularity. Factors
such as the study population, the presence of comorbidities, and the physical activ-
ity level of the participants may influence these effects.

Systematic Review Registration: PROSPERO registration No. CRD42021256766.

Key words: ketogenic diet, gonadal, reproductive organs, hormones.

INTRODUCTION

Ketogenic diets (KDs) are a set of medical nutritional
therapies in which macronutrient consumption is rela-
tively high in fat, adequate in protein, and relatively low
in carbohydrates (carbohydrate content 5% to 10% of
total daily calorie intake, or 20-50 g per day)"?. Various
types of KD have been adopted in clinical practice, with
the most common subtypes being: The classic KD, the
medium-chain triglyceride KD, the modified KD
(MKD), the modified Atkins diet, and the low-
glycemic-index diet’® (see Figure 1). All of these varia-
tions are usually eucaloric and normoproteic, approxi-
mately 60% or more of caloric intake is obtained from
dietary fat, and carbohydrate restrictions are prescribed.

Ketone bodies (KBs) are known by-products of a
KD and are considered to be both a mechanism of its
action and a dietary adherence index. The most well-
supported clinical application of the KD is for epilepsy,
with the ketonemia created by the KD being considered
beneficial in reducing seizure frequency. Several clinical
trials and meta-analyses have generated evidence sup-
porting the use of the KD in pharmacoresistant epilepsy,
especially in children. A recent meta-analysis of data
from pediatric patients found that 35% to 56.1% of the
participants  had  greater than 50%  seizure
reduction” and a meta-analysis of data from adults indi-
cated a similar response in 53% of patients®. Other
recent work published by Cervenka et al (2021)® looked
at 20 medical institutions with >2000 adult patients and
showed that KD therapies may be safe and effective in
treating adults with drug-resistant epilepsy. KD thera-
pies have also been shown to be clinically useful in med-
ical conditions in addition to pharmacoresistent
epilepsy, including: Overweight, obesity, and diabetes
mellitus (DM type 2)°; polycystic ovary syndrome
(PCOS)'%; non-alcoholic fatty liver disease (NAFLD)';
psychiatric disorders such as depression, anxiety, bipo-
lar disorder, schizophrenia'*'*; and cognition in mem-
ory-impaired adults'”.

Neuroprotection theory has also been postulated to
support the use of KD therapy for Alzheimer’s dis-
ease'®'® traumatic brain injury, concussion, and spinal
cord injuries'®. There are many theories about the
mechanism of action of KBs in the brain, but several of
these theories require further investigation®”*'. A study
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THE SUB-TYPES OF KETOGENIC DIET

Classic Ketogenic Diet
Macronutrient Ratio: 4:1

Medium-chain triglyceride
(McT) Diet

Provides ~90% of calories Macronutrient Ratio: 1.9:1

from fat. Foods are
weighed, and meal must s
be eaten entirely for 2
therapeutic effect.

Allows higher protein and
carbohydrate.

All meals must include MCT
oil to sustain ketosis.

Modified Atkins Diet (MAD)
Macronutrient Ratio: 0.8:1

Modified Ketogenic Diet
Macronutrient Ratio: 3:1to 11

A more flexible version of

the classic KD, designed to
ease adherence and Food weighing is not
reduce nutritional side required. Carbohydrates
effects. are limited to 10-20 g/day.

A hybrid of Atkins and
classic KD.

Low Glycemic Index Treatment (LGIT)
Macronutrient Ratio: 2:3

The LGIT includes foods that have a glycemic index (GI) of 50
or lower. Meals balance fat, protein, and slow-absorbing
carbohydrates.

Figure 1. The Sub-Types of the Ketogenic Diet

by Juge and colleagues (2010)** describes a relationship
between KBs, neurotransmitter release, and ATP-
sensitive potassium channels. Furthermore, KBs may
exert a direct inhibitory effect on vesicular glutamate
transportzz.

