
antioxidants

Article

Effects of Very Low Calorie Ketogenic Diet on the
Orexinergic System, Visceral Adipose Tissue, and
ROS Production

Anna Valenzano 1,†, Rita Polito 1,†, Valentina Trimigno 1, Antonella Di Palma 1 ,
Fiorenzo Moscatelli 1, Gaetano Corso 1, Francesco Sessa 1 , Monica Salerno 2, Angelo Montana 2,
Nunzio Di Nunno 3, Marinella Astuto 4, Aurora Daniele 5 , Marco Carotenuto 6,
Giovanni Messina 1 , Giuseppe Cibelli 1,* and Vincenzo Monda 7

1 Department of Clinical and Experimental Medicine, University of Foggia, 71122 Foggia, Italy;
anna.valenzano@unifg.it (A.V.); rita.polito@unicampania.it (R.P.); valentina_trimigno.549305@unifg.it (V.T.);
antonella_dipalma.549441@unifg.it (A.D.P.); fiorenzo400@gmail.com (F.M.); gaetano.corso@unifg.it (G.C.);
francesco.sessa@unifg.it (F.S.); giovanni.messina@unifg.it (G.M.)

2 Department of Medical, Surgical and Advanced Technologies “G.F. Ingrassia”, University of Catania,
95123 Catania, Italy; salerno.monica@gmail.com (M.S.); angelomontana49@gmail.com (A.M.)

3 Department of History, Society and Studies on Humanity, University of Salento, 73100 Lecce, Italy;
nunzio.dinunno@unisalento.it

4 Department of Biomedical and Biotechnological Sciences, University of Catania, 95123 Catania, Italy;
marinella.astuto@policlinico.unict.it

5 CEINGE Biotecnologie Avanzate S.C. a r.l., 80131 Napoli, Italy; aurora.daniele@unicampania.it
6 Clinic of Child and Adolescent Neuropsychiatry, Department of Mental Health, Physical and Preventive

Medicine, Università degli Studi della Campania “Luigi Vanvitelli”, 80100 Naples, Italy;
marco.carotenuto@unicampania.it

7 Department of Experimental Medicine, Section of Human Physiology and Unit of Dietetics and Sports
Medicine, Università degli Studi della Campania “Luigi Vanvitelli”, 80100 Naples, Italy;
vincenzo.monda@unicampania.it

* Correspondence: giuseppe.cibelli@unifg.it; Tel.: +39-088-158-8095
† These authors contributed equally to this work.

Received: 16 November 2019; Accepted: 11 December 2019; Published: 13 December 2019 ����������
�������

Abstract: Background: Caloric restriction is a valid strategy to reduce the visceral adipose tissue
(VAT) content in obese persons. Hypocretin-1 (orexin-A) is a neuropeptide synthesized in the lateral
hypothalamus that strongly modulates food intake, thus influencing adipose tissue accumulation.
Therapeutic diets in obesity treatment may combine the advantages of caloric restriction and dietary
ketosis. The current study aimed to evaluate the effect of a very low calorie ketogenic diet (VLCKD)
in a population of obese patients. Methods: Adiposity parameters and orexin-A serum profiling
were quantified over an 8 week period. The effect of the VLCKD on reactive oxygen species (ROS)
production and cell viability was evaluated, in vitro, by culturing Hep-G2 cells in the presence of
VLCKD sera. Results: Dietary intervention induced significant effects on body weight, adiposity, and
blood chemistry parameters. Moreover, a selective reduction in VAT was measured by dual-energy
X-ray absorptiometry. Orexin-A levels significantly increased after dietary treatment. Hep-G2 cell
viability was not affected after 24, 48, and 72 h incubation with patients’ sera, before and after the
VLCKD. In the same model system, ROS production was not significantly influenced by dietary
treatment. Conclusion: The VLCKD exerts a positive effect on VAT decrease, ameliorating adiposity
and blood chemistry parameters. Furthermore, short-term mild dietary ketosis does not appear to
have a cytotoxic effect, nor does it represent a factor capable of increasing oxidative stress. Finally,
to the best of our knowledge, this is the first study that shows an effect of the VLCKD upon the
orexinergic system, supporting the usefulness of such a therapeutic intervention in promoting obesity
reduction in the individual burden of this disease.
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1. Introduction

