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Abstract

Background: The very low-calorie ketogenic diet (VLCKD) represents an opportunity

to attain clinically relevant weight loss in obese patients. Functional hypogonadism

represents a frequent hormonal disorder associatedwith obesity and visceral fat accu-

mulation characterised by low testosterone levels and subnormal luteinising hormone

(LH) levels.

Aim: To evaluate the early effects of VLCKD on serum total testosterone (TT) levels in

non-diabetic obese patients.

Methods: Twenty-two obese male patients (mean age 39.3 ± 11.7 years, mean body

mass index (BMI) 38.2± 6.4 kg/m2)were enrolled and treated for 28 dayswith VLCKD.

Anthropometric and hormonal variables were assessed before, during and after diet

intervention.

Results: After 7 and 28 days on a VLCKD, a significant and persistent reduction in

body weight, BMI, fat mass, blood glucose, insulin and homeostasis model assess-

ment index was observed compared with baseline. TT significantly increased after

7 days (+35 ± 64 ng/dl) and 28 days (+74 ± 97 ng/dl) on a VLCKD. In addition to

TT, a significant increase in serum sex hormone-binding globulin levels was observed

after 7 (+2.1 ± 4.1) and 28 days (+7.7 ± 10.0). However, both calculated free testos-

terone and LH did not change after 7 or 28 days of VLCKD. Following cessation

of VLCKD, hypogonadal subjects achieved a higher percentage of total weight loss

(8.5% ± 1.5%), a greater reduction in weight (−9.94 ± 1.66 kg), fat mass (−7 ± 2.1 kg)

and waist circumference (−6.31 ± 2.65 cm) and a greater improvement in glycaemia

(−8.75 ± 10.92 mg/dl) as compared with eugonadal subjects. Furthermore, hypog-

onadal subjects exhibited a trend of higher TT increase (+98.12 ± 71.51 ng/dl) as

comparedwith eugonadal subjects.

Conclusions:VLCKD results in rapid improvements in TT levels associatedwithweight

loss inmale obese non-diabetic subjects, particularly in the presence of obesity-related

hypogonadism.

© 2022 American Society of Andrology and European Academy of Andrology.
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1 INTRODUCTION

Obesity and overweight are chronic conditions with a worldwide

prevalence that has increased in recent decades. Excessive con-

sumption of high-energy food and a sedentary lifestyle favours the

development of adiposity and related metabolic disorders. Obesity

increases the incidence of long-term metabolic consequences, such

as type 2 diabetes mellitus (T2DM), cardiovascular diseases, dyslip-

idaemia and hypertension.1 Recent findings have demonstrated that

obesity and visceral fat accumulation are frequently associated with

endocrine disorders, such as secondary (functional) hypogonadism

in both adults and adolescents.2 Considering that hyperglycaemia,

oxidative stress and inflammation associated with obesity interfere

with testosterone production, the new term ‘metabolic hypogonadism’

has been coined.3 The increased inactivation of androgens by aro-

matase into enlarged adipose tissue, the reduction of circulating

levels of sex hormone-binding globulin (SHBG) and pro-inflammatory

cytokine-induced inhibition of the hypothalamic-pituitary-gonadal

(HPG) axis represent key mechanisms involved in the onset of func-

tional hypogonadism.4 Furthermore, the elevated serum leptin levels

detected in obese men appear to contribute to HPG dysfunction,

inhibiting gonadotropin releasing hormone (GnRH) pulsatility.5 Fur-

thermore, hypogonadism is associated with fat accumulation, leading

to a vicious cycle in which abnormal adipose tissue expansion impairs

testosterone production, resulting in further accumulation of adipose

tissue.6

Several clinical efforts have been made to counteract obesity with

the aim of achieving weight loss and improving body composition.

Lifestyle interventions, such as a hypocaloric diet and physical exercise,

and metabolic surgery currently represent the preferred treatments

for obesity in clinical practice. Metabolic surgery produces relevant

weight loss and a related improvement of gonadal function.7 Simi-

larly, ketogenic diet (KD) protocols have been developed in recent

years to attain rapid weight loss, potentially increasing patients’

compliance.8,9 A KD can be classified as either a normocaloric KD,

where a high-fat, isoproteic diet (1.2–1.5 g/kg) is provided, or a very

low-calorie KD (VLCKD), where the KD is combined with intense

caloric restriction10,11 with a daily carbohydrate intake of less than

30 g and an overall total energy intake of 600–1000 kcal/day.9 Sev-

eral trials have suggested the potential effects of KD on testosterone

serum levels.12–19 However, results on early response to VLCKD

on HPG function and the mechanism involved have not been fully

addressed.