The relationship between a KD and hormonal regu-
lation has been explored in a number of studies, sug-
gesting a potential interplay between diet composition,
calorie provision, and the endocrine gonadal hormone
axis. Early studies, such as that of Langfort and col-
leagues in 2001** demonstrated that a diet low in carbo-
hydrates may elevated plasma adrenaline and
noradrenaline and decrease testosterone levels in
healthy young men. The macronutrient composition
and the caloric intake of a KD are quite variable in the
literature making it difficult to understand which inter-
vention is influencing the gonadal hormones. Further
understanding of the effect of a KD on gonadal hor-
mones could bring benefits in addressing physiological
(eg, menopausal transition, athletic performance) or
pathological metabolic changes (PCOS, obesity, diabetes
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mellitus, fertility difficulties, mental disorders).
Recognizing this, the objective of this study was to sys-
tematically review the literature aiming to evaluate the
effects of a eucaloric, normoproteic, KD on gonadal
hormone levels in adults.

METHODS

The present systematic review was conducted according
to the 6th version of the Cochrane Handbook®* for
Systematic Reviews of Interventions and is reported
according to PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses)* guidelines.
Please refer to the Supplementary Material for a full
report on procedures and results. The PICO criteria
(population, intervention/exposure, comparison, and
result) that were used to determine the keywords and
research strategy were: (P) adult population, (I) KD pro-
tocols with 5% to 10% kcal from carbohydrates, 18% to
30% kcal from protein, and >60% kcal from fat (KD,
Classic KD [CKD], modified Atkins diet [MAD],
medium-chain triglyceride KD, modified KD, modified
Atkins diet) with no caloric deprivation, (C) other die-
tetic interventions, (O) change in gonadal hormonal
levels. The review is registered with PROSPERO (No.
CRD42021256766).

Search Strategy

A literature search was conducted in the following data-
sets in November 2021 and updated in December 2023:
PubMed, The Cochrane Central Register of Controlled
Trials (CENTRAL), and Science Direct (via Scopus).
The systematic review included articles published in
English, Portuguese, and Spanish. The search was con-
ducted based on search terms and using specific build-
ing blocks to create the algorithms entered in each
database. The following search terms were used: “High
Protein and Carbohydrate Restriction Diet” OR
“Protein-Rich and Carbohydrate-Restricted Diet” OR
“Restricted Diet in Carbohydrate and Rich in Proteins”
OR “Restricted Diets in Carbohydrate and Protein
Rich” OR “Low Carbohydrate and High Protein” OR
“Low Carbohydrate and Protein-Rich Diets” OR
“Carbohydrate Restricted Diet” OR “Low Carb Diet”
OR “Low Calorie Diet” OR “Ketogenic Diet” OR
“Ketogenic  Mediterranean” OR  “Atkins  Diet”
OR “Ketosis” OR “Ketogenesis” AND “hormone” OR
“Follicle  Stimulating ~ Hormone” OR  “FSH”
OR “Luteinizing Hormone” OR “LH” OR “Steroids”
OR “gonadal” OR “Estradiol” OR “Progesterone” OR
“Testosterone” OR “Androgens” OR “Estrogen*” OR
“Reproductive Organs” OR “Fertility” OR “Infertility”
OR “Fecundity” OR “Fertile” OR “Andropause” OR
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“Menopause”. Specific components, such as Boolean
terms and truncation, were used to design the algo-
rithms implemented in each database. The results of
each search were exported to the Mendeley software.

Inclusion Criteria

This review included only studies with humans, such as
randomized clinical trials, cohort studies, and cross-
sectional studies. For study inclusion, KD protocols
were required to have 5% to 10% of energy intake (kcal)
from carbohydrates, 18% to 30% of energy intake (kcal)
from protein, and ~60% of energy intake (kcal) from
fat, with calorie provision that was adequate for weight
maintenance and protein provision in amounts that
met protein needs for age. This review only included
studies that evaluated gonadal hormonal level changes
in adult subjects without gender restrictions. Gonadal
hormones were considered the primary outcome.

Exclusion Criteria

We excluded studies with less than 4 weeks of interven-
tion, case studies, and studies with patients with genetic
conditions that may have influenced hormonal produc-
tion. Studies that used starvation, hypocaloric diets,
and/or hypoprotein diets were also excluded, since such
interventions could have had an impact on hormones
levels*’.