Obesity is a long-term multifactorial chronic disease characterized by an energy imbalance due to
an excess of caloric intake compared with energy expenditure and the deregulation of other metabolic
parameters, such as altered lipid profile, increased insulin resistance, and chronic proinflammatory
state [1]. Obesity is associated with a major risk of developing chronic diseases, such as type 2 diabetes,
hypertension, hyperlipidemia, cardiovascular diseases, cerebrovascular accidents, and musculoskeletal
disorders, and with an increased risk of cancer, particularly for the esophagus, colorectum, breast,
endometrium, and kidney [2]. Obesity types may be distinguished between central (adipose tissue
around the abdomen rather than appendicular accumulation) and visceral. The resulting central
adipose tissue is composed of both subcutaneous adipose tissue (SAT) and visceral adipose tissue
(VAT) compartments. The severity of obesity-related diseases is closely linked to visceral adiposity,
considering that VAT may cause a subclinical systemic inflammation condition [3]. Visceral adiposity
is also associated with metabolic syndrome and markers of insulin resistance [4–6]. As a metabolically
active organ, VAT communicates with other central and peripheral organs by synthesizing and secreting
a number of molecules, generally referred to as adipokines, directly linked to metabolic homeostasis,
which highlights the central role of adipose tissue in energy homeostasis regulation [7,8]. Obesity is
also characterized by an imbalance in the neurochemical pathways, particularly orexin-A/hypocretin-1
(ORX1) synthesized in the lateral hypothalamus and involved in the regulation of appetite, metabolic
rate, energy expenditure, social development, and pain and sleep regulation [9–12]. Orexin-A is also
involved in the regulation of inflammatory response, acting as an anti-inflammatory agent [13]. In obese
subjects’ sera, orexin-A levels are strongly reduced and inversely correlated with proinflammatory
mediators such as C-reactive protein (CRP) and body mass index (BMI) [14]. Previous studies showed
that in human adipocytes isolated from subcutaneous, compared with intra-abdominal, adipose tissue,
orexin-A is able to reduce adipogenesis in intra-abdominal but not subcutaneous adipocytes [15].
These results have been recently reinforced by the evidence of a small but significant reduction of
visceral fat mass (FM) in orexin-A-treated mice not paralleled by differences in the subcutaneous fat,
suggesting a lower sensitivity to orexin-A [16].

Caloric restriction reduces or slows the onset of diseases related to obesity, inducing a considerable
weight loss and having beneficial anti-inflammatory effects, reducing the production of free radicals,
and favoring greater resistance to stress and a prolonged lifespan [17]. Correct nutrition and regular
physical activity are able to activate numerous metabolic pathways such as SIRT1, which downregulates
the production of mediators of inflammation and reduces reactive oxygen species (ROS) production [18].
In the light of this, a caloric restriction diet can be an efficient therapeutic approach to promote weight
loss in obese patients, although conflicting results have been reported about the ideal composition for
nutritional therapy against obesity [19].

Specifically, a very low carbohydrate diet (usually ≤50 g/day) is a dietetic regimen mimicking
fasting by reducing caloric intake and restricting carbohydrates and fats that is proposed to achieve
rapid weight loss [20]. However, mild dietary ketosis is a physiological mechanism; the ketogenic
diet, inducing a large production of ketone bodies, may be a therapeutic strategy in obesity-related
and cardiovascular disease. In fact, apart from serving as an energy fuel, ketone bodies play pivotal
roles as signaling mediators, drivers of protein post-translational modification, and modulators of
inflammation and oxidative stress. A very low carbohydrate diet is generally considered an equivalent
of the ketogenic diet. Many reports from the literature show that a very low carbohydrate ketogenic diet
(VLCKD) can ameliorate the lipid profile and reduce some cardiovascular risk factors. Furthermore,
this dietary intervention may also play a role in cancer therapy by enhancing its therapeutic responses.
The VLCKD has been shown to be effective in the short to medium term (3–6 months) as a tool
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to counter obesity [18–20]. The VLCKD is more effective in inducing weight loss compared with
a standard low-calorie diet (LCD), presenting higher patient compliance as well as only mild and
transitory side effects, but the effects of an LCD are more lasting over time. Indeed, the current problem
with fighting obesity is not only losing weight but also maintaining weight loss over time.