The aim of the current study is to evaluate the early effects of

VLCKD on the HPG axis in obese men, focusing on the first 4 weeks

of treatment.

2 METHODS

2.1 Study design

An observational prospective clinical trial was conducted from

May 2019 to November 2021 at the Outpatient Clinic for the

Study of Obesity, Unit of Endocrinology, Department of Emer-

gency and Organ Transplantation, University of Bari Aldo Moro.

The trial protocol was approved by the Ethics Committee of the

Azienda Ospedaliero Universitaria Policlinico di Bari, Bari, Italy and

meets the standards of the 7th revision of the Declaration of

Helsinki (2013). Each enrolled subject provided written informed

consent.

Obese male subjects older than 18 years who were evaluated

for weight loss were enrolled. Each patient underwent comprehen-

sive medical history collection, physical examination and laboratory

testing. The patients were informed of all therapeutic options for

obesity management, and all patients willing to undergo VLCKD

were recruited in this study. The exclusion criteria included autoim-

mune diabetes mellitus, T2DM, chronic renal failure with estimated

glomerular filtration rate <60 ml/min/1.73 m2, active or severe

infections, a recent major cardiovascular event, unstable angina, car-

diac arrhythmias, frailty, surgery or invasive procedures in the past

48 h, eating disorders and other psychiatric disturbances. Patients

with hypogonadism due pituitary or testicular diseases were also

excluded.

This manuscript follows the Strengthening the Reporting of Obser-

vational Studies in Epidemiology (STROBE) guidelines.20

2.2 Diet protocol

The VLCKD was based on a very low-calorie diet (600–800 kcal/day)

characterised by low content of both carbohydrates (<50 g daily

from vegetables) and lipids (∼20 g/day). High biological value pro-

tein was provided, ranging between 1.2 and 1.5 g per each kg of

ideal body weight to preserve lean mass and to meet the minimum

daily body requirements. The VLCKD was based on protein prepa-

rations of high biological value derived from green peas, eggs, soy

and whey. Each protein preparation was provided by ISOMED and

was composed of approximately 18 g protein, 4 g carbohydrate and

3 g fat (mainly high-oleic vegetable oils), providing approximately

100–150 kcal.

During the study, patients were allowed to eat four-to-six (depend-

ing on ideal body weight) protein preparations and low-carbohydrate

vegetables during the 28-day diet.
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CIGNARELLI ET AL. 3

2.3 Anthropometric parameters and hormonal
measurements

Anthropometric and biochemical parameters were evaluated at enrol-

ment, and on days 7 and 28 from an initiation of the VLCKD. Beta-

hydroxybutyrate levels were assessed weekly through a reflex metrics

detection system andweremaintained between 0.5 and 0.7mmol/L.

Body weight, free fat mass and fat mass were measured under fast-

ing conditions using a multi-frequency bioelectrical impedance device

(InBody 270). Patients underwent the measurements without shoes

and with an empty bladder. Each patient underwent blood testing

for glucose, insulin, total cholesterol, high-density lipoprotein, triglyc-

erides, creatinine, uric acid, aspartate aminotransferase (AST), alanine

aminotransferase (ALT), luteinising hormone (LH), follicle-stimulating

hormone (FSH), total testosterone (TT) and SHBG at each visit. An oral

glucose tolerance test (OGTT) was performed at baseline.

The homeostasis model assessment (HOMA) index,21 Matsuda

index22 and disposition index were calculated for the evaluation of

insulin resistance, and low-density lipoprotein levels were calculated

according to the Friedewald formula.23 Insulin resistance was defined

according to a HOMA index >2.24 Free testosterone (cFT) levels also

were calculated from TT, albumin and SHBG using the Vermeulen

equation.25

Body mass index (BMI) was defined as weight (kg)/height (m2)

and ideal body weight as that equivalent to the Lorentz formula

height-100-[(height-150)/4].26 The percentage of excess weight loss

(%EWL) was calculated using the formula: ([initial weight − follow-

up weight]/[initial weight − ideal weight]) × 100. The percentage of

total weight loss (%TWL) was calculated using the formula: ([initial

weight− follow-up weight]/initial weight)× 100.27

During VLCKD, all patients underwent collection of blood sam-

ples to assess their electrolytes (e.g. sodium, potassium and chlorine)

and beta-hydroxybutyrate levels. Blood samples were collected in the

morning (8–10 AM) in a fasting state. Fasting blood samples at base-

line and after 24 weeks were used for the measurement of glucose,

lipid profile, AST, ALT, CRP and uric acid using an autoanalyser (Dimen-

sion Vista 1500 Lab System, Siemens). Serum insulin was measured

using a human insulin radioimmunoassay (Linco). HbA1c was mea-

sured using an automated HPLC system (D-10 Hemoglobin Analyzer).