Selection of Studies

The selection of studies was carried out by 2 independ-
ent reviewers: M.C. and J.F. The exclusion of duplicates
and triplicates of articles was performed using the
Mendeley® software. Afterward, the titles and abstracts
of the articles were examined with regard to the inclu-
sion and exclusion criteria list. The full texts of the
selected articles were read to confirm their inclusion
status in the review for data extraction and analysis of
the risk of bias. If there were discordant responses
between the 2 authors, M.C. and J.F., the reference was
examined by a third author, E.B., and the final decision
was consensual. For a blind stage, Rayyan® software
was used.

Data Extraction

The selected articles were read in full by 2 independent
reviewers. Using a predefined data extraction template,
we extracted key aspects of each study, including study
design, population, confounding variables, diet proto-
col, macronutrient distribution, diet-adherence analyz-
ing method, adverse effects, results, anthropometric
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changes, hormonal variations, funding source, conflicts
of interest, and main conclusions.

Quality Assessment and Risk of Bias

Assessment of the quality and of the risk of bias in the
selected studies was carried out by 2 independent
authors (M.C. and J.F.). The quality of each study was
assessed using the STROBE and CONSORT tools.
Please refer to Supplementary Material for procedures
and results. If there were divergent assessments between
the reviewers, these were resolved by discussion until a
consensus was reached.

RESULTS

From the search strategy performed, 4649 articles were
found, of which 452 were excluded because they corre-
sponded to duplicates or triplicates. After reading the
titles and abstracts, 43 articles were selected for full-text
reading and assessed for eligibility. Finally, 7 articles
were included in this review (see Figure 2). A summary
of the studies examining the effect of a KD on gonadal
hormone levels is presented in Table 1.

While all 7 studies were carried out with adults
aged at least 18years'®?’ %, 3 studies were conducted
only with females'®*”*® and 4 only with active or ath-
letic males* . Of the participants in these 7 studies, 27

3 Duplicate recordsremoved (n = 452)

>» Records excluded (n = 4154)

- Full-text articles excluded (n = 29)

——) - Article not available (n = 3)

- Article not published yet (n = 4)

=
=
g Records identified through database
b= searching (n = 4649)
L
=
g v
'E Records screened (n = 4197)
g
1
iy \L
E Full-text articles assessed for eligibility (n = 43)
80
=
g v
] Studies included (n = 7)
2
Ll

Figure 2. Flow Diagram of the Systematic Review
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individuals were women, and 61 were men. The dura-
tion of the intervention was a minimum of 4 weeks’"
and a maximum of 24 weeks®. Regarding the KD pro-
tocol used in the studies, 4/7 used the classic KD dietary
protocol””?****? 1/7 used a MKD'" 2/7 used a low-
carbohydrate diet?*?!; 4/7 studies offered a comparison
with a non-KD*"**2,

Hormonal level change was considered the main
outcome in only 1 of the 7 studies®”; however, as shown
in Table 1, 6/7 of the studies described changes in gona-
dal hormone levels. They described oscillation of blood
gonadal hormones, such as total testosterone, luteiniz-
ing hormone (LH), follicle-stimulating hormone (FSH),
estradiol, progesterone, and dehydroepiandrosterone
(DHEA)'%?7-?%2972 Eyrthermore 1/6 had statistically
significant changes in estradiol, progesterone, and sex
hormone-binding globulin (SHBG)'%; 1/6 showed a
statistically significant reduction in levels of estradiol
and progesterone”’; 4/6 showed a statistically significant
reduction in the levels of testosterone'®*”***% 2/6
showed a statistically significant increase in the levels of
testosterone”*’".

Study Quality

Only 1 study was evaluated using the CONSORT tool**.
While the article by Paoli et al (2021)* reported that
participants were randomly assigned to 1 of 2 experi-
mental groups (KD or Western diet [WD]), it did not
specify the method of randomization, such as whether a
computer-generated system or another systematic
approach was employed. Lack of transparency regarding
the randomization process increases the risk of selection
bias. Furthermore, the study did not implement blind-
ing, meaning that both participants and researchers
were aware of the assigned dietary interventions. The
absence of any reported measures to mask the interven-
tion for participants or outcome assessors introduces a
potential risk of performance and detection bias.
Without blinding, participants’ expectations and
researchers’ assessments may have been influenced by
prior knowledge of group allocation, which could affect
the reliability of the reported outcomes.