The aim of the present study was to quantify the effects of a commercial weight-loss dietary
ketosis program on visceral fat mass, evaluated by dual-energy X-ray absorptiometry (DXA), and the
impact of 8 weeks of treatment on orexin-A production and reactive oxygen metabolite (d-ROM) levels
in vivo, in a population of obese patients treated with the VLCKD, and in vitro, in Hep-G2 cells, to
evaluate cell viability and oxidative stress in response to treatment with VLCKD sera before and after
the weight-loss dietary ketosis program.

2. Materials and Methods

2.1. Participants

Twenty obese subjects (10 females and 10 males), aged between 20–60 years (mean 48 ± 10 years),
volunteered to participate in the study. All enrolled females were not in menopause. The study took
place at the Laboratory of Physiology, Department of Clinical and Experimental Medicine, University
of Foggia. Written informed consent for participation in the study was obtained before recruiting.
This study was performed in accordance with the Declaration of Helsinki and approved by the local
ethics committee (no. 440/DS). Participants were excluded if they had a prior medical history of renal
insufficiency, hyperuricemia, severe hepatic insufficiency, type 1 or 2 diabetes mellitus treated with
insulin, atrioventricular block, heart failure, cardiovascular and cerebrovascular diseases, unbalanced
hypokalemia, hypo- or hyperthyroidism, chronic treatment with corticosteroid drugs, severe mental
disorders, neoplasms, pregnancy, or they were lactating.

2.2. Study Protocol

The study followed an open, controlled, 8 week nutritional intervention design, with study
examinations at baseline and week 8. A control group was not included. All participants were
highly motivated and none of them had any previous experience with or preconceptions about low
carbohydrate or ketogenic diets. Prior to the start of the dietary intervention, participants underwent a
general medical examination. Baseline variables included age, gender, height, weight, blood pressure,
and laboratory tests. During the study, dietary adherence was measured daily, between 2:00 and 4:00
p.m., by capillary blood ketone assessment (GD40 Delta test strips, TaiDoc Technology Co., Taiwan).
Nutritional ketosis is defined as a blood ketone (β-hydroxybutyrate) level > 0.5 mmol/L. Body weight
was recorded at the same time each day to the nearest 0.1 kg (SECA 711, Hamburg, Germany) with the
subject wearing light clothing, and height was recorded to the nearest 0.1 cm (SECA 213, Hamburg,
Germany). Blood tests were taken at baseline and week 8 after a 12 h fast. Fasting blood samples
were collected at 8:00 a.m. from an antecubital vein using a 21G Vacutainer blood collection set (BD
Diagnostics, Franklin Lakes, NJ, USA). Blood samples were centrifuged and the resultant serum stored
at −80 ◦C until use.

2.3. Orexin-A Assay

Plasma orexin-A concentrations were determined by an enzyme-linked immunoassay (ELISA),
using a commercial kit according to the manufacturer’s instructions (Phoenix Pharmaceuticals, USA).
No significant cross-reactivity or interference between orexin-A and analogues were described. Briefly,
Sep-Pak C18 columns (Waters, Milford, MA, USA) were used to extract orexin-A from obese subjects’
sera before and after dietary ketosis. Columns were activated by adding 10 mL of methanol and 20 mL
of H2O, charged with 1–2 mL samples and washed with 20 mL of H2O. The columns were then eluted
with 80% acetonitrile and the resulting eluate was reduced to 400 µL under nitrogen flow. The dry
residue, obtained by Speedvac evaporation (Savant Instruments, Holbrook, NY, USA), was dissolved
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in water and used for a further ELISA assay. No cross-reactivity between orexin-A (16–33), orexin-B,
and agouti-related protein (83–132) amide was detected. The minimal detectable concentration was
0.37 ng/mL. Intra- and interassay errors were <5% and <14%, respectively.

Body Composition and Selective Visceral Fat Mass Analysis
Body composition was estimated by DXA (Lunar Prodigy DXA, GE Healthcare, Madison, WI,

USA) via whole-body scan. Visceral Adipose Tissue (VAT) was quantified by subtracting subcutaneous
fat from total abdominal fat, reported in grams, using the CoreScan software package (GE Healthcare,
Madison, WI, USA) [21].