Complete blood count was measured using an automated cell counter

(ADVIA 2120, Siemens). Serum concentrations of TT, FSH and LHwere

measured by chemiluminescence immunoassay (DiaSorin). SHBG was

analysed in the serum by radioimmunoassay (Izotop). Serum levels of

TNF-a were measured with an ELISA kit from Thermo Fisher Scientific

(TNF-a Human Elisa kit cat. KHC3011).

2.4 Questionnaires

Signs and symptoms of hypogonadism were evaluated by an adminis-

trationof validatedquestionnaires: Androtest (Heinemannet al. 1999),

AMS (Corona et al. 2006) and IIEF-5 (Rosen et al. 1999). The results

were obtained before and after 28 days of VLCKD.

2.5 Statistical analysis

Continuous variables are presented asmean± standarddeviation (SD).

Differences in continuous variables were assessed using Student’s t-

test or theMann–WhitneyU-test, according to normal distribution. All

tests of significance were two-sided.

Normal data distribution was assessed using the Kolmogorov–

Smirnov test. The primary outcome variables were TT, SHBG and cFT.

Each variable was considered per se and as a difference compared to

baseline levels (Δ). One-way repeated analysis of variance (ANOVA)was

applied to determine the significant differences in selected variables

among different time points. Post hoc Bonferroni adjustment analysis

was applied to compare the statistical significance for each variable.

Paired t-tests compared these variables at baseline and after at least

7 and 28 days of VLCKD therapy. A p value of <0.05 was accepted as

statistically significant. A trend was assumed for p values ranging from

0.05 to 0.099.

Statistical analysis was performed using RStudio Workbench

2022.02.2.

3 RESULTS

3.1 Baseline

Twenty-three patientswere initially considered for inclusion; however,

one patient was excluded for poor compliance to the VLCKD protocol.

In total, 22 patients (mean age 39.3 ± 11.7 years) were enrolled in this

study. At enrolment, the subjects had a mean BMI of 38.2 ± 6.4 kg/m2,

with both fasting and post-OGTT blood glucose within the normal

range (Table 1). In contrast, the entire cohort exhibited elevated lev-

els of basal insulin and high HOMA index (Table 1), suggesting insulin

resistance.

Regarding theHPGaxis, low serumTT levels associatedwith low LH

levelswerepresent at baseline in68.2%ofpatients, indicating thepres-

ence of functional hypogonadal hypogonadism. Both the average TT

and cFT detected at baseline confirmed the high rate of hypogonadism

related to obesity at baseline (Table 1).

3.2 Post-VLCKD

After 7 days onVLCKD, a significant reduction in bodyweight, BMI and

fat mass was detected in addition to an increased %EWL (p < 0.001)

(Table 2). The change in body weight, BMI, fat mass and EWL remained

statistically significant after 28 days on VLCKD (p < 0.001) (Table 2).

These results confirmed the efficacy of VLKCD on body weight reduc-

tion, highlighting how this was rapidly achieved already after 7 days of

diet. In addition, after 7 and 28 days on VLCKD, a significant decrease

in blood glucose, insulin and HOMA index was evident compared with

baseline (p ≤ 0.05) (Table 2). The analysis of circulating levels of TNF-

α showed a significant reduction after 28 days but not after 7 days on

VLCKD (Table 2).
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4 CIGNARELLI ET AL.

