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Abstract: Overnutrition and its sequelae have become a global concern due to the increasing incidence
of obesity and insulin resistance. A ketogenic diet (KD) is widely used as a dietary treatment
for metabolic disorders. Sirtuin1 (SIRT1), a metabolic sensor which regulates fat homeostasis, is
modulated by dietary interventions. However, the influence of nutritional ketosis on SIRT1 is still
debated. We examined the effect of KD on adipose tissue, liver, and serum levels of SIRT1 in mice.
Adult C57BL/6J male mice were randomly assigned to two isocaloric dietary groups and fed with
either high-fat KD or normal chow (NC) for 4 weeks. Serum SIRT1, beta-hydroxybutyrate (βHB),
glucose, and triglyceride levels, as well as SIRT1 expression in visceral (VAT), subcutaneous (SAT),
and brown (BAT) adipose tissues, and in the liver, were measured. KD-fed mice showed an increase in
serum βHB in parallel with serum SIRT1 (r = 0.732, p = 0.0156), and increased SIRT1 protein expression
in SAT and VAT. SIRT1 levels remained unchanged in BAT and in the liver, which developed steatosis.
Normal glycemia and triglycerides were observed. Under a KD, serum and white fat phenotypes
show higher SIRT1, suggesting that one of the molecular mechanisms underlying a KD’s potential
benefits on metabolic health involves a synergistic interaction with SIRT1.

Keywords: SIRT1; ketogenic diet; ketone bodies; obesity; epigenetic regulators; adipose tissue

1. Introduction

Fat excess, adiposopathy, and metabolic disorders are increasing exponentially all
over the world [1,2]. Ketogenesis is a metabolic process involved in controlling energy
homeostasis by crucial epigenetic mechanisms [3,4]. Ketone bodies (KBs), namely acetoac-
etate, beta-hydroxybutyrate (βHB), and acetone, produced in the liver when fatty acids
are broken down for energy, are used as an alternative metabolic fuel in case of nutrient
deprivation, such as starvation and extended caloric restriction (CR). Non-canonical and
multi-dimensional roles of KBs in signaling and therapy are currently known [5]. Alter-
ations evoked by endogenous or exogenous ketosis [6] improve anti-inflammatory and
mitochondrial activities, mnemonic and muscle performance, and reduce the incidence of
tumors in middle-aged mice—ultimately improving the general health of the animals, with
a net effect on the increase in life expectancy [7,8]. The ketogenic diet (KD) is effective also
in the management of human metabolic diseases [9–12]. However, despite its widespread
use, the precise role and underlying molecular mechanisms by which KD achieves clinical
effects are not fully understood. A common occurrence happening during ketogenesis,
as well as during CR, is the increase in intracellular concentrations of NAD+, a cofactor
required to support the catalytic activity of enzymes called sirtuins (SIRTs) [13].

SIRTs are nicotinamide-adenine-dinucleotide (NAD+)-dependent cellular sensors
associated with the control of mitochondrial energy metabolism, inflammation, genome
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stability, and autophagy through functions intrinsically linked to longevity [14,15]. Among
the seven conserved class III histone deacetylases, SIRT1 is the most studied of the family. It
efficiently allows cellular adaptation to CR with consequent metabolic benefits [16,17] but
its activity is impaired in the case of overnutrition or increased energy availability [18–20].
As for KBs, the role of SIRT1 in the regulation of metabolic homeostasis is carried out
through the epigenetic control of food intake, the regulation of the glyco-lipidic profile,
and the differentiation of adipocytes and the mobilization of fat, thus protecting against
diseases such as atherosclerosis [21], hepatic steatosis [22,23], diabetes mellitus [24,25], and
osteoporosis [26,27]. Accordingly, such diseases are developed in SIRT1-knock-out mice
and antagonized in SIRT1-transgenic mice [28].

Recent advances in understanding the outcomes shared by KBs and SIRT1 suggest
joint work involving cooperative interaction between these players, with the same beneficial
intent [3,29]. However, although experimental and clinical evidence reports the efficacy
and safety of a KD, its mechanisms of action need to be further elucidated. The relationship
between KBs and SIRT1, still non-conclusive, places SIRT1 among the candidates for the
downstream effect of KBs.

Our hypothesis is that beneficial metabolic effects of ketosis involve SIRT1 adipose
tissue. We investigated the effect of a low-carbohydrate, high-fat KD on SIRT1 levels in
serum and tissues that play a prominent role in energy homeostasis, i.e., the adipose tissue,
and the liver.