2.4. Dietary Intervention

Participants followed the VLCKD according to a commercial weight-loss program (Lignaform,
Therascience), consisting of <50 g/day carbohydrate from vegetables, 43% fat, 43% protein, 14%
carbohydrates, and 700–900 kcal. The amount of protein ranged between 1.0 and 1.2 g/kg of ideal body
weight. However, the dietary intervention profile consisted of three different stages; for the purposes
of this study, only active ketogenic phases of the first stage were considered. This stage had an 8 week
duration to allow participants to achieve approximately 80% of their weight-loss target. Over this
period, vitamins, minerals, and omega-3 fatty acids were provided in accordance with international
recommendations [22].

2.5. Cell Culture and Cell Proliferation Assay

The Hep-G2 cell line, derived from hepatocellular carcinoma, was purchased from the American
Type Culture Collection (ATTC, LGC Standards srl, Sesto San Giovanni (MI), Italy). Cells were seeded
at 4 × 103 cells/well in 96-well plates and cultured at 37 ◦C in 5% CO2 in DMEM (Sigma-Aldrich, Milano,
Italy), supplemented with 2 mM l-glutamine (Sigma-Aldrich, Italy), 100 U/mL penicillin/streptomycin,
and 10% (v/v) fetal bovine serum (FBS) (Euroclone, Italy). Cultures were incubated at different time
intervals (24, 48, and 72 h) in the presence of either 10% (v/v) pooled sera from VLCKD subjects,
collected prior to and after dietary ketosis, or 10% (v/v) of FBS serum as control. After 24, 48, and
72 h of incubation, cell viability was analyzed by a Cell Proliferation Assay Kit (MTT- Sigma-Aldrich,
Milano, Italy), following the manufacturer’s instructions. At the end of sera incubation, 10 µL of MTT
labeling reagent was added and the cells were incubated for 4 h at 37 ◦C in a humidified atmosphere.
At the end of 4 h, 100 µL of solubilization solution was added and incubated overnight at 37 ◦C in a
humidified atmosphere. After overnight incubation, the spectrophotometric absorbance of the samples
was measured using a microplate (ELISA) reader (Sigma-Aldrich, Milano, Italy). The wavelength
to measure the absorbance of the formazan product was 550 nm. The experiments were performed
in triplicate.

2.6. ROS Production Assay

As reported in the previous section, Hep-G2 cells were seeded at 4 × 103 cells/well in 96-well
plates and cultured at 37 ◦C in 5% CO2 at different time intervals (24, 48, and 72 h) in the presence of
either 5% (v/v) pooled sera from VLCKD subjects, collected prior to and after dietary ketosis, or 5%
(v/v) of FBS serum as control. To evaluate ROS production in Hep-G2 cells, we added an ROS inhibitor,
N-acetylcysteine (NAC), to negative control cells and incubated them for 60 min. After 24, 48, and 72 h
of incubation, the direct impact of sera treatment on cell production of ROS was analyzed using the
DCFDA Cellular ROS Detection Assay Kit (Abcam, Cambridge, UK), following the manufacturer’s
instructions. DCFDA was added in the dark at a final concentration of 20 µm at 30 min before the end
of sera incubation. DCFDA was added for 45 min at 37 ◦C. At the end of the incubation, the cells were
collected and resuspended in 500 µL of PBS for fluorometric analysis. The excitation and emission
wavelengths used were 485 and 535 nm, respectively.
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2.7. d-ROM Test

The d-ROM test via Fenton’s reaction was performed in the plasma of VLCKD participants
before and after diet therapy. The peripheral blood sample was collected from the subject’s finger
in a heparinized microcuvette and plasma was immediately isolated by centrifugation at 37 ◦C
for 60 s. The plasma was dissolved in an acidic buffer (pH 4.8) in which its hydroperoxides react
with the transition metal ions and were converted to alkoxy and peroxy radicals. Successively,
N,N-diethyl-para-phenylenediamine was added, which was oxidized by these newly formed radicals,
producing a magenta-colored derivative. The color variation was measured by a photometer at 505 nm
and 37 ◦C. This color variation is directly correlated with the concentration of H2O2 in the plasma
sample, which is proportional to the quantity of ROMs, according to the Beer-Lambert law. The d-ROM
value was expressed in the arbitrary unit U. CARR (Units Carratelli), as established by the manufacturer
(1 U. CARR corresponds to 0.08 mg of H2O2/dL). Normal values range between 250 and 300 U. CARR
and values higher than 300 U. CARR suggest increased oxidative stress [23].