TABLE 1 Characteristics of the study population

Whole population Eugonadism Hypogonadism

n = 22 n = 6 n = 16 p-Value

Age (years) 39.3 (11.7) 37.0 (10.0) 40.2 (12.4) 0.580

Height (cm) 175.3 (6.4) 175.6 (2.9) 175.2 (7.3) 0.916

Bodyweight (kg) 117.5 (22.3) 112.5 (15.3) 119.4 (24.6) 0.530

BMI (kg/m2) 38.2 (6.4) 36.5 (4.8) 38.8 (7.0) 0.463

Waist circumference (cm) 113.7 (14.2) 109.3 (12.6) 115.4 (14.8) 0.388

Hip circumference (cm) 120.5 (14.3) 117.2 (11.8) 121.7 (15.3) 0.524

Neck circumference (cm) 43.7 (4.0) 42.2 (2.0) 44.2 (4.4) 0.286

SBP (mmHg) 136.3 (11.9) 138.7 (11.4) 135.4 (12.3) 0.577

DBP (mmHg) 87.0 (10.4) 83.0 (11.8) 88.5 (9.7) 0.277

HR (bpm) 79.3 (12.9) 79.5 (15.7) 79.2 (12.3) 0.969

FFM (kg) 57.1 (19.3) 62.1 (11.8) 55.2 (21.5) 0.474

FM (kg) 47.0 (15.4) 45.6 (14.3) 47.6 (16.2) 0.790

TBW (kg) 51.7 (7.4) 49.0 (2.9) 52.7 (8.4) 0.304

Fasting blood glucose (mg/dl) 81.8 (9.3) 78.8 (10.0) 82.9 (9.1) 0.369

2h-PG (mg/dl) 119.9 (37.4) 105.2 (11.5) 125.4 (42.4) 0.268

Fasting insulin (mUI/ml) 29.3 (17.8) 27.0 (17.2) 30.2 (18.5) 0.716

2h-PI (mUI/ml) 154.1 (110.6) 111.1 (82.4) 170.2 (117.6) 0.275

Disposition index 4.0 (2.5) 4.8 (3.6) 3.7 (2.1) 0.374

Matsuda index 2.3 (2.1) 3.5 (3.3) 1.9 (1.2) 0.119

HOMA-IR 5.9 (3.7) 5.2 (3.1) 6.2 (3.9) 0.574

OGTT-insulin AUC 20048.1 (12212.3) 14151.2 (9566.1) 22259.4 (12616.2) 0.171

OGTT-glucose AUC 16180.9 (3471.7) 13715.0 (1609.0) 17105.6 (3559.0) 0.038

HbA1c (%) 34.3 (3.8) 33.2 (2.5) 34.7 (4.2) 0.419

Total cholesterol (mg/dl) 201.0 (36.9) 198.8 (49.4) 201.8 (33.1) 0.871

HDL (mg/dl) 43.4 (6.1) 43.3 (4.8) 43.4 (6.7) 0.973

Triglycerides (mg/dl) 145.6 (104.5) 110.3 (44.3) 158.8 (118.2) 0.345

LDL (mg/dl) 128.5 (33.9) 133.4 (49.4) 126.6 (28.0) 0.685

Uric acid (mg/dl) 6.0 (1.3) 5.9 (0.9) 6.0 (1.4) 0.847

eGFR (mg/ml/min) 99.3 (17.1) 91.8 (25.9) 101.3 (14.6) 0.334

Sodium (mmol/L) 139.9 (1.9) 139.8 (2.1) 139.9 (1.9) 0.965

AST (UI/L) 25.2 (6.7) 25.8 (5.2) 25.0 (7.3) 0.803

ALT (UI/L) 51.9 (25.2) 37.0 (8.3) 57.9 (27.3) 0.086

γ-gt (UI/L) 45.6 (26.0) 32.8 (7.6) 51.1 (29.3) 0.155

Rbc (103/ml) 5.2 (0.6) 5.7 (1.0) 5.1 (0.4) 0.062

Haematocrit (%) 44.0 (2.5) 45.7 (2.3) 43.5 (2.4) 0.079

Hb (g/dl) 14.9 (0.8) 15.0 (1.0) 14.8 (0.7) 0.758

TNF-α 9.4 (4.5) 9.7 (5.1) 9.3 (4.4) 0.848

FSH (UI/L) 4.6 (3.9) 5.7 (4.4) 4.2 (3.7) 0.421

LH (UI/L) 3.0 (1.4) 3.1 (1.9) 2.9 (1.3) 0.781

Total testosterone (ng/dl) 250.8 (112.2) 402.0 (57.2) 194.1 (62.9) <0.001

cf-Testosterone (pg/ml) 6.7 (3.5) 10.6 (4.0) 5.2 (1.8) <0.001

SHBG (nmol/L) 20.3 (8.9) 23.5 (11.5) 19.1 (7.8) 0.310

(Continues)
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CIGNARELLI ET AL. 5

TABLE 1 (Continued)