2. Results
2.1. KD Affects Food Intake without Affecting Body Weight and the Percentage of Body Fat

To evaluate the effects of ketosis on SIRT1 levels we administered a high-fat diet
to prevent low-carbohydrate-dependent weight loss. KD-fed mice immediately adapted
to the new diet, and showed a transient body weight stabilization during the first week
(Figure 1A,B). Despite KD-fed mice displaying a reduced daily food intake (Figure 1C), they
gained the same amount of weight as control mice for the entire duration of the experiment,
as demonstrated by similar weight trajectories (Figure 1B). The mean daily caloric intake
(Figure 1D) was 1.7-fold higher in KD-fed mice than NC-fed mice. This difference is
attributable to the fact that KD-fed mice can compensate for the higher energy content
of the KD by their lower intake (Figure 1C), resulting in unaffected body fat distribution
and weight.

As demonstrated by the measurement of serum βHB levels, ketosis was achieved and
βHB concentration was significantly increased in KD-fed mice compared to NC-fed mice
at the end of dietary treatment (Figure 1E).

To evaluate the effect of ketosis on fat mass we determined the fat coefficient of the
adipose tissue depots in KD-fed mice and NC-fed mice. This analysis revealed that 4-week
ketosis is not able to trigger any change in adipose tissue depot weight, either white visceral
adipose tissue (VAT) (Figure 2A), white subcutaneous adipose tissue (SAT) (Figure 2B) or
brown interscapular adipose tissue (BAT) (Figure 2C).

2.2. Ketosis Increases Serum and Adipose Tissue Levels of SIRT1

To explore the response of SIRT1 to nutritional ketosis, and to prevent the modulation
of SIRT1 induced by weight loss, we fed animals with a low-carbohydrate, high-fat, KD.

The administration of a 4-week KD resulted in a significant increase in the serum
concentration of SIRT1 (Figure 3A). Circulating βHB (NC 0.773 ± 0.108 mM vs. KD
1.528 ± 0.117 mM) and SIRT1 (NC 2.158 ± 0.278 ng/mL vs. KD 3.119 ± 0.231 ng/mL)
increases were consistent, and showed a high coefficient of correlation (r = 0.732, p = 0.0156)
(Figure 3B).
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Figure 1. Ketogenic diet effects on body weight and food intake. (A) Representative photographs of 
mice under normal chow (NC) and ketogenic diet (KD) at the end of dietary treatment. (B) Body 
weight analysis during dietary treatment showing weight gain (g) of mice under NC (n = 8) and KD 
(n = 10). Data are expressed as mean ± SEM. (C) Scatter dot plot showing average daily food intake 
(g) of mice under NC and KD. Data are expressed as mean ± SEM. **** p < 0.001. (D) Scatter dot plot 
showing average daily caloric intake (kcal) of mice under NC and KD. Data are expressed as mean 
± SEM. ** p < 0.01. (E) Dot plot showing βHB concentration (mM) in serum from mice under NC (n 
= 6) and KD (n = 10) at the end of dietary treatment. Data are expressed as mean ± SEM. *** p < 0.005. 

To evaluate the effect of ketosis on fat mass we determined the fat coefficient of the 
adipose tissue depots in KD-fed mice and NC-fed mice. This analysis revealed that 4-week 
ketosis is not able to trigger any change in adipose tissue depot weight, either white vis-
ceral adipose tissue (VAT) (Figure 2A), white subcutaneous adipose tissue (SAT) (Figure 
2B) or brown interscapular adipose tissue (BAT) (Figure 2C). 

 
Figure 2. Ketogenic diet effects on fat mass. Analysis of fat coefficient (g fat/g body × 100) of: (A) 
perigonadal VAT, (B) SAT, and (C) interscapular BAT of mice under normal chow (NC, n = 6) and 
ketogenic diet (KD, n = 10) at the end of dietary treatment. Data are expressed as mean ± SEM. 

  