2.8. Statistical Analysis

ANOVA analysis was performed to verify the change from baseline to 8 weeks after VLCKD
intervention, and post hoc pairwise comparisons were performed with Tukey’s honestly significant
difference test. Distribution of continuous data was checked for normality (data were distributed
normally). VAT, CRP, and orexin-A serum concentrations were correlated by Pearson’s test according
to data distribution. Statistical analyses were performed using the StatView software package 5.0.1.0
(SAS Institute Inc., Cary, USA). All data are presented as mean ± standard error (SE). A p-value ≤ 0.05
was used for statistical significance.

3. Results

3.1. Anthropometric and Biochemical Parameters of VLCKD Obese Patients

Our results show a significant change in the anthropometric and biochemical parameters of VLCKD
obese subjects before and after diet therapy. Anthropometric parameters, such as weight and BMI, were
statistically reduced in VLCKD obese subjects before and after diet (Table 1). As shown in Table 1, there
was a statistically significant reduction of low-density lipoprotein (LDL), triglycerides, insulinemia,
aspartate transaminase/glutamic oxaloacetic transaminase (AST/GOT), alanine transaminase/glutamic
pyruvic transaminase (ALT/GPT), and gamma glutamyl transferase (GT), indicating a strong modulation
and modification of glycemic and lipid profiles by VLCKD therapy in these subjects.

Table 1. Anthropometric and biochemical parameters of very low calorie ketogenic diet (VLCKD)
subjects before and after weight loss.

Parameters VLCKD Obese Subjects Statistical Analysis

T0 T1 p-Value

Age 48 ± 8.2 ns

Height (m) 1.67 ± 0.11 ns

Weight (kg) 91.33 ± 17.11 78.73 ± 13.36 <0.001

BMI (kg/m2) 32.19 ± 4.78 27.76 ± 3.62 <0.001

TOTAL CHOLESTEROL (mg/dL) 220.13 ± 50.77 173.91 ± 32.93 <0.05

HDL (mg/dL) 55.13 ± 11.14 47.76 ± 9.14 ns

LDL (mg/dL) 141.83 ± 36.48 107.57 ± 27.72 <0.05

TRIGLYCERIDES (mg/dL) 135.54 ± 125.27 83.25 ± 26.14 <0.05

TOTAL BILIRUBIN (mg/dL) 0.61 ± 0.22 0.68 ± 0.27 ns
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Table 1. Cont.

Parameters VLCKD Obese Subjects Statistical Analysis

DIRECT BILIRUBIN (mg/dL) 0.13 ± 0.18 0.16 ± 0.09 ns

INDIRECT BILIRUBIN (mg/dL) 0.48 ± 0.33 0.52 ± 0.21 ns

HEMOGLOBIN (g/dL) 14.13 ± 1.33 13.83 ± 0.94 ns

GLYCATED HEMOGLOBIN (Hba1c) (%) 5.65 ± 0.39 5.38 ± 0.33 ns

INSULINEMIA (uUl/mL) 10.53 ± 7.18 5.37 ± 3.79 <0.05

URIC ACID (mg/dL) 4.86 ± 1.01 5.27 ± 1.13 ns

TOTAL PROTEINS (g/dL) 7.30 ± 0.4 7.13 ± 0.4 ns

SERUM GLUTAMIC OXALOACETIC
TRANSAMINASE (U/L) 21.27 ± 5.98 23.31 ± 11.47 <0.05

SERUM GLUTAMIC PYRUVIC
TRANSAMINASE (U/L) 26.51 ± 14.89 26.06 ± 16.27 <0.05

GAMMA GLUTAMYL TRANSFERASE (U/L) 31.19 ± 19.88 15.31 ± 5.41 <0.05

AZOTEMIA (mg/dL) 35.35 ± 8.43 34.68 ± 9.16 ns

CALCEMIA (mg/dL) 9.57 ± 0.33 9.72 ± 0.35 ns

SODIUM (mmol/L) 139.19 ± 2.48 139.18 ± 2 ns

C-REACTIVE PROTEIN (mg/mL) 0.89 ± 0.1 0.48 ± 0.07 <0.05

Orexin-A (pg/mL) 9.91 ± 0.27 16.24 ± 1.33 <0.001

T0: values before diet; T1: values after diet; ns: not significant (over 0.05).