Whole population Eugonadism Hypogonadism

n = 22 n = 6 n = 16 p-Value

LH/T ratio 1.4 (1.0) 0.8 (0.5) 1.6 (1.1) 0.082

Note: Values shown in the table aremeans (SD) (unpaired Student’s t-test between eugonadal and hypogonadal subjects). Bold font indicates p< 0.05.Abbre-

viations: 2h-PG, post-prandial glucose 120 min after oral glucose tolerance test; 2h-PI, post-prandial insulin 120 min after oral glucose tolerance test;

ALT, alanine aminotransferase; AST, aspartate aminotransferase; AUC, area under curve; BMI, body mass index; DBP, diastolic blood pressure; eGFR, esti-

mated glomerular filtration rate; FFM, free fat mass; FM, fat mass; FSH, follicle stimulating hormone; Hb, haemoglobin; HbA1c, glycated haemoglobin A1c;

HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment for insulin resistance; HR, heart rate; LH, luteinising hormone; LDL, low-density

lipoprotein; OGTT, oral glucose tolerance test; Rbc, red blood cells; SHBG, sex hormone-binding globulin; SBP, systolic blood pressure.

TABLE 2 Changes in anthropometric and biochemical parameters in the study population on days 7 and 28 versus baseline

Baseline Day 7Δ

p-Value
versus

baseline Day 28Δ

p-Value
versus

baseline

p-Value
versus day 7

Bodyweight (kg) 112.4 (19.9) −3.7 (1.3) <0.001 −9.3 (1.9) <0.001 <0.001

BMI (kg/m2) 36.4 (5.0) −1.2 (0.5) <0.001 −3.0 (0.7) <0.001 <0.001

EWL (%) // 8.5 (3.7) <0.001 21.3 (7) <0.001 <0.001

TWL (%) // 3.2 (1.1) <0.001 8.0 (1.7) <0.001 <0.001

Waist circumference (cm) 110.2 (11.9) −1.6 (3.5) 0.046 −5.4 (3.2) <0.001 <0.001

FM (kg) 42.6 (13.0) −1.9 (1.8) <0.001 −6.4 (2.1) <0.001 <0.001

Fasting blood glucose (mg/dl) 81.8 (9.3) −7.2 (10.7) 0.005 −5.8 (11.2) 0.002 0.440

Fasting insulin (mUI/ml) 27.8 (18.1) −13.0 (16.4) 0.005 −15.0 (13.1) 0.001 0.094

HOMA-IR 5.6 (3.7) −2.8 (3.7) 0.003 −3.1 (2.8) <0.001 0.310

TNF-α (pg/ml) 9.4 (4.5) −0.4 (4.1) 0.647 −2.3 (4.0) 0.044 0.013

Total testosterone (ng/dl) 250.8 (112.2) +35.4 (64.1) 0.017 +74.3 (97.3) 0.002 0.033

cF-Testosterone (pg/ml) 5.9 (1.6) +0.3 (2.0) 0.447 +2.3 (8.4) 0.213 0.285

SHBG (nmol/L) 21.9 (10.8) +2.1 (4.1) 0.026 +7.7 (10.0) 0.002 0.003

LH (UI/L) 3.3 (1.5) −0.1 (1.0) 0.500 −0.1 (1.0) 0.900 0.640

LH/T ratio 1.4 (1.0) −0.3 (0.6) 0.036 −0.5 (1.0) 0.032 0.218

Note: Values shown in the table are means (SD) (repeated measures ANOVA and Post hoc paired Student’s t-test). Bold font indicates p< 0.05.Abbreviations:

BMI, body mass index; cf-Testosterone, calculated free testosterone; EWL, excess weight loss; HbA1c, glycated haemoglobin A1c; FM, fat mass; HOMA-IR,

homeostatic model assessment for insulin resistance; LH, luteinising hormone; SHBG, sex hormone-binding globulin; TNF-α, tumour necrosis factor;TWL,

total weight loss.

TT significantly increased after 7 days (Δ +35 ± 64 nmol/L) and 28

days (Δ +74 ± 97 nmol/L) on VLCKD. In addition to TT, a significant

increase in serum SHBG level was observed after 7 and 28 days

(p < 0.01) (Table 2, Figure 1). Neither cFT nor LH changed significantly

after 7 and 28 days onVLCKD compared to baseline (Table 2, Figure 2).

However, the LH/T ratio decreased significantly during the 4 weeks

of intervention (Table 2). The significant variation in TT after VLCKD

was used to calculate a posteriori the statistical power of the analysis.

A post hoc analysis revealed a power of 99% and p < 0.05 to establish

an effect size of 0.5 for TT, whichmeans a variation of 0.5 SD above the

average subject at day 0.

The increase in TT was correlated with reduction in blood glucose

on day 7.Moreover, TT increase was associated with both body weight

reduction and fat mass loss (Figure 2), independent of their baseline

values (data not shown).

Signs and symptoms of hypogonadism derived from the question-

naires (i.e. Androtest, AMS and IIEF-5) administered before and after

28 days on VLCKD showed a significant amelioration only for somatic

domain of AMS (−3.4± 5.4; p= 0.019) (Table S1)

After the stratification of the cohort according to gonadal status

based on a baseline TT of 300 ng/dl, a significant difference in glucose

levels during OGTT was appreciated with higher levels in the hypog-

onadal compared to the eugonadal subjects (Table 1, Figure S1). At

the end of VLCKD, hypogonadal subjects exhibited also higher %TWL,

greater reduction in weight, fat mass and waist circumference and a

larger improvement in glycaemia as comparedwith eugonadal subjects
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6 CIGNARELLI ET AL.

F IGURE 1 Hormonal parameters boxplots on days 0, 7 and 28 of very low-calorie ketogenic diet (VLCKD): (A) total testosterone, (B) calculated
free testosterone, (C) sex hormone-binding globulin (SHBG) and (D) luteinising hormone (LH). *p≤ 0.05 versus day 0; #p≤ 0.05 versus day 7

F IGURE 2 Total testosterone (TT) variation according to fasting plasma glucose (FPG), bodyweight and fat mass (FM) variation: (A–C) TT
variation scatterplot according to FPG, bodyweight and FM variation at day 7 of very low-calorie ketogenic diet (VLCKD); (D–F) TT variation
scatterplot according to FPG, bodyweight and FM variation at day 7 of VLCKD
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TABLE 3 Changes in anthropometric and biochemical parameters
on day 28 versus baseline according to gonadal status at baseline

Eugonadism

(6)

Hypogonadism

(16) p-Value

EWL (%) 19.5 (8.8) 22.0 (6.3) 0.455

Bodyweight (kg) −7.52 (1.46) −9.94 (1.66) 0.005

BMI (kg/m2) −2.45 (0.54) −3.26 (0.63) 0.012

TWL (%) 6.8 (1.9) 8.5 (1.5) 0.046

Waist circumference

(cm)

−3.08 (3.56) −6.31 (2.65) 0.031

FM (kg) −4.8 (1.4) −7.0 (2.1) 0.031

Fasting blood glucose

(mg/dl)

+2.00 (8.34) −8.75 (10.92) 0.042

Fasting insulin

(mUI/ml)

−15.95 (14.08) −14.58 (13.22) 0.834

HOMA-IR −2.88 (2.34) −3.25 (2.97) 0.791

Total testosterone

(ng/dl)

+10.83 (133.36) +98.12 (71.51) 0.059

cf-Testosterone

(pg/ml)

+4.48 (16.75) +1.49 (1.68) 0.471

SHBG (nmol/L) +8.58 (16.97) +7.41 (6.54) 0.812

LH (UI/L) +0.17 (1.13) −0.21 (1.01) 0.463

LH/T ratio 0.0 (0.4) −0.6 (1.1) 0.159

TNF-α (pg/ml) −3.7 (4.6) −1.7 (3.8) 0.325

Note: Values shown in the table are means (SD) (unpaired Student’s t-
test). Bold font indicates p < 0.05.Abbreviations: BMI, body mass index;

cf-Testosterone, calculated free testosterone; EWL, excess weight loss;

FM, fat mass; HbA1c, glycated haemoglobin A1c; HOMA-IR, homeostatic

model assessment for insulin resistance; LH, luteinising hormone; SHBG,

sex hormone-binding globulin; TNF-α, tumour necrosis factor;TWL, total

weight loss.

(Table 3). Furthermore, hypogonadal subjects exhibited higher numer-

ical increase in TT, which was not statistically significant (p = 0.059). A

tendency for inverse correlation between TT increase and basal levels

of TTwas also apparent (r=−0.4, p= 0.069) (Table 3, Figure 3).

4 DISCUSSION

We investigated the effects of VLKCD on serum testosterone levels

in obese men. A rapid increase in TT after 7 days on VLKCD was evi-

dent and persisted until day 28 of the dietary regimen. Interestingly,

SHBG also was increased, with a final net stability of cFT. According

to recent studies,13,14 HPG improvement after VLCKD parallels the

effectiveness of this diet on body weight, FM, waist circumference and

glycaemia reduction. However, to our knowledge, no previous stud-

ies investigated the early effects of VLCKD on the HPG axis in male

patients with obesity.

A bidirectional relationship betweenbodyweight excess andhypog-

onadism has long been demonstrated.19,28–30 The mechanism behind

this connection is not completely understood, and several different

hypotheses have been proposed. First, insulin resistance typically

observed in obese patients is associated with reduced serum SHBG

levels, higher testosterone levels with increased aromatisation in fat

tissue, and reduced bioavailable steroids.31 Second, the increased

aromatase activity observed in supernumerary adipocytes could lead

to a higher degree of testosterone conversion to oestradiol, leading

to relative hyperoestrogenism that may subsequently reduce serum

testosterone levels through its inhibitory effect on LH secretion.32

Third, elevated leptin levels observed in obese subjects could inhibit

GnRHpulsatility, leading to hypogonadotropic hypogonadism.5 Finally,

the role of inflammation in linking hypogonadism and obesity has been

recently proposed.33,34 In the context of this complex connection, body

weight reduction is expected to restore HPG axis physiology regard-

less of the method applied to reach this goal. Indeed, several studies

have demonstrated the restoration of serum testosterone levels after

weight loss achieved by lifestyle interventions, weight-lowering drugs

or bariatric surgery.4 Whether diet-induced ketosis may favour an

additional increase in TT compared to non-KD is not yet known.35

Therefore, we could not exclude that the observed TT increase in this

study could be attributable to the rapid weight loss rather than to

VLCKD per se, as the intense calorie restriction is known to be asso-

ciated with an increase in TT.36 A direct head-to-head comparison

between the effects of VLCKD and very low-calorie diet, or bariatric

surgery, respectively, on plasma androgens and sexual function has not

yet been reported.

We confirmed the clinical efficacy of VLCKD, demonstrating for

the first time a rapid increase in TT that was already evident

on day 7 of the diet, although without significant effect on LH

serum concentrations. The LH/T ratio is commonly defined as a

marker of testicular function.37–39 In this study, the LH/T ratio

decreased significantly during the period of VLCKD intervention,

suggesting functional improvement in testicular function and HPG

axis.40

A glucose load or a mixed meal transiently but significantly low-

ers TT levels in healthy, non-diabetic eugonadal men,41 indicating that

nutrients may reduce TT. In our study, a strong correlation between

blood glucose reduction and TT increase was evident, suggesting that

the restriction of carbohydrates (and food quantity) followed by robust

blood glucose reduction may abrogate the expected TT decrease

induced by feeding. Moreover, several studies have demonstrated that

hyperglycaemia may hamper steroidogenesis and testis function by

triggering oxidative stress and inflammation,42,43 and in this study,

higher glucose levels during OGTTwere observed in hypogonadal sub-

jects as compared with eugonadal subjects. Thus, it is possible that the

efficacy of VLCKD in improving the HPG axis (i.e. higher TT, stable LH

and higher LH/TT ratio) could be also explained by the reduction of

glycaemia.

VLCKD is known to ameliorate liver function,44–46 reducing intra-

hepatic fat content,47 and increasing the insulin sensitivity index.48

In obese patients with T2DM, the reduction in carbohydrate intake

has been associated with an early and significant decrease in hepatic

triacylglycerol content. Consequently, higher suppression of hepatic

glucose production was observed because of improved hepatic insulin

sensitivity.49 Higher hepatic insulin sensitivity is typically associated
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8 CIGNARELLI ET AL.

F IGURE 3 Total testosterone (TT) variation according to basal TT: (A) TT variation scatterplot on day 7 of very low-calorie ketogenic diet
(VLCKD) according to basal TT; (B) TT variation scatterplot on day 28 of VLCKD according to basal TT

with lower fasting plasma glucose and plasma insulin levels, as also

observed in this study in which insulinaemia was reduced by ∼50%

after4weeksofVLCKD.Cross-sectional studies inmenhave suggested

that SHBGmay be not related to fasting blood glucose, HbA1c or lipid

levels, but rather to intrahepatic fat.50,51 Indeed, it has been estimated

that ∼20% of the increase in serum SHBG is mediated by a reduc-

tion in intrahepatic lipid content.52 Therefore, the VLCKD-related

increase in SHBG may potentially reflect the beneficial effect on liver

metabolism andmay, at least in part, contribute to the early increase of

TT.

Accumulating evidence reported that obesity-related pro-

inflammatory milieu is often associated with reduced levels of

testosterone. Both in vivo and in vitro studies observed that high

concentrations of IL-6, IL-1β and TNF-α affect the hypothalamus-

pituitary-testis axis activity by suppressing the release of GnRH,

LH and FSH, and this is followed by TT reduction. 53,54 Particularly,

VLCKD has been demonstrated to have anti-inflammatory benefits

in terms of reduction of serum TNF-α levels.55 Indeed, a signifi-

cant reduction of this cytokine was observed only after 28 days

of VLCKD. Moreover, TT variation was not significantly related to

the TNF-α decrease, and only a trend to an inverse relation was

observed (data not shown) suggesting a marginal contribution of

the improvement in inflammation obtained with VLCKD on TT

increase.

Interestingly, hypogonadal subjects on VLCKD achieved greater

advantages in terms of reduction in body weight, fat mass, waist

circumference and fasting plasma glucose compared with eugonadal

subjects. The mechanism underlying this phenomenon is unclear, as

hypogonadism is known to be associatedwith increased fat mass6,33,34

and may potentially counteract the VLCKD-induced fat mass reduc-

tion. Moreover, low serum testosterone levels may contribute to

fatigue and inertia, making it more difficult to engage in VLCKD.56 We

speculate that the greater metabolic response in hypogonadal men

may be favoured by the higher TT increase as compared with eugo-

nadal men. This is also in-line with previous studies indicating the role

of testosterone in improving glycaemia,57,58 waist circumference59

and fat mass60 in hypogonadal men with obesity during androgen

replacement therapy.61

In this study, we did not obtain data on β-oestradiol. However,
it is well-known that β-oestradiol is synthesised mainly from andro-

gen precursors by the enzyme aromatase in adipocytes.62,63 Indeed,

extra-glandular aromatisation of circulating androgen precursors is

the main source of oestrogen in men,64,65 and aromatase activity is

dependent on body fat mass.66 The increase in aromatase activity

leads to a higher conversion of testosterone to oestradiol, resulting in

decreased bioavailable testosterone. As our intervention resulted in

major decreases in body fat, the increase in the T/β-oestradiol ratio is

to be expected in the light of the substantial decrease in aromatase

activity in adipocytes.

In this study, the rapid TT increase was not accompanied by an

increase in bioavailable testosterone, and the increase in TT follow-

ing VLKCD was not accompanied by a substantial increase in cFT,

suggesting a modest clinical benefit at this time point of interven-

tion. However, the somatic domain of the AMS questionnaire, dealing

with overall quality of life and strength, displayed a significant ame-

lioration even although this was not related to TT variation (data

not shown). In contrast, both psychological (e.g. mood) and sexual

domain (e.g. erectile function and sexual desire) of AMS and IIEF-5

showed comparable values before and after VLCKD. This is not sur-

prising as maximal effects obtained from testosterone replacement

therapy (TRT) on symptoms of hypogonadism are attained with differ-

ent interval periods, usually after 3–6 months of TRT and may take

even up to 1 year in individual cases.67,68 Thus, the onset of the clin-

ical effects of increased testosterone may require more time67 and

may not be evident after only 1 month on VLCKD. The European

Male Aging Study reported that testosterone undergoes fluctuations

by lifestyle factors according to the extent of weight changes. In

the setting of modest weight loss (<15%), a slight increase in TT
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CIGNARELLI ET AL. 9

(+2 nmol/L) was observed, probably because of an increase in SHBG

levels, whereas cFT did not change. However, with greater weight

loss (>15%), TT was also increased (+5.75 nmol/L) and was associ-

ated with significantly higher cFT levels (+51.78 pmol/L). This was

likely because of an activation of the HPG axis, as evidenced by a

significant increase in LH release (+2 U/L). We infer that VLKCD

requires a longer time than 4 weeks to induce a substantial weight

loss, as evidenced by previous experiences demonstratingmean reduc-

tions of 10–15 kg when VLCKD was carried out for more than 4

weeks.69 Indeed, full restoration of the HPG axis was demonstrated

in a previous study with an exposure of patients to VLCKD for longer

times.14

5 CONCLUSIONS

Obesity plays a critical role in the development of functional hypog-

onadism in males. Moreover, hypogonadism facilitates the expansion

of fat mass, typically in the visceral compartment. In this context,

rapid reduction of body weight, fat mass, waist circumference and

blood glucose achieved with VLCKD resulted in the prompt ameliora-

tion of serum testosterone levels, especially in hypogonadal subjects.

The results of this study suggest that VLCKD represents an effec-

tive and rapid therapeutic tool against obesity and obesity-related

hypogonadism in non-diabetic males.
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