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Abstract
Exercise and dietary interventions have been described to positively affect metabolic syndrome (MetS) via molecular-induced changes. The
purpose of this study was to investigate the effects of dietary carbohydrate restriction and aerobic exercise (AE) on retinol binding protein
4 (RBP4) and fatty acid binding protein 5 (FABP5) in middle-aged men with MetS. The study had a randomised, double-blinded, parallel-
controlled design. Fortymiddle-agedmenwithMetS (age: 53·97 ± 2·85 years, BMI= 31·09 ± 1·04 kg/m2) were randomly assigned to four groups,
AE (n 10), ketogenic diet (KD; n 10), AE combinedwith KD (AEþ KD; n 10) or control (C; n 10). RBP4, FABP5, body composition (bodymass,
BMI and body fat), insulin resistance, insulin sensitivity and MetS factors were evaluated prior to and after the 12-week intervention. AEþ KD
significantly decreased the body fat percentage (P = 0·006), BMI (P = 0·001), Zmets (P = 0·017), RBP4 (P = 0·017) and the homeostasis model
of insulin resistance (HOMA-IR) (P = 0·001) as compared with control group and marginally significantly decreased the Zmets as compared
with exercise group (P = 0·086). KD significantly decreased RBP4 levels as comparedwith control group (P = 0·041). Only the AE intervention
(P = 0·045) significantly decreased FABP5 levels. Combining intervention of carbohydrate restriction with AE compared with carbohydrate
restriction and AE alone improved RBP4, HOMA-IR as well as different body composition and MetS factors in middle-aged men with MetS.
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Investigations focusing on the relationship between abdominal
fat accumulation and insulin resistance have exposed that an
imbalance in the pro-inflammatory–anti-inflammatory environ-
ment plays a critical part in metabolic disorders(1). Indeed, prior
studies have shown a strong relationship between low-grade
inflammation and the incidence of metabolic dysregulation with
adipose tissue-secreted molecules known as adipokines(2), sug-
gesting that adipokines can be utilised as targets to prevent and
treat metabolic abnormalities(3).

Among adipokines, retinol binding protein 4 (RBP4) and fatty
acid binding protein 5 (FABP5) have been described to be part of
different metabolic signalling pathways affecting individuals
with obesity and metabolic disorders(4). RBP4 is a specific trans-
port protein for serum retinol that increases insulin resistance(5)

and acts as a pivotal factor in the development of type 2 diabetes
mellitus(6,7). In adipocytes, activators of fatty acid nuclear recep-
tors known as PPAR induce RBP4 gene expression and RBP4
protein release. FABP5, on the other hand, plays a critical role
in the regulation of lipid transport, homeostasis and metabolism.
FABP5 as a lipid chaperone can combine with saturated and
unsaturated long-chain fatty acids and increased the solubility
of fatty acids(8). This role of FABP5 in fatty acid uptake may
be closely associated with the pathogenesis of metabolic syn-
drome (MetS)(9). Moreover, during lipid transport, PPARs have
a direct physical interaction with FABP5. It is reported that
FABP5 selectively enhances the activities of PPARβ/δ, and this
cell signalling practically impacts the differentiation of keratino-
cytes(10). Prior large-scale descriptive investigations involving
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thousands of human participants showed that altered RBP4 and
FABP5 levels have a strong and independent association with
MetS(11,12), which provides further credence on the importance
of improving the concentrations of these adipokines.

Decreasing adipose tissue is a main target in the treatment
of MetS, and strategies commonly utilised for this purpose can
also improve adipokines levels. Indeed, studies have revealed
that lifestyle modifications, such as exercise and diet, improve
RBP4 and FABP5 concentrations. For example, Taghian
et al. showed that RBP4 and insulin resistance significantly
decreased after 12 weeks of aerobic exercises (AE) in obese
women(13). On the other hand, Zabetian-Targhi et al. showed
important role of diet control in decreasing RBP4 concentra-
tions(14). In another investigation, Shibue et al. reported that
FABP5 expressed in murine K-cells is involved in fat-induced
gastric inhibitory polypeptide secretion, resulting in diet-
induced obesity(15). It seems that improving adipokine levels
with exercise and diet may potentially control MetS status. Yet,
no prior study has investigated the effect of diet and exercise
in improving RBP4 and FABP5 concentrations in cohorts with
MetS. Moreover, it has been hypothesised that higher thermic
effects of KD and regular AE may reduce body mass and fat
mass (FM) by increasing daily energy expenditure. But to
our knowledge, the effects of the combination of diet and
exercise on lipid homeostasis markers in individual with
MetS are understudied. Consequently, the purpose of this
study was to investigate the effects of dietary carbohydrate
restriction and AE on RBP4 and FABP5 in middle-aged men
with MetS. We also evaluated body composition and MetS fac-
tors as secondary outcomes of our investigation.

Methods

Study design

The study had a randomised, double-blinded, parallel-
controlled design. Cluster or multistage sampling was utilised
to assigned participants into four groups as follows: AE (n 10),
ketogenic diet (KD; n 10), AE combined with KD (Aerobic þ
KD= 10) or control (C; n 10). All participants were fully familiar-
ised with testing and experimental procedures prior to baseline
measurements. Measurements were recorded at baseline and
after 12 weeks (post) at the same time (within about 1 h) in
the morning. Post-measurements took place approximately
72 h after the last exercise session in order to minimise potential
acute influences of exercise on our outcomes. Participants were
instructed to avoid altering their usual lifestyle and dietary habits
during the investigation.