Furthermore, there was not only weight loss and BMI reduction, but as reported in Table 2, there
was a significant reduction of FM and VAT (Table 2).

Table 2. Body composition of VLCKD subjects before and after weight loss.

Parameters VLCKD Obese Subjects Statistical Analysis

T0 T1 p-Value

Visceral Adipose Tissue (VAT) (g) 1541.55 ± 141.63 927.79 ± 104.92 <0.001

Fat Mass (FM) (g) 39,208.77± 1432.55 27377.0 ± 1217.48 <0.001

FFM (g) 48,789.57± 1712.36 48093.68 ± 1670.65 ns

BMD 1225.57 ± 21.23 1229.31 ± 21.46 ns

FFM: fat-free mass; BMD: bone mineral density; ns: not significant (over 0.05).

The modification of body composition and biochemical parameters also influenced a modification
of cardiac parameters, such as diastolic and systolic arterial pressure and cardiac frequency, before and
after 8 weeks of the VLCKD (Table 3).

Table 3. Cardiac parameters of VLCKD subjects before and after weight loss.

Parameters VLCKD Obese Subjects Statistical Analysis

T0 T1 p-Value

SYSTOLIC ARTERIAL PRESSURE 130.6 117. 5 <0.001

DIASTOLIC ARTERIAL PRESSURE 82. 8 75.8 <0.001

CARDIAC FREQUENCY PRE 6MWT 77.7 74.5 <0.001

CARDIAC FREQUENCY POST 6MWT 142.6 138.4 <0.001

6MWT: 6 Minutes Walking Test.
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In this study, we also investigated the inflammatory state of subjects before and after dietary
intervention. Table 1 shows that the orexin-A and CPR levels seem to be strongly modulated before
and after VLCKD treatment. Interestingly, the orexin-A levels in subjects after diet were statistically
increased and CRP levels were also strongly reduced after the VLCKD compared with before diet.
Moreover, there appear to be statistical correlations between VAT and orexin-A, VAT and CRP levels,
and orexin-A and CRP levels in VLCKD subjects, both before and after VLCKD therapy (Figure 1).
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Figure 1. VAT strongly correlates with orexin-A and C-reactive protein (CRP) serum levels in very low
calorie ketogenic diet (VLCKD) subjects before and after diet. ∆-variation in VLCKD subjects before
and after diet showed a negative correlation between visceral adipose tissue (VAT) and orexin-A serum
levels (A) and between orexin-A and CRP serum levels (B) in VLCKD subjects. Furthermore, there was
a positive correlation between VAT and CRP serum levels in VLCKD subjects both before and after
diet (C).

3.2. MTT Test

To investigate the effects on cell viability using the sera from VLCKD subjects before and after
diet, we treated Hep-G2 cells for 24, 48, and 72 h with these sera and evaluated cell proliferation using
the MTT assay kit. As a control, we used cells incubated with 10% FBS. Our results show that cell
viability was not affected by the treatment with sera before and after the VLCKD after 24, 48, and 72 h
of incubation, but we found a cell viability decrease after 72 h of incubation compared with 24 and 48 h
of incubation, both with FBS and VLCKD sera before and after diet. These cytotoxic effects were not
caused by the treatment but depend on time of incubation (Figure 2).
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Figure 2. Cytotoxic effects of obese subjects’ sera before and after 8 weeks of the VLCKD. The cell
viability of Hep-G2 cells cultured and treated for 24, 48, and 72 h with VLCKD obese subjects’ sera
before and after 8 weeks of diet was not reduced compared to Hep-G2 cells treated with only fetal
bovine serum (FBS) used as controls. *: statistically significant difference.