Figure 1. Ketogenic diet effects on body weight and food intake. (A) Representative photographs
of mice under normal chow (NC) and ketogenic diet (KD) at the end of dietary treatment. (B) Body
weight analysis during dietary treatment showing weight gain (g) of mice under NC (n = 8) and KD
(n = 10). Data are expressed as mean ± SEM. (C) Scatter dot plot showing average daily food intake
(g) of mice under NC and KD. Data are expressed as mean ± SEM. **** p < 0.001. (D) Scatter dot
plot showing average daily caloric intake (kcal) of mice under NC and KD. Data are expressed as
mean ± SEM. ** p < 0.01. (E) Dot plot showing βHB concentration (mM) in serum from mice under
NC (n = 6) and KD (n = 10) at the end of dietary treatment. Data are expressed as mean ± SEM.
*** p < 0.005.
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Figure 2. Ketogenic diet effects on fat mass. Analysis of fat coefficient (g fat/g body × 100) of:
(A) perigonadal VAT, (B) SAT, and (C) interscapular BAT of mice under normal chow (NC, n = 6) and
ketogenic diet (KD, n = 10) at the end of dietary treatment. Data are expressed as mean ± SEM.
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Adipose tissue represents the central metabolic organ regulating whole body energy 
homeostasis. To examine the effect of ketosis on SIRT1 levels in adipose tissue, we ana-
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Figure 3. (A) Dot plot showing SIRT1 concentration (ng/mL) in serum from mice under NC (n = 5)
and KD (n = 8) at the end of dietary treatment. Data are expressed as mean ± SEM. * p < 0.05.
(B) Pearson correlation analysis between serum βHB and SIRT1 levels in mice under KD (n = 10).
r = 0.732, p = 0.0156.

Adipose tissue represents the central metabolic organ regulating whole body energy
homeostasis. To examine the effect of ketosis on SIRT1 levels in adipose tissue, we analyzed
SIRT1 expression in fat depots of KD-fed mice. As shown in Figure 4, SIRT1 protein was
significantly increased in VAT and SAT of KD-fed mice compared to NC-fed mice, while
SIRT1 did not appear significantly modulated by KD in BAT.
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Figure 4. Ketogenic diet effect on adipose tissue levels of SIRT1. Western Blotting analysis of SIRT1
expression on visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), and interscapular
brown adipose tissue (BAT) extracts from mice under normal chow (NC, n = 6) and ketogenic diet
(KD, n = 10) at the end of dietary treatment. Densitometric analyses show protein expression levels
expressed as arbitrary units ± SEM. * p < 0.05.

2.3. High-Fat KD Does Not Modulate SIRT1 in Liver

The liver plays a pivotal role in the regulation of substrate availability, and adapts
its metabolic profile weekly in response to nutrients. It stores excess nutrients and ex-
ports fat during fasting, metabolizes fatty acids into ketones, and responds to metabolic
consequences of a high-fat KD. As expected, the administration of a high-fat KD resulted
in hepatomegaly (Figure 5A) and liver steatosis (Figure 5B), characterized by hepatocyte
ballooning, and increase in lipid droplets altering the canonical histology of the liver in
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the KD fed mice, compared to NC fed mice. At the molecular level, liver steatosis was not
associated with an increase in SIRT1 protein (Figure 5C).
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Figure 5. KD treatment effect on liver. (A) Analysis of liver coefficient (g liver/g body × 100) of
mice under normal chow (NC, n = 6) and ketogenic diet (KD, n = 10) at the end of dietary treatment.
Data are expressed as mean ± SEM. **** p < 0.001. (B) Representative images of liver morphology
by Hematoxylin and Eosin staining on sections obtained from mice under NC and KD at the end of
dietary treatment. Magnification 10×. Scale bar = 50 micron. (C) Ketogenic diet effect on liver levels
of SIRT1. Western Blotting analysis of SIRT1 expression on liver extracts from mice under normal
chow (NC, n = 6) and ketogenic diet (KD, n = 10) at the end of dietary treatment. Densitometric
analyses show protein expression levels expressed as arbitrary units ± SEM.

2.4. KD Controls the Glyco-Lipidic Profile

The administration of high-fat diet regimens to C57BL/6J mice triggers hyperglycemia
starting from the third week of dietary treatment [30]. To assess if KD could exert a
protective role in preventing HFD-induced hyperglycemia, we measured serum glucose
levels in KD-fed mice and NC-fed mice at the end of dietary treatment. Serum fasting
glucose and triglycerides were in the normal range in KD-fed mice, indicating a positive
role of βHB and SIRT1 in maintaining a normal glyco-lipid profile (Figure 6A,B) despite
the high intake of lipids.
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3. Discussion

In the present study, we evaluated the response to a 4-week high-fat KD on C57BL/6J
mice to investigate whether nutritional ketosis exerts its effects through the downstream
activation of SIRT1. We found that the increase in serum levels of βHB parallels a significant
increase in SIRT1 circulating levels, and that a KD upregulates SIRT1 protein expression
in white but not in brown adipose tissue, highlighting a different fat response to the KD-
mediated SIRT1 metabolic effects. Furthermore, liver steatosis associated with a high-fat
KD was not accompanied by modulation in intrahepatic SIRT1.

Adiposopathy due to fat excess and metabolic disorders, such as obesity and diabetes,
is exponentially increasing all over the world [1,2], thus leading researchers to focus on new
natural or technologically modified nutritional approaches for the treatment of overweight
and its complications [31–33]. This has brought new insights into the pathophysiology of
energy balance and weight disorders, as well as their possible means of evaluation.