Participants

Forty middle-aged men with MetS (mean age= 53·97 ± 2·85
years, BMI= 31·09 ± 1·04 kg/m2) fromArdabil city in Iran partici-
pated in this research (Figs. 1 and 2). These individuals were
recruited through social networks, emails through listservs, pub-
lic announcement and word of mouth. Participant flow through
the study and descriptive information are shown in figure and
Table 1. The inclusion criteria were as follows: (1) men with
MetS defined as having three or more of the following

characteristics according to the US National Cholesterol
Education Program Adult Treatment Panel III (NCEP ATP III) cri-
teria: fasting glucose≥ 100 mg/dl, HDL-cholesterol< 40 mg/dl,
blood pressure (BP)≥ 130/85 mmHg, waist circumference
> 102 cm (40 in) and TAG≥ 150 mg/dl(16); (2) sedentary
(<60 min of exercise per week during the past 6 months); and
(3) non-smoking. Potential participants were excluded if they
were lactose-intolerant, had gastrointestinal disorders, infections
in the last 3 months, and high total cholesterol (> 300 mg/dl), or
used severe emergency treatment for high cholesterol (familial
hypercholesterolemia), metabolic or endocrine dysfunction
(unable to participate in exercise and diet interventions).
Participants were also excluded if they smoked or consumed
alcohol regularly, consumed dietary supplements that affected
study outcomes, had any changes in their dietary patterns at least
for 6 months prior to the study, were unwilling to comply with
the dietary intervention or exercise training procedures, or
desired to partake in additional exercise (independent of their
assigned intervention). All participants reviewed and signed
the written informed consent form. The study was approved
by the Ethical Committee of the Tabriz Medical Sciences
University (IR.TBZMED.REC.1399.880), performed according
to the latest version of the Declaration of Helsinki ethical stan-
dards and registered in the International Clinical Trials
Registry Platform with identifier IRCT20180724040579N3.

Exercise programme

Before initiating the exercise programme, participants in the AE
and aerobicþ ketogenic groups were familiarised with the
equipment and protocols. The familiarisation phase lasted 1
week and consisted of three sessions (15 min per session).

Withdrew from study

Personal reasons (n= 4)

Unwilling to comply with the 
dietary interven�on (n=4)

Other reasons ( n = 7)

Individuals
contacted

( n = 3,580)

Interested in par�cipating, 
eligibility screening  

( n = 263)

Underwent baseline 
evalua�on

( n = 55)

Excluded due to not having 
inclusion criteria ( n = 208)

Analysed

(n=40)

Fig. 1. Participant’s flow diagram.
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Aerobic training was completed in a treadmill, three times per
week for 12 weeks. The intensity of AE was moderate (60–70 %
maximal heart rate equivalent to 11–14 Borg scale), while
the duration of the training sessions was set at 45 min through
the study. In the first 4 weeks (first 12 sessions), the intensity
of exercise was 60 % of the maximal heart rate. In the second
4 weeks (sessions 13–24), the intensity was increased to 65 %
of the maximal heart rate. Finally, in the last 4 weeks (sessions
25 to 36), the intensity of exercise was established at 70 % of
the maximal heart rate. Our training protocol is based on the
American College of Sports Medicine (ACSM) Aerobic Exercise
Guidelines for Patients with Metabolic Syndrome(17). Each sub-
ject was supervised by a research physiologist and a physician
during training. Adherence to exercise was defined as the pro-
portion of sessions completed v. sessions scheduled. The adher-
ence ratio was perfect due to the precise control of the training
conditions. Moreover, heart ratemonitors (Polar) were utilised to
ensure adherence to the appropriate exercise intensity.

Diet control programme

Specific 7-d rotational menus were developed for the two diets
utilised. A normal diet for the control and AE groups, and a KD
for the ketogenic and the ketogenic þ exercise groups per-
formed in intervention period. Each menu was designed base
of 2900 kcal caloric intake with constant relative macronutrient

and micronutrient proportions between subjects. In this regard,
foods containing vitamins and minerals as micronutrients in the
KDwere checked. For example, vitamin A (cruciferous veggies),
vitamin B complex (red meats, seafood, dairy products, etc),
vitamin C (citrus fruits, red and green peppers, brussel sprouts,
spinach, etc), vitamin D (fatty fish, cheese, egg yolks, etc) and
vitamin E (some nuts, legumes and seeds) are not lacking in
the KD. But, vitamin K (cruciferous veggies like collards, turnip
greens, kale and broccoli) could lack in a KD, although unlikely.
In order to prevent vitamin K deficiencies participants consumed
supplements. Also, minerals included Ca (dairy products, kale
and broccoli), chloride (table or sea salt), Cu (dark chocolate
and green veggies), fluoride (water), iodine (white fish, dairy
products and eggs), Fe (plant and animal sources), Mg (spinach,
almonds and yogurt), manganese (teas and spices), molybde-
num (beans and peas), phosphorus (meats and dairy products),
potassium (meats and dairy products), Se (animal products), Na
(salt), sulphur (eggs) and Zn (meats and seafoods) are not lack-
ing in the KD. However, Cr (grape juice, wheat muffins and pota-
toes) could possibly lack in a KD. To prevent Cr deficiencies,
subjects consumedmore broccoli or a supplement. Indirect calo-
rimetry and the Harris–Benedict equation were used for a pre-
liminarily determination of participants energetic needs. In
order to match energy expenditure between subjects, subjects
were fed a normal diet at an energetic intake level estimate at
the initiation of the run-in diet. The KD was limited to a
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Calorie intake: 2900 cal/d CHO: 1,740 cal  / FAT: 870 cal  / PRO: 290 cal