3.3. ROS Production

The level of ROS was analyzed in cells treated with 5% (v/v) pooled sera from VLCKD subjects,
collected prior and after dietary ketosis; moreover, it was tested in cells treated with 5% pooled sera
from healthy subjects (matched with controls for age and sex) and compared to additional NAC
treatment (an ROS inhibitor) used as a negative control. As shown in the box plot analysis (Figure 3),
there was ROS production in cells treated with pooled sera from healthy subjects and pooled sera from
VLCKD obese subjects before and after diet compared to cells treated with only NAC. Furthermore,
there was a statistical increase of ROS production in cells treated with VLCKD obese subjects’ sera
before and after diet compared with cells treated with pooled sera from healthy subjects (Figure 4).
Nonetheless, in VLCKD obese subjects, there was a difference in ROS production before and after
diet therapy. In particular, there was a reduction of ROS levels in Hep-G2 cells treated with VLCKD
subjects’ sera after diet, with no statistically significant reduction.
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 Figure 3. Reactive oxygen species (ROS) production was strongly modulated before and after the
VLCKD. Hep-G2 cells cultured and treated for 24, 48, and 72 h with only FBS and with VLCKD
obese subjects’ sera before and after 8 weeks of diet showed a statistically significant increase of ROS
production compared with Hep-G2 cells treated with N-acetylcysteine (NAC) for 24, 48, and 72 h.
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3.4. Serum Reactive Oxygen Metabolites Test

We analyzed reactive oxygen metabolites in plasma of VLCKD obese subjects before and after diet
using the d-ROM test. The results of the d-ROM test showed different values: in the subjects before the
VLCKD, the value was statistically higher than in subjects after the VLCKD (532 U vs. 255 U, p < 0.05).
This finding suggests a decrease of oxidative stress in VLCKD subjects after diet.

4. Discussion

The main findings of the present study may be summarized in terms of a decrease in weight,
BMI, fat mass, and visceral adipose tissue and an increase in orexin-A serum levels after 8 weeks of
diet intervention.

Moreover, in vitro studies have shown that this dietary intervention does not have cytotoxic
effects on Hep-G2 cell lines. Furthermore, our results demonstrate that the VLCKD has numerous
beneficial effects both on anthropometric and biochemical parameters. Furthermore, the weight loss
and BMI reduction that we observed in our subjects were associated with a strong reduction of visceral
adipose tissue. As supported by Moreno et al., the reduction of visceral fat leads to a lowering of
cardiovascular disease, diabetes, and even several kinds of cancer risk [24]. Visceral fat mass creates
chronic low inflammation through an imbalance of the production of adipokines by adipose tissue.
Aaron et al. hypothesized that chronic adipose-tissue-driven inflammation influences lymphatic tissue
function, in part, by changes in resident immune cell populations [25,26].

For these reasons, the reduction of VAT leads to a decrease of chronic inflammation, blocking
proinflammatory cytokines and enhancing anti-inflammatory production, as supported by a decrease
of CRP in the serum of VLCKD subjects after diet intervention. Indeed, as supported by Abraham et al.,
in visceral fat accumulation, typical of an obese condition, CRP is released from the liver in response to
the inflammatory state, which represents a risk factor for cardiovascular events and is related to an
increased risk of diabetes type 2 [27]. Moreover, it is well known that reducing visceral fat mass induces
increases in lean mass and skeletal bone preservation. These noteworthy findings tend to reinforce the
beneficial effect of a VLCK diet in obesity treatment, although, as reported by Moro et al., it could be
sufficient to practice caloric restriction to improve some health-related biomarkers, decrease fat mass,
and maintain muscle mass in resistance-trained subjects [28]. Furthermore, as reported by Kosinski et
al., very low carbohydrate diets can be different in macronutrient composition and high-fat versus
high-protein content [29]. Moreover, Fung et al. reported that the ketogenic diet may be preferred with
a high amount of vegetables in order to decrease cardiovascular-related mortality [30]. In addition to
amelioration of anthropometric parameters, our results also showed an improvement in glycemic and
lipid profiles, reducing insulinemia, glycated hemoglobin, triglycerides, and LDL cholesterol.
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In general, the VLCK diet has numerous beneficial effects on various organs and tissues. This diet
requires a significant restriction of both calories and carbohydrates, which induces a reduction in
glycogen stores in both the liver and muscles, induces metabolic ketosis, and reduces glucose production
and liver secretion, lowering blood glucose levels as its main effects. Indeed, insulin resistance in
the liver and muscles dissipates as the fat stores in these organs are reduced. The VLCKD also
increases pancreatic insulin sensitivity through mechanisms related to and independent of ketosis.
Finally, the ketogenic state improves satiety, which leads to greater dietary compliance and tends to
improves hyperlipidemia [31]. In agreement with our results, Bueno et al. reported that very low
carbohydrate diets induce good weight loss, an improvement in lipid profiles, and a reduction in
diastolic blood pressure [32]. On the contrary, some studies on long-term VLCKD reported that this
diet intervention may have negative effects on lipid profiles, increasing LDL cholesterol and reducing
HDL cholesterol [33]. In addition, the VLCKD also has beneficial effects on brain function. Interestingly,
the mechanisms of action of the VLCKD seem to go far beyond the regulation of neurotransmitters.
As previously described [34], in vivo studies indicate that the VLCKD is associated with vascular
brain changes, increasing vascular density at the blood–brain barrier without changes in blood flow.
It has been hypothesized that increasing capillary density due to the high plasmatic ketone body rate
would enhance up to 40-fold the flux of ketonic bodies available for cerebral energetic metabolism [34],
suggesting that a similar mechanism may be involved in improving energetic supply to the brain
during starvation [34].

The present study also evaluated the ORX1 plasmatic levels, which were strongly increased in
VLCKD obese subjects after 8 weeks of dietary treatment. This hypothalamic neuropeptide may
be considered as “multitasking” considering its involvement in weight loss, energy homeostasis,
cognition, mood, and sleep regulation [35]. According to our results, plasmatic orexin-A levels are
strongly reduced in obese subjects and seem to be inversely correlated to proinflammatory mediators
and BMI [13]. Shiuchi et al. observed that the regulation mediated by the orexinergic system on muscle
glucose metabolism is due to the activation of β2-adrenergic signaling and, consequently, peripheral
energy expenditure [36].

We also have to highlight the relevance of obesity as a proinflammatory condition, as shown
by the d-ROM serum level decrease after 8 weeks of VLCKD in obese subjects. Many reports have
supported that adipose tissue contributes to systemic lipid peroxides directly linked to adiposity both
in humans and rodents [37–40].

On the other hand, considering that visceral adipose tissue quantity seems to be more strongly
associated with oxidative stress levels than abdominal subcutaneous fat, we analyzed the effects of
the VLCKD on hepatocyte cell cultures to evaluate the possible cytotoxic effects and ROS production.
As reported in Figure 2, the cell viability of Hep-G2 cultures treated with sera of obese patients before
and after 8 weeks of diet was not reduced compared to Hep-G2 cells treated with only FBS as a control,
and ROS production was statistically significantly reduced in cell cultures treated with VLCKD sera
after 8 weeks, suggesting the lack of cytotoxic effects due to VLCKD intervention in these patients.
This result may be interpreted not only with ameliorating anthropometric and biochemical parameters
but also with the VLCKD inducing the expression of many genes involved in cell repair reducing
the expression of genes involved in the mechanisms of oxidative stress and inflammation [41–43].
On the other hand, Ziegler et al., reported that correct nutrition and regular physical activity are able
to activate numerous metabolic pathways such as SIRT1, which deacetylates nuclear and cytoplasmic
proteins controlling the apoptotic processes, downregulating the production of flogistic mediators [44].

In light of what has been stated above, Greco et al. reported that the ketogenic diet activates
the Nrf2/ARE system in both acute and chronic settings, protecting cells from oxidative stress and
apoptotic signals induced by the upregulating expression of NQO1, SOD1, and SOD2, which are
antioxidant proteins [45].

In the obese condition, exposure to ROS also induces a reduction in the antioxidant capacity in the
liver, which increases the possibility of cell damage by oxidative stress. ROS in a physiological state



Antioxidants 2019, 8, 643 11 of 13

have many beneficial functions, such as gene expression, cell growth, defense against infections, and
the control of vascular endothelial cells. However, when there is excessive ROS production, such as in
obesity, cells are exposed to oxidative stress and are damaged. In this scenario, VLCKD intervention
may represent a strategy against an excess of ROS. There are many reports that the VLCKD tends to
reduce ROS production, increasing SOD1 and SOD2, and induces the reduction of proinflammatory
cytokine production, increasing anti-inflammatory mediators [46].

5. Conclusions

We can conclude that the VLCKD exerts a positive effect on VAT reduction, ameliorating adiposity
and blood biochemical parameters. In the short term, this dietary intervention reduced inflammation
and ROS production. Finally, to the best of our knowledge, this is the first study to report the effects of
the VLCKD on the orexinergic system, supporting the usefulness of such a therapeutic intervention in
promoting the reduction of the individual burden of this disease.
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