The other 6 included studies were assessed using
the STROBE tool for observational studies. Two out of
these 6 studies indicated the study design in the
title*”>*® while 4 did not mention this information'**~>.
All studies presented a well-structured rationale and spe-
cific objectives in the introduction. All studies clearly
described the analyzed variables and the diagnostic crite-
ria used'”*”**!, The methods sections presented some
gaps. None of the 6 articles explained how the sample size
was determined. Regarding statistical analysis, all studies
reported the statistical methods used to control for

Nutrition Reviews® Vol. 84(6):1129-1139

confounding factors, but only 2 articles described meth-
ods for subgroup and interaction analysis*>*’. The issue
of missing data was mentioned in all 6 articles.'>*”**"!
Only 1 study included a flowchart detailing the flow of
participants throughout the study”’.

Regarding the description of participants, all stud-
ies provided detailed information on the demographic
and clinical characteristics of individuals, as well as the
analyzed variables. Only 1 study clearly indicated the
number of participants with missing data for each varia-
ble of interest”” The analysis of the study limitations
revealed that 5 of the articles thoroughly discussed
potential sources of bias'®*”***°, while 1 study did not
address this issue’’. The generalizability of the findings
was discussed in 3 studies'®?”?®, but 3 did not provide a
clear assessment of the external validity of the results* ",
Finally, only 4 studies mentioned their sources of
funding'®***?!; the other 2 did not provide this
information®*°,

Another important aspect that needs noting is that
the timing of the menstrual cycle plays a critical role in
the interpretation of reproductive hormone levels, par-
ticularly LH, FSH, estradiol, and progesterone. Among
the studies included in this review, Li et al (2021)* and
Paoli et al (2020)'° controlled for this variable by col-
lecting blood samples during the early follicular phase
(days 3-5 and days 1-7, respectively), a period charac-
terized by low hormonal variability, thereby minimizing
cycle-related confounding. In contrast, Mavropoulos et
al (2005)?® did not standardize blood collection timing
in relation to the menstrual cycle, which the authors
acknowledged as a limitation that could have affected
the hormonal measurements.

Since we found individuals with different diagno-
ses, we decided to show the characteristics of each study
separated into a population with overweight and PCOS,
and an active population (physically active individuals
and well-trained individuals), as shown in Table 2.

Effect of a KD in PCOS

In the present review, we observed a positive influence
of a KD on women with PCOS in terms of improve-
ment in insulin sensitivity, decrease in testosterone
levels, improvement in LH/FSH ratio, and improvement
in menstrual cycle regularity. The characteristic of the
LH/FSH ratio was observed in all 3 studies with female
participants'®*”%%, In all 3 studies, we observed a signif-
icant decrease in the LH/FSH ratio between baseline
and the end of the study. For example, in the Paoli et al
(2020)'° study, at the beginning of the study, the ratio
was 2.00 +0.30 and it decreased after 12 weeks of a KD
intervention to 1.15 + 0.20.
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Table 2. Classification of Studies According to Subjects’
Diagnoses

Subjects’ Number of References
diagnoses studies
Overweight/Obesity 3 Li et al, 2021
Paoli et al, 2020"°
Mavropoulos et al, 20052
PCOS 3 Li et al, 2021%
Paoli et al, 2020'°
Mavropoulos et al, 20052
Well-trained 3 Wilson et al, 2020%°
individuals Michalczyk et al, 2019
Paoli et al, 2021*2
Moderately active 1 Volek et al, 2002%°
population

Abbreviation: PCOS, polycystic ovary syndrome.

Li et al (2021)* Paoli et al (2020)!°1 and
Mavropoulos et al (2005)*® showed a significant
decrease in testosterone levels, which is an important
aspect in the improvement of the symptoms observed in
PCOS, such as hirsutism and irregular menstrual cycles.
SHBG was found to increase significantly (from 26.3 +
7.9 to 34.1+8.7nmol/L; P < 0.0001) in the Paoli et al
(2020)"° study, contributing to the declining levels of
androgens in the circulation. Estradiol and progesterone
were found to increase in the Li et al (2021)*” and Paoli
et al (2020)'° studies, which may be correlated with the
decrease in the androgen levels. Li et al (2021)*” showed
that the menstrual cycle of participants in the KD group
returned to a normal level at 4 weeks, while participants
in the control group returned to a normal level at
12 weeks, suggesting that the KD can be used as a tool
for the management of PCOS hormonal variations.

Another finding in this population was a significant
decrease in  both  blood  glucose'™***  and
insulin.'®*® As glucose and insulin decreased, decreases
in triglycerides, total cholesterol, and low-density lipo-
protein were also observed in the Paoli et al (2020)"
study. Anthropometric measurements and body com-
position also changed in these 3 studies. Mavropoulos et
al (2005)* found an average of 12.1% weight loss, Paoli
et al (2020)'° 11.6% weight loss, and Li et al (2021)*’
13.5% weight loss in the participants. In addition, Paoli
et al (2020)'° showed a rise in high-density lipoprotein
at the end of a 12 week KD intervention, while Li et al
(2021)*” and Mavropoulos et al (2005)*® observed no
differences between baseline and after 12 weeks of KD.

Effect of a KD on Gonadal Levels of Healthy
Individuals

We observed that a KD may influence anabolic hor-
mone (testosterone, insulin-like growth factor 1 [IGF-
1]) levels in men, depending on the intensity of the
exercise and the amount of fat-free mass of participants
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when starting the diet. Each study needs to be carefully
examined in relation to its training protocol, as this
review highlighted heterogeneity in the exercise proto-
cols. In Wilson et al’s (2020) study’, 12 healthy men
with normal weight switched from their habitual diet
(48% carbohydrate) to a carbohydrate-restricted diet
(8% carbohydrate) for 6 weeks. The subjects were mod-
erately active, performing a variety of different aerobic
and weight-training routines. Wilson et al (2020)*
found no significant changes in glucagon, total or free
testosterone, SHBG, IGF-1, or cortisol.

Paoli et al (2021)** showed a testosterone reduction
of 11% in 19 male bodybuilders with a KD intervention.
A significant time X diet interaction in hormone levels
was observed (P<0.05), resulting in a significant
decrease in testosterone in the KD group (total testos-
terone was reduced by 10.22+6.95%, P <.001; IGF-1
was reduced by 16.43 £8.52%, P <.05); this was not
observed in the WD group. The KD group had signifi-
cantly reduced fat mass, while the WD group did not.
The KD group did not have a significant increase in
muscle mass, although there was no significant differ-
ence in energy intake between the groups. Paoli et al
(2021)** was the only study that showed a reduction in
anabolic hormones (testosterone and IGF-1) after the
KD protocol, and it was the first study to analyze the
effects of a KD on bodybuilders.

Wilson et al (2020)*° investigated the impact of an
isocaloric and isonitrogenous KD versus a that of a
traditional WD on changes in body composition, per-
formance, blood lipids, and hormonal profiles in
resistance-trained athletes. They found that total testos-
terone level increased from week 0 to 11 in the KD
group compared with the WD group (KD diet group
increase of 118 ng/dL compared with the WD (loss of
36ng/dL) from pre- to post-intervention, while the
insulin level did not change.

Michalczyk et al (2019)°! studied the effects of a
low-carbohydrate diet intervention for 4 weeks, followed
by 7days of carbohydrate loading, on anaerobic per-
formance in 15 well-trained male basketball players.
He found a significant increase in beta-hydroxybutyrate,
testosterone, growth hormone, and insulin hormone.
In this review, we found that 3 of the 4 relevant studies
reviewed indicated that a KD was associated with either
an increase or a decrease in the gonadal hormones.

DISCUSSION

In the present review, we have described the findings of
7 studies that have measured gonadal hormones before
and after a minimum 4-week intervention of an iso-
caloric and isonitrogenic KD. Taken together, the
results of these various studies show that a KD might
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have different effects depending on whether it is associ-
ated with exercise, or applied in subjects with over-
weight or obesity, or in those with clinical conditions
such as PCOS. We found that a eucaloric KD indirectly
promotes changes in gonadal hormone levels, such as
testosterone, LH, FSH, estradiol, progesterone, and
DHEA'>%*"2%3932 in women with PCOS.

Since we found 2 different populations—a healthy
and active/athletic population and a population with
PCOS—the results for each population will be discussed
separately.

Effects of a KD in Active and Athletic Populations

In healthy and active individuals, we observed mixed
results. While Paoli et al (2021)*? showed a reduction in
anabolic hormones (testosterone and IGF-1) after a KD
intervention in bodybuilders, the studies of Wilson et al
(2020)*° and Michalczyk et al (2019)*' found the oppo-
site result—an increase in gonadal hormones (in testos-
terone in both studies, and in IGF-1 in the study by
Michalczyk et al). The only study included in this
review that found no association between a KD diet and
hormone level change was the Volek et al (2002)%
study. No significant changes in glucagon, total or free
testosterone, SHBG, IGF-1, or cortisol were found. As
the study did not include a standardized training proto-
col for all the subjects, this may be considered a poten-
tial confounder. It is well known that aerobic training
doesn’t affect anabolic hormones in the way that resist-
ance training does™.

Paoli et al (2021)** observed preservation of fat-free
mass, most likely due to the effect of the resistance
training stimuli and also due to the maintenance of a
high dietary protein level (2.5 g/kg body weight) in their
protocol. It is important to mention that bodybuilders
typically have a large body mass when compared with
other sports players or practitioners; the data of Paoli et
al and of others suggests that with a carbohydrate-
restricted diet, bodybuilders should probably increase
their protein intake to 1.8-2.5 g/kg body weight/day™*,
noting that it is probably more difficult to achieve a bal-
ance in gonadal hormone homeostasis during a low-
carbohydrate strategy. We need to highlight that this
study was on a very specific population, and we cannot
necessarily generalize these findings in bodybuilders to
other sports or general populations.

Taken together, the results of this review suggest
that an anabolic hormonal response may be blunted
during a KD regimen, particularly in the context of ath-
letic males. It was not possible to determine the impact
on gonadal hormone levels when the KD was combined
with rigorous physical activity. The characteristics of
the training sessions differed between the 4 studies, and

Nutrition Reviews® Vol. 84(6):1129-1139

that in itself can explain why the findings were so diver-
gent. Because of the small sample size and the few stud-
ies in this area, it was also difficult to make any robust
conclusion about the effect of a KD on gonadal hor-
mone levels in training males. Future studies should
explore the differences in the hormonal impact of a KD
between sedentary and physically active populations.

Effects of a KD in Women with PCOS

In the present review, we found 3 studies'®*”>*® that
focused on the effects of a KD in women who had over-
weight or obesity and who had been diagnosed with
PCOS. Li et al (2021)%’, Paoli et al (2020)', and
Mavropoulous et al (2005)*® showed significantly
reduced LH/FSH ratios after the KD protocol. In the
present review, only Li et al (2021)*” instructed the par-
ticipants to perform resistance exercises (15min each
time) 3 times a week to maintain bone density and
muscle mass. Heavy aerobic exercise was not recom-
mended. Also, it is important to highlight the fact that
the women in the 3 studies'®*”*® tolerated outpatient
initiation (rapid or gradual titration), as evidenced by
the minimal discontinuation, suggesting that a KD ther-
apy can perhaps be successfully and sustainably applied
to this population. The sustainability was likely assisted
by the support of a nutritionist/dietitian and concurrent
contact with the patients.

In the present review, Li et al (2021)*” showed that,
after 12weeks of a eucaloric and isonitrogenous KD,
levels of estradiol and progesterone were significantly
decreased compared with in the pre-intervention phase.
The menstrual cycle of participants in the KD group
returned to a normal level at 4 weeks after the KD inter-
vention started, while participants in the control group
returned to a normal level at 12 weeks. Perhaps referring
to the insights of the 6-month treatment study by
Mavropoulos et al (2005)*® offers some explanation. In
that study, it was proposed that the hyperinsulinemia of
PCOS increased androgen secretions from the ovaries,
and decreased circulating SHBG. Using a KD with sig-
nificant carbohydrate restriction (20 g/day) may have
caused a reversal of this process, as seen in the reduc-
tion in the LH/FSH ratio. Concomitant with this, a
reduction in fasting insulin and of testosterone was also
observed.

The positive link between hyperinsulinemia and
androgen levels suggests that insulin contributes to hyper-
androgenism in women with PCOS. Hyperinsulinemia
stimulates cell proliferation, amplifies LH-mediated
androgen secretion, and increases the expression of the
LH and IGF-1 receptors®. Furthermore, high insulin
levels inhibit the production of SHBG by the liver, caus-
ing increased levels of free testosterone™. Paoli et al
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(2020)"° observed exactly the opposite after applying a
KD. That study showed not only a reduction in insulin
but also a physiological balance between the lowered
testosterone levels and the increased SHBG levels, dem-
onstrating the link between reduced insulin, weight loss,
and hormonal level changes with the intervention of a
KD.

Based on the 3 relevant studies included,'®*”*® a
KD seems to have a beneficial effect in patients with
PCOS by supporting weight loss, improving insulin sen-
sitivity, reducing the LH/FSH ratio, and positively
affecting androgen levels in PCOS populations. All these
outcomes are probably linked to insulin reduction and
weight loss.

CONCLUSION

A eucaloric isonitrogenous KD may support favorable
weight loss, a change in testosterone levels in physically
active men, a positive effect on gonadal hormone levels
in women with PCOS (by decreasing testosterone levels,
improving the LH/FSH ratio, improving insulin sensi-
tivity, and improving menstrual cycle regularity).
Although we found significant changes in the levels of
testosterone, estradiol, progesterone, LH, and FSH
(increasing or decreasing) in both sexes, it was not pos-
sible to confirm that the relatively high fat content in
the KD is the only cause of the effects observed, either
in the short or the long term, in gonadal hormone lev-
els. In addition, the level of physical activity and exercise
is a factor to be taken into account in the interpretation
of results.

We showed that the results after the KD interven-
tion varied depending on whether the individuals had
overweight at the beginning of the treatment, presented
specific alterations in natural physiological processes
(such as changes in hormonal regulation, metabolic
pathways, or reproductive function), or whether they
were active, well trained, or sedentary.

The results of this review should be interpreted in
the light of some limitations. One of the main con-
straints was the limited scope of the populations
studied, as most of the reviewed studies focused on
active men or women with PCOS, limiting the general-
izability of the findings to other populations.
Additionally, sample sizes were generally small (n=5 to
25), increasing the risk of Type II errors, leading to
underestimation of the significance of the findings. The
lack of synchronization between hormonal assessments
and the menstrual cycle in 1 study introduced impor-
tant limitations regarding both the interpretability and
the generalizability of its findings. Furthermore, short
intervention durations (4 to 12 weeks) and the absence
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of adequate control groups in some studies further
reduced the reliability of the findings.

Future research should address these gaps by using
larger sample sizes, formal power calculations, longer
interventions, and standardized methodologies to pro-
vide more robust and generalizable evidence on the hor-
monal effects of KDs. We also recommend that future
studies include measures of physical activity for both
males and females, as resistance training has been
shown to influence the production of testosterone and
other gonadal hormones®”. Finally, further studies are
needed to clarify whether a direct association exists
between ketosis and hormonal oscillations.

These studies are important for better understand-
ing of the mechanisms causing gonadal hormone level
changes in adults, from early adulthood ongoing
throughout the process of the expected hormonal
changes that occur with life stages, such as menopause
and andropause. KDs emerge as a useful tool for weight
control and brain-based diseases, but currently there is
a lack of knowledge about the effects of KDs on gonadal
hormone levels in adults, both in the short and the long
term.
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