Calorie intake: 2900 cal/d CHO: 435 cal  / FAT: 1,885 cal  / PRO: 580  cal

Calorie intake: 2900 cal/d CHO: 1,740 cal  / FAT: 870 cal  / PRO: 290 cal

Calorie intake: 2900 cal/d CHO: 435 cal  / FAT: 1,885 cal  / PRO: 580 cal

Ketone level control

Fig. 2. Overview of study design and experimental diets. The caloric intake in each group was 2900 cal. % CHO, % FAT and % PRO refer to the percentage of energy
substrates used in each group. Ketone levels were checked weekly. The amounts of energy consumed from each of the substrates are shown as a percentage in the pie
chart and numerically in the figure. CHO, carbohydrate; PRO, protein.
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carbohydrate intake of 30–40 g/d. In this diet, the consumption
of foods such as fish, eggs, cheese, chicken, beef and vegetable
oils are quite normal, and the consumption of nuts and various
seeds is somewhat limited and moderate amounts of vegetables,
water, tea or sometimes low-carb diets were consumed. To
ensure the status of ketogenic metabolism, daily urine ketone
test strip (ACON brand, CA92121) was used to control the level
of dietary ketones(18,19).

Dietary adherence was estimated using the protocol pro-
posed by del Corral and colleagues(20). First, total energy
expenditure (TEE) was calculated for each subject using RMR
× 1·4 method. TEE at baseline and week 13 was calculated
and the average of both (TEE baseline and TEE week 13) used.
The following formula was used to calculate RMR= 9·99 x
weight (kg)þ 6·25 x height (cm) – 4·92 x age (years)þ 5.
Also, the expected daily kilocalorie loss was calculated as:
expected daily kilocalorie loss = average TEE (baseline and
week 13 for each subject) – actual daily average energy provided
by the diet. Second, to convert losses of FM and fat-free mass
(FFM) to energy, we used energy coefficients of 9·3 and
1·1 kcal/g, respectively. Therefore, actual daily kilocalorie loss
= (FM lost (g) × 9·3 kcal/g) þ (FFM lost (kg) × 1·1 kcal/g).
Finally, index of dietary adherence was calculated as: daily kilo-
calorie discrepancy = actual daily kilocalorie loss–expected
daily kilocalorie loss, and daily kilocalorie adherence was calcu-
lated as: daily kilocalorie adherence = (actual daily kilocalorie
loss/expected daily kilocalorie loss) × 100. A daily kilocalorie
discrepancy of 0 represents 100 percentage adherences. In this
study, a daily kilocalorie discrepancy rate was 93 percentages.

Measures

Body composition. Body weight was established with a Seca
Digital Scale (hyper model), while height was determined with
a stadiometer (ADE 10038). The BMI (kg/m2) of all participants
was calculated on the basis of their weight and height. We
instructed our participants to fast for 12 h (overnight fast, with
at least 8 h of sleep) and refrain from physical activity prior
to all measurements. Body fat percentage was established uti-
lising the 7-Site Skinfold (Jackson & Pollock) Protocol (Tricep,
Chest, Subscapular, Midaxillary, Suprailiac, Abdominal and
Thigh Sites). All the methods and measures used for assessing
body composition were performed according to the recom-
mendations from the book, Applied Body Composition
Assessment(21). Waist circumference was determined using
standard procedures(22).

Maximal oxygen consumption (VO2max) and blood
pressure. VO2max was estimated with the oxygen consumption
prediction formula inwhich participants walk on a treadmill. The
test was performed following the American College of Sports
Medicine Standard guidelines(23). Moreover, VO2max was esti-
mated with the corresponding formula: VO2max = (speed
(m.min) × 0·1) þ (speed (m.min) × Grad × 1·8)þ 3·5(24).

Systolic and diastolic BP at the right brachial artery were mea-
sured via a mercury sphygmomanometer following standard
procedures. BP was measured three times (at 2-min intervals)
and then averaged(25).

Biochemical analyses. Blood samples (10ml) were collected in
themorning after a 10–12 h fast. These were taken from the ante-
cubital vein using standard procedures. Following blood sam-
pling, the samples were placed at room temperature for 15
min to clot. Samples were centrifuged at 3000 rpm for 15 min,
and serum was stored at −80°C for future analysis. A Human
RBP4 ELISA Sandwich kit (E-EL-H1581) was used for the in vitro
quantitative determination of Human RBP4 concentrations in
serum with sensitivity of 0·94 ng/ml, detection range of
1·56–100 ng/ml, specificity as well as intra- and inter-assay CV
of< 10 %. Other supplies required included a microplate reader
with 450 nm wavelength filter, a high-precision transfer pipette,
EP tubes and disposable pipette tips, an incubator capable of
maintaining 37°C, deionised or distilled water, absorbent paper
and loading slot. Also, a Human FABP5 (Epidermal) ELISA Kit
(E-EL-H1086) was applied to quantitatively determine Human
FABP5 concentrations in serum with sensitivity of 0·19 ng/ml,
detection range of 0·31–20 ng/ml, specificity to recognise
Human FABP5 in samples, intra- and inter-assay CV of< 10 %.
The TAG, HDL, LDL, total cholesterol and glucose concentra-
tions were measured using the Pars Azmun company Kits.

Metabolic analyses. The homeostasis model of insulin resis-
tance (HOMA-IR), quantitative insulin-sensitivity check index
(QUICKI), McAuley et al. index (McAuley index)(26) and MetS
severity Z-score (Zmets)(27) values were calculated using the fol-
lowing formulas: HOMA-IR = (fasting serum glucose (mmol/l) ×
fasting serum insulin (mg/ml))/22·5), QUICKI= 1/(log (fasting
serum insulin (mg/ml)) þ log (fasting serum glucose (mg/dl)),
McAuley = exp (2·63–0·28 ln (fasting serum insulin (mg/ml)) -
0·31 ln (serum TaG (mmol/l))(26), and Zmets =((40-HDL)/
5·89) þ ((TAG-150)/41·11) þ ((fasting serum glucose – 110)/
15·82) þ ((waist circumference – 91·5)/9·46) þ ((mean arterial
pressure – 100)/6·65)(27). A Human INS (Insulin) ELISA Kit
(Catalog No: E-EL-H2665, Elabscience Biotechnology Inc. com-
pany) was used for fasting serum insulin analyses.

Statistical analysis. The SPSS statistical package, version 26.0
(IBM, SPSS, Inc.) was used for data analysis. The normality
and homogeneity of data variance were established with the
Shapiro–Wilk and Levin tests. A repeated-measures ANOVA
was conducted for metabolic factors with time (pre-intervention
and post-intervention) and groups (AE, KD, AE combined with
KD and control) as the between-subject factors. Before the
ANOVA test, Mauchly’s test was used to check the sphericity
of the data. Bonferroni correction was performed for post hoc
analysis after significant results of the ANOVA. For the calcula-
tion of sample size, a minimum detectable effect size (i.e. Δ of
laboratory end points) of 0·20 was considered clinically plau-
sible. This was determined using data from previous investiga-
tions utilising exercise and KD interventions(28–30). Based on
α= 0·05, a power (1-β) of 0·85, and an effect size of 0·2, a total
sample size of forty participants (ten participants per group) was
needed for sufficient power to detect significant changes in in
RBP4 and FABP5. To account for potential participant attrition,
we planned to recruit an extra five participants per group.
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Results

Data overview

Participants tolerated the interventions well. The data overview
of the descriptive and metabolic factors before and after the
intervention of AE and KD is presented in tables and figures.
The potential synergism between diet and AE was calculated
using Excel calculator software. Measures of interaction on addi-
tive scale, including the relative excess risk due to interaction,
synergy index of additivity and attributable proportion due to
interaction for KD and AE in Zmets factor, were calculated.
The results showed that the relative excess risk due to interaction
on an additive scale is 0·26 (95 % CI (–0·30, 0·82)), meaning that
the combined effect (0·26) is more than the sum of the individual
effects. The synergy index of additivity is above 1 (1·79), and
attributable proportion above 0 (0·16) indicates positive
interaction.

Efficacy of aerobic exercise and ketogenic diet on body
composition

Body mass, BMI and body fat percentage were significantly
reduced after the AE, KD and the exerciseþ KD interventions
(P= 0·001 for all groups). Between group comparison showed
that only exerciseþ KD significantly decreased the body fat per-
centage (BF) as compared with control group (P= 0·007)
(Tables 1 and 2).

Efficacy of aerobic exercise and ketogenic diet on retinol
binding protein 4 and fatty acid binding protein 5

In the pre-post comparison, exercise (P= 0·001), KD (P= 0·002)
and exerciseþ KD (P= 0·020) interventions showed significant
reductions in RBP4. Interestingly, only the exercise intervention
(P= 0·045) showed significant reduction in FABP5. Between-
group comparison showed that the KD (P= 0·041) and

Table 1. Participant’s body composition, insulin resistance, insulin sensitivity, MetS and VO2max at pre- and post-test

Time

Study groups

Control Aerobic exercise Ketogenic diet Aerobic þ ketogenic

Measure Mean SD Mean SD Mean SD Mean SD

Descriptive data Age (year) Pre-intervention 53·40 0·99 53·80 10·04 54·0 0·78 54·70 0·85
Height (cm) Pre-intervention 174·80 6·28 175·00 8·29 174·60 6·35 174·10 4·58
VO2max (ml/kg/min) Pre-intervention 27·47 0·68 28·57 0·70 28·28 0·52 28·08 0·50

Post-intervention 28·06 1·37 32·79 1·86†,* 28·88 1·99 33·09 1·58†,*
Body composition Body mass (kg) Pre-intervention 93·90 4·95 96·00 5·63 94·50 3·27 94·80 2·48

Post-intervention 93·80 4·70 90·00 4·73† 91·40 3·09† 87·90 2·76†,*
BMI (kg/m2) Pre-intervention 30·79 1·47 31·32 1·11 31·01 0·86 31·26 0·61

Post-intervention 30·69 1·27 29·38 0·98† 29·99 0·90† 29·02 0·73†
Body fat (percentage) Pre-intervention 32·54 2·12 32·58 1·65 32·11 1·92 31·81 2·15

Post-intervention 32·79 1·76 29·86 1·70† 30·15 1·65† 27·84 1·53†
Insulin resistance Insulin (mmg/l) Pre-intervention 10·86 0·56 10·75 0·58 10·78 0·84 10·79 0·72

Post-intervention 10·92 0·55 9·26 1·14† 9·75 1·00† 8·79 1·00†,*
HOMA-IR Pre-intervention 3·29 0·29 3·30 0·26 3·33 0·31 3·29 0·26

Post-intervention 3·31 0·23 2·74 0·32† 2·90 0·28† 2·37 0·30†,*
Insulin sensitivity QUICKI Pre-intervention 0·32 0·004 0·32 0·003 0·31 0·004 0·32 0·003

Post-intervention 0·31 0·003 0·32 0·005† 0·32 0·005† 0·33 0·006†,*
McAuley’s index Pre-intervention 1·28 0·02 1·30 0·8 1·30 0·04 1·29 0·02

Post-intervention 1·27 0·02 1·37 0·06†,* 1·35 0·05†,* 1·41 0·05†,*
MetS Systolic BP (mmHg) Pre-intervention 135·70 3·77 138·80 2·52 136·20 5·00 138·30 5·67

Post-intervention 136·40 3·27 133·70 2·05† 135·00 3·55 134·20 4·98†
Diastolic BP (mmHg) Pre-intervention 85·90 2·68 86·70 3·40 85·20 1·75 85·40 2·63

Post-intervention 85·60 1·95 84·30 1·82† 84·10 1·19† 83·60 2·06†
Waist circumference (cm) Pre-intervention 101·10 2·55 101·80 1·98 101·80 1·68 102·80 1·68

Post-intervention 101·20 2·09 98·40 2·22† 99·60 1·71† 97·90 1·96†
FBG (mg/dl) Pre-intervention 122·70 5·85 124·20 5·49 125·30 6·07 123·50 5·06

Post-intervention 122·80 4·51 120·10 5·58† 120·70 5·05† 109·20 4·31†,*,‡
TAG (mg/dl) Pre-intervention 251·80 13·63 243·30 12·14 239·40 12·10 242·80 10·13

Post-intervention 252·20 11·98 234·30 17·32† 232·70 12·00† 225·00 9·71†
HDL (mg/dl) Pre-intervention 34·90 4·04 35·00 3·82 35·30 4·16 36·50 4·92

Post-intervention 35·80 2·44 38·20 2·57† 38·30 4·08† 42·10 4·22†
Zmets (score) Pre-intervention 5·53 1·23 5·71 1·00 5·35 1·34 5·35 1·34

Post-intervention 5·41 0·56 3·91 0·77† 3·97 0·91† 3·86 1·40†,*
Molecular factors FABP5 Pre-intervention 1·63 0·41 1·55 0·57 1·76 0·33 1·61 0·39

Post-intervention 1·62 0·54 1·72 0·52† 1·89 0·31 1·70 0·34
RBP4 Pre-intervention 9·72 1·23 9·01 1·10 8·93 1·47 9·10 1·44

Post-intervention 9·60 1·17 8·02 1·09† 7·54 1·19†,* 7·00 1·72†,*

MetS, metabolic syndrome; HOMA-IR, homeostasismodel of insulin resistance; QUICKI, quantitative insulin-sensitivity check index; BP, blood pressure; FBG, fasting blood glucose;
FABP5, fatty acid binding protein 5; RBP4, retinol binding protein 4; KD, ketogenic diet.
* Statistically significant changes between the control and the intervention groups at post-test.
† Statistically significant differences from pre-test to post-test in each group.
‡ Statistically significant differences between the exerciseþKD and the KD groups.
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Table 2. Results of the mixed model ANOVA for effects of group (exercise, ketogenic diet, exercise and KD and control) and time (pre-intervention and post-
intervention) on metabolic factors

Statistical interaction effect Statistical difference (P)

Measure Source F P Partial eta2 Control Exercise KD Exe þ KD

RBP4 (ng/ml) Time 30·04 0·001 0·45 Pre 0·54 0·96 0·18 0·47
Group 3·96 0·015 0·24 Postcontrol – 0·19 0·05 0·02
Time× group 3·88 0·017 0·24 Postintervention – NS NS NS

Pre-Post 0·39 0·001 0·002 0·02
FABP5 (ng/ml) Time 7·96 0·008 0·18 Pre 0·75 0·36 0·63 0·84

Group 0·47 0·702 0·03 Postcontrol – 0·13 0·87 0·052
Time× group 1·35 0·274 0·10 Postintervention – NS NS NS

Pre-Post 0·83 0·04 0·13 0·07
Glucose (mg/dl) Time 188·56 0·001 0·84 Pre 0·85 0·96 0·96 0·88

Group 3·83 0·018 0·24 Postcontrol – 0·18 0·45 0·04
Time× group 53·39 0·001 0·81 Postintervention – NS NS 0·03#

Pre-Post 0·93 0·001 0·001 0·001
Insulin (mgU/l) Time 75·02 0·001 0·67 Pre 0·62 0·21 0·26 0·28

Group 4·28 0·011 0·26 Postcontrol – 0·059 0·37 0·01
Time× group 11·70 0·001 0·49 Postintervention – NS NS NS

Pre-Post 0·55 0·002 0·002 0·001
Systolic BP (mmHg) Time 18·59 0·001 0·34 Pre 0·55 0·29 0·92 0·61

Group 0·07 0·975 0·006 Postcontrol – 0·54 0·88 0·43
Time× group 5·59 0·003 0·31 Postintervention – NS NS NS

Pre-Post 0·54 0·001 0·41 0·002
Diastolic BP (mmHg) Time 25·42 0·001 0·41 Pre 0·92 0·13 0·56 0·96

Group 0·86 0·470 0·06 Postcontrol – 0·62 0·71 0·59
Time× group 2·65 0·063 0·18 Postintervention – NS NS NS

Pre-Post 0·60 0·01 0·02 0·003
Waist circumference (cm) Time 1·25 0·001 0·77 Pre 0·32 0·91 0·52 0·52

Group 0·59 0·624 0·04 Postcontrol – 0·32 0·69 0·28
Time× group 20·63 0·001 0·63 Postintervention – NS NS NS

Pre-Post 0·87 0·001 0·001 0·001
TAG (mg/dl) Time 81·48 0·001 0·69 Pre 0·87 0·95 0·95 0·47

Group 4·41 0·010 0·26 Postcontrol – 0·12 0·03 0·01
Time× group 16·75 0·001 0·58 Postintervention – NS NS NS

Pre-Post 0·79 0·002 0·001 0·001
HDL (mg/dl) Time 98·81 0·001 0·73 Pre 0·25 0·11 0·60 0·94

Group 1·96 0·137 0·14 Postcontrol – 0·38 0·51 0·14
Time× group 9·05 0·001 0·43 Postintervention – NS NS NS

Pre-Post 0·28 0·001 0·001 0·001
HOMA-IR Time 150·36 0·001 0·80 Pre 0·87 0·13 0·98 0·97

Group 5·68 0·003 0·32 Postcontrol – 0·12 0·73 0·002
Time× group 25·25 0·001 0·67 Postintervention – NS NS NS

Pre-Post 0·69 0·001 0·001 0·001
Zmet (score) Time 346·19 0·001 0·90 Pre 0·96 0·32 0·88 0·64

Group 5·35 0·004 0·30 Postcontrol – 0·82 0·41 0·002
Time× group 52·55 0·001 0·81 Postintervention – NS NS NS

Pre-Post 0·62 0·001 0·001 0·001
QUICKI Time 142·08 0·001 0·79 Pre 0·70 0·15 0·95 0·99

Group 6·66 0·001 0·35 Postcontrol – 0·12 0·78 0·001
Time× group 26·72 0·001 0·69 Postintervention – NS NS 0·04#

Pre-Post 0·60 0·001 0·001 0·001
McAuley’s index Time 100·58 0·001 0·73 Pre 0·92 0·66 0·43 0·96

Group 6·40 0·001 0·34 Postcontrol – 0·01 0·04 0·001
Time× group 16·92 0·001 0·58 Postintervention – NS NS NS

Pre-Post 0·48 0·002 0·001 0·001
Body fat (percentage) Time 307·28 0·001 0·89 Pre 0·39 0·11 0·95 0·92

Group 4·21 0·012 0·26 Postcontrol – 0·47 0·37 0·007
Time× group 54·71 0·001 0·82 Postintervention – NS NS NS

Pre-Post 0·24 0·001 0·001 0·001
BMI (kg/m2) Time 352·88 0·001 0·90 Pre 0·28 0·50 0·57 0·12

Group 0·63 0·60 0·05 Postcontrol – 0·31 0·40 0·19
Time× group 47·05 0·001 0·79 Postintervention – NS NS NS

Pre-Post 0·62 0·001 0·001 0·001
Body mass (kg) Time 384·33 0·001 0·91 Pre 0·66 0·16 0·71 0·51

Group 0·66 0·58 0·05 Postcontrol – 0·57 0·43 0·26
Time× group 56·19 0·001 0·82 Postintervention – NS NS NS

Pre-Post 0·85 0·001 0·001 0·001

KD, ketogenic diet; RBP4, retinol binding protein 4; FABP5, fatty acid binding protein 5; BP, blood pressure; HOMA-IR, homeostasis model of insulin resistance; QUICKI, quantitative
insulin-sensitivity check index.
Significant items are marked in bold.
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exerciseþ KD (P= 0·017) interventions significantly decreased
the RBP4 compared with the control group (Tables 1 and 2).

Efficacy of aerobic exercise and ketogenic diet on
metabolic syndrome

The exercise, KD and exerciseþKD interventions significantly
(P< 0·05) decreased the Zmets, fasting blood glucose (FBG),
waist circumference (P= 0·001 for all groups), TAG, systolic
BP, diastolic BP, total cholesterol (P= 0·001 for all groups)
and LDL (P= 0·001 for all groups). Moreover, these interventions
significantly increased HDL (P= 0·001 for all groups) after 12
weeks. Between-group comparison showed that comparedwith
control group, exerciseþ KD significantly decreased the Zmets
(P= 0·002) and FBG (P= 0·049). Interestingly, exerciseþ KD
significantly decreased FBG (P= 0·037) when compared with
KD (Tables 1 and 2).