Energy metabolism and food intake respond to fine interactions between hormones,
cellular sensors, and nutraceutical regulators acting on adipose tissue, which is not an inert
tissue but an organ essential in the regulation of whole-body metabolism. It is capable of
determining metabolic flexibility by its fat storing capacity, thermoregulatory role, and
adipokine production [34,35]. The variation in fat amount is one of the main drivers of SIRT1
activity. In line with this assumption, we recently found that SIRT1 shows a continuous,
inverse pattern of expression which follows the whole spectrum of adiposity, from anorexia
nervosa to obesity [20], and that blood SIRT1 assumes a trend consistent with that of
circulating adipokines such as adiponectin and leptin [36]. SIRT1 is a nutrient-sensing
(NAD)-dependent deacetylase associated with the response to calorie restriction (CR) and
weight loss, in these conditions increased SIRT1 levels in rodents and humans have been
observed [13,37–39]. Interestingly, SIRT1 reduces VAT deposition in animal models of
obesity, and fat cell hypertrophy occurs when SIRT1 mRNA expression is low [40]. This
phenotype is observed, also, in humans, in which the reduced expression of SIRT1 enhances
the differentiation capacity of VAT-derived stem cells, fostering VAT expansion [41,42], and
the reduction of SIRT1 mRNA transcription in VAT is associated with obesity [43].

As for SIRT1, the physiological role of KBs summarizes some aspects of CR. βHB,
the predominant KB, represents the alternative fuel provision during starvation, acts as a
signaling molecule, and shows a significant metabolic and therapeutic value associated
with chronobiological [44] and anti-aging [45] functions. Interestingly, the metabolic shift
towards fat oxidation and ketogenesis, during starvation or KD, is associated with initial
mitochondrial stress characterized by increased levels of reactive oxygen species, and
increased ratios of NAD+/NADH. In response to local inflammation, a protective and
hormetic adaptation is carried out via SIRT1 and AMPK activation, and the consequences
of the initial moderate metabolic stress include the upregulation of antioxidative and anti-
inflammatory activities, and improved mitochondrial function [46,47]. AMPK, in turn, has
the ability to increase NAD, and thus the activity of SIRT1 [48]. The close cooperation
between AMPK and SIRT1 has been observed in hepatocytes [49], muscle cells [50], and
adipocytes as well. Indeed, several compounds with insulin-sensitizing and lipolytic
effects appear to activate the AMPK-SIRT1 pathway in 3T3L1 adipocytes [51–53], and
specific adipocyte knock out for SIRT1 reduces the AMPK-mediated antioxidant and anti-
inflammatory response in HFD rats [53]. Therefore, ketosis could rescue adipose tissue
from inflammation also through the SIRT1-involved signaling pathway, and the interaction
between AMPK.

In addition to the adaptive response to ketosis, KBs actively modulate metabolism
via the epigenetic pathway. Epigenomic adaptation to food intake is mediated by the
epigenetic role of both βHB and SIRT1. Via adipose tissue-specific signals involving PPARs,
PGC1-α, mTORC1, p53, FOXO3a, AMPK, UCP1 etc., they intervene on DNA methyla-
tion, acetylation/deacetylation, histone post-translational modifications, and noncoding
RNA regulation [3]. Moreover, recent studies reported the association of histone lysine
β-hydroxybutyrylation with the pathogenesis of metabolic diseases [54], and showed that
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3-hydroxybutyrate is involved in metabolic regulation of liver gene expression [51], and
induces the expression of adiponectin in adipocytes [55].

Nutritional ketosis is currently extensively studied due to its effects on metabolic health.
However, little is known regarding the mechanisms underlying the pleiotropic effects of KBs,
despite evidence of clinical benefits exerted in animals [7,8] and humans [9,11,56–59].

We found that SIRT1 protein expression is upregulated in mouse white adipose tis-
sue (WAT) under KD. Several studies have shown that adipose tissue responds to energy
shortage with specific activation of SIRT1 [60], and that patients with severe obesity who
experienced weight loss have a significant induction of SIRT1 expression in SAT [61]. How-
ever, with SIRT1 being an energy sensor sensitive to energy imbalance, we evaluated SIRT1
expression without weight loss influence. This was possible because mice can compensate
for the higher energy content of the administered diet by reducing their intake [62] and,
among mouse strains, C57BL6 mice particularly exhibit the most pronounced compensatory
decreases in food intake with increases in the percentage of kilocalories consumed [63]. The
upregulation of SIRT1 in WAT in the absence of weight loss may be attributed to ketosis.
This finding is in line with the observation that the administration of a high-fat non-KD
leads to the reduction of the SIRT1 gene and protein expression, in both WAT and BAT [60].