Efficacy of aerobic exercise and ketogenic diet on insulin
resistance and sensitivity

The results showed that exercise, KD and exerciseþ KD
significantly decreased the HOMA-IR (P = 0·001 for all
groups) and insulin (P = 0·001 for all groups). Also, exercise,
KD and exerciseþKD significantly increased QUICKI
(P = 0·001 for all groups) and the McAuley’s index. Between-
group comparison showed that exerciseþ KD significantly
decreased the HOMA-IR (P = 0·001) and insulin (P = 0·011),
while significantly increasing QUICKI (P = 0·038) compared
with the control group (Tables 1 and 2).

The results showed that AE and KD had no significant effect
on the relationship between FM loss and FABP5 and RBP4 in the
study groups. Only KD intervention had small but yet non-sig-
nificant changes in the relationship between FM loss and
FABP5 and RBP4 (Figs. 3 and 4).

Discussion

To our knowledge, this was the first investigation to assess the
effects of dietary carbohydrate restriction and AE on RRBP4
on FABP5 levels in middle-agedmenwith MetS.We showed that
after 12 weeks of intervention, exerciseþ KD improved body
composition (BF), MetS factors (Zmets and FBG), insulin resis-
tance (HOMA-IR and insulin), insulin sensitivity (QUICKI) and
RBP4 levels in middle-aged men with MetS. Our study also
revealed that exerciseþ KD significantly reduced FBG level
compared with KD. Other interesting findings were that in
within-group comparison, exercise intervention showed signifi-
cant reduction in FABP5 level (P= 0·045). No adverse events
were reported from the dietary carbohydrate restriction or AE
intervention. Overall, the combination of dietary carbohydrate
restriction and AE is an effective strategy for improving MetS
in middle-aged men.

Continued escalation of MetS prevalence as a chronic
progressive disorder have limited proven effective behavioural
or pharmacological treatment options(1). Our results clearly
show that carbohydrate restriction combined with AE improved
RBP4 levels in middle-aged men with MetS. Moreover, AE
improved FABP5 concentrations in our participants. Some
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Fig. 3. Pre-test correlation between fat mass loss and FABP5 and RBP4 in the study groups. FABP5, fatty acid binding protein 5; RBP4, retinol binding protein 4.
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authors encourage the results of our study. For intance, Volek
et al. in a randomised, controlled, dietary intervention trial
reported that serum RBP4 was associated with insulin resistance,
and that a 12-week carbohydrate-restricted diet (% carbohy-
drate: fat: protein= 12:59:28) decreased this marker compared
with a low-fat diet (% carbohydrate: fat: protein= 56:24:20) in
subjects with atherogenic dyslipidemia(31). In addition, Numao
and et al. showed that performing 12-week AE (brisk walking,
mild jogging and/or aerobic dancing) and 15–25 min recrea-
tional and cool-down activities (50–70 % maximal heart rates;
3 times/week) resulted in a reduction in circulating RBP4 con-
centrations in middle-aged obese men(29). Moreover, Delbari
et al. in a parallel group-controlled trial showed that 8 weeks
of AE had no significant effect on plasma levels of FABP5 in nor-
mal-weight and overweight women(32). The discrepancies
between these outcomes and our findings may be related to
reductions in bodyweight and body fat percentagewith AE train-
ing, changes that were not present in the study by Delbari et al.
Because elevated adiposity levels have been associated with
altered adipokines levels(33), our findings indicate that a decrease
in adiposity may have play a role in the FABP5 improvement in
our participants. This decrease in adiposity may be related to
greater AE training volume (12 v. 8 weeks) in our study com-
pared with that of Delbari et al. Additionally, our participants
had a greater weight and BMI (obese middle-aged men with
MetS v. Normal-weight and overweight women) indicating a
higher exercise-induced energy expenditure, which enhances
body weight and fat loss.

We also observed significant reductions in body fat percent-
age, weight and BMI in our KD and aerobicþKD groups which
reinforces the notion that KD are effective for improving body
composition. Ashtary-Larky et al. in a review study demonstrated
that the FFM preserving effects of KD are more efficient in sed-
entary individuals with obesity after endurance training because
of the appetite-suppressive effects of KD(34). Also, in agreement
with our study, Vargas-Molina et al. established that after 8
weeks of KD, FM was significantly reduced in physicaly active
women(35). The efficacy of KD on body composition is related
to predisposing factors, and its possible mechanisms are reduc-
tions of energy intake and appetite as well as an increase in daily
energy expenditure(34) leading to an enhanced lipid metabolism
and decreased TAG storage(36). Research to date also indicates
that a higher insulinemic response to meals may increase food
intake and KD may reduce appetite by decreasing insulin con-
centrations(37–39). Interestingly, Lee et al. reported that central
FM reduction and concomitant improvements in insulin sensitiv-
ity are associatedwith an about 25 % serumRBP4 levels decrease
in non-diabetic individuals with obesity(40), which agrees with
our findings of concurrent declines in RBP4, body fatness and
insulin levels. It also appears that the beneficial effects of KD
on body composition when concurrent with AE are due to shift-
ing fuel utilisation towards greater fat oxidation during AE(34).
Additionally, during AE, exogenous fatty acids oxidation is an
important source of energy(41). Elevated ketone bodies, resulting
from the KD, may provide a supplemental fuel source to sustain
endurance exercise(42). This suggests that performing exercise as
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Fig. 4. Post-test correlation between fat mass loss and FABP5 and RBP4 in study groups. FABP5, fatty acid binding protein 5; RBP4, retinol binding protein 4.
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a lifestyle factor is an important componed to facilitate body
composition modulation during KD.

Insulin resistance is typically characterised by impaired sen-
sitivity to insulin and a variability in insulin actions, which pro-
duces an attenuated biological response. Our results showed
that exercise combined with KD significantly improved the
HOMA-IR in middle-aged men with MetS. Previous studies have
suggested that low-carbohydrate diets have beneficial effects
on insulin resistance(43,44). For instance, Tay et al. mentioned
that HOMA-IR was significantly reduced after 52 weeks of fol-
lowing very-low-carbohydrate diet in individuals with type 2
diabetes(45). Additionally, Maekawa et al. showed that 12
months of low-carbohydrate diet improved HOMA-IR in
patients with impaired glucose tolerance(46). In regard to exer-
cise, Amanat et al. revealed that 12 weeks of aerobic training
at 65–75 % of the maximal heart rate (HRmax) significantly
reduced fasting insulin and HOMA-IR in overweight women
with MetS(47). Interestingly, in our study, the effect of both
AE and KD was close to each other, and in the combined
group, the effect of these two factors was potentiated. This
finding emphasises the importance of combining KD and
AE for improving insulin resistance in cohorts with MetS con-
dition. It means that KD can be considered as a complemen-
tary factor for better effect of AE on middle-aged men
with MetS.

We also showed that exercise combinedwith KD significantly
improved the Zmets compared with exercise alone. In line with
our results, previous studies have shown that low-carbohydrate
diet(48) and physical activity(49) interventions improve the most
prevalent MetS components, especially MetS Z-score (Zmets).
Because the measures of interaction on the additive scale
revealed that the combined effects of exercise and KD on
Zmets were more than the sum of the individual effects, current
results support their synergistic effect and importance for the
control of MetS conditions. Our findings are also of clinical rel-
evance, because improvements in Zmets lead to increases in
quality of life in this population(50).

A possible mechanism for the effect of dietary control onmet-
abolic conditions is nutrient sensing with insulin signalling(51).
For example, it was proposed that RBP4 inhibits phosphoryla-
tion at the site of the insulin receptor substrate 1 that may be
responsible for integrating nutrient sensing with insulin signal-
ling(52). Phosphorylation of this site causes the recruitment
of Janus kinase 2 (JAK2) and after that, recruiting and activat-
ing the transcription factors signal transducer and activator of
transcription (STAT) 5 or, in a cell-dependent manner,
STAT3(53,54). It has been demonstrated that treatment of cultured
adipocytes with RBP4 triggers phosphorylation of STRA6, activa-
tion of JAK2 and STAT5, and up-regulation of SOCS3, leading
to suppression of insulin responses(55,56). Notably, a ligand-
controlled nuclear localisation signal role of FABP5 and interac-
tion of this protein with STRA6 impair both the association of the
binding proteinwith the receptor and STRA6-mediated vitamin A
uptake(55). Interestingly, some studies showed that KD can also
induce the circulating RBP4–STRA6 pathway signalling, which
leads to the activation of Janus kinase/signal transducer and
activator of transcription (JAK–STAT)(57). In addition to KD,

performing AE can have affective intervention on RBP4 levels
in middle-aged men with MetS, although limited information is
available on the potential mechanisms of exercise on RBP4 lev-
els. But in some studies mentioned that part of the changes in
RBP4 levels in response to AE appear to be related to changes
in body weight, especially body FM(58–60). In another study,
Azali et al. reported that a positive correlation was observed
between fat content with liver fat and liver lipase enzyme activity
with RBP4 levels in middle-aged women with MetS(27). This indi-
cates that changes in liver fat metabolism and liver enzyme activ-
ity after regular AE may be possible factors in the reduction of
serum RBP4 levels(27). Altered FABP5 expression as cellular
binding proteins affects retinoid function from impairing pan-
creas development resulting in abnormal glucose and energy
metabolism(61), but the extent of FABP5 interactionswith retinoid
metabolon enzymes and their impact on retinoid physiology
remains understudied.

There are several limitations to this work. It is clear from the
previous literature and our results that KD improves MetS, but
does this improvement occur independent of weight loss?
Consequently, it can be useful to study the changes in these
indicators at the same time as weight monitoring. Another limi-
tation is that our study was conducted in male participants only.
Although most studies reported that MetS is more prevalent in
women than men, there are some investigations showing a
higher incidence in men than women(62,63). Moreover, prior
research showed that MetS was present in 23 % of men(64).
Therefore, our findings are relevant to a vast number of individ-
uals. An additional limitation is the duration of our study
(12 weeks). It is possible that longer durations could produce
greater adaptations. Finally, our participants were middle-aged
men with MetS, and thus our findings cannot be generalised
to other populations.

Conclusion

Consistent with the pathologic state of MetS, our results show
that compared with carbohydrate restriction and AE alone,
an intervention combining carbohydrate restriction with AE
improved RBP4, HOMA-IR as well as different body composition
and MetS factors in middle-aged men with MetS.
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