KD did not induce SIRT1 modulation in BAT. Nevertheless, different characteristics
in fat depots play specific roles, reinforcing the paradigm that white and brown adipose
tissue have pathognomonic properties and biological functions [35,64,65]. Indeed, SIRT1
activity in WAT should be distinct from that in BAT, and be considered independent [66,67].
Specifically, SIRT1 is required for the trans-differentiation of white preadipocytes [68,69],
and acts mainly by limiting fat expandability via repression of PPARγ in WAT [13,70]. Ac-
cordingly, SIRT1-null mice showed reduction in uncoupling protein 1 (UCP1) in white SAT,
without showing differences in BAT, supporting the essential activity of SIRT1 for WAT
browning [66]. Intriguingly, the brown adipocytes in SIRT1-transgenic mice accumulate
less lipids [38], and no changes in BAT weight, apart from larger mitochondrial size, were
observed in KD-fed mice [71]. The lack of SIRT1 changes in BAT suggest that, under keto-
genic stimulation, SIRT1 exerts its activity predominantly in white fat. However, the role
of SIRT1 in BAT is highly debated, and some authors reported the UCP1 increase in BAT
during ketosis [72], or in conjunction with the activation of the β3-adrenergic receptors [73];
whereas, others identified SIRT1 as the main protection from insulin resistance, and im-
paired β-adrenergic responses triggered by BAT inflammation. [74]. Further dedicated
studies are needed to evaluate the effect of ketosis on SIRT1 in BAT.

From a clinical point of view, SIRT1 leads the balance from energy storage to en-
ergy expenditure, controlling fatty acid oxidation, and being substantially involved in
the prevention of fat dysregulation and metabolic disorder development, highlighting the
importance of its expression in adipose tissue to ensure fat mass health [75]. In this regard,
SIRT1 is significantly higher in the SAT of normal-weight subjects than in obese or predia-
betic subjects [18], and the reduction of SIRT1 expression in VAT promotes the potential
for accumulation of ectopic fat [41]. In our experiments, ketosis did not change the weight
of adipose tissue depots. This is in line with findings reporting that the overexpression of
SIRT1 does not affect adipogenesis in a metabolic state characterized by increased lipolysis,
and reduced adipogenesis induced through the WAT modulation of SIRT1 [66].

We have shown that serum levels of SIRT1 increase significantly during a KD, consis-
tently with those of βHB. Nevertheless, the availability of NAD+ resulting from a KD can
exert a modulated activity of NAD+-dependent enzymes, including the NAD+ consumers’
SIRTs [60,76,77]. However, beyond the evidence that SIRT1 increases with CR, we observed
that a KD induces SIRT1 expression despite being high in fat, suggesting that the activation
of SIRT1 downstream pathways could be the origin of the broad beneficial effects of the
KD, regardless of weight loss and obesogenic diet.

Accordingly, we found that blood glucose and triglycerides did not differ between
KD and the control group. A KD has several proven benefits for the glyco-lipidic pro-
file, and diabetic or dyslipidemic patients might improve with a KD [32,56]. Like ke-
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tosis, SIRT1 improves carbohydrate and lipid metabolism, protecting against high-fat
diet-induced metabolic damage [78]. Mice with selective adipose tissue-disrupted SIRT1
activity show premature metabolic aging, characterized by hyperglycemia, dyslipidemia,
insulin-resistance, and glucose intolerance [79]. The high-fat KD feeding resulted in liver
steatosis. This was to be expected, since non-alcoholic fatty liver disease is commonly
connected with obesity, insulin-resistance, and high-lipid diet intake [80,81]. It represents
an ectopic fat deposition in a dysfunctional fat-storing liver. The long-term, high-fat KD for
epileptic patients has been shown to induce liver steatosis and gallstone formation [82], but
the beneficial effects of a low-calorie KD on liver steatosis are noticeable [83–85]. Weight
loss usually causes a SIRT1 increase in the liver [39,61]. The SIRT1-transgenic mice livers
show decreased triglyceride accumulation [38], and circulating SIRT1 is inversely associ-
ated with fat liver infiltration in obese patients [86]. In our study, SIRT1 protein expression
was not modulated in the livers of ketogenic mice suggesting that, despite ketosis, the
increased hepatic triglyceride content, due to the high-fat intake, does not allow for an
increase in SIRT1.

KD exerts its effects through multiple molecular mechanisms, and one of those might
possibly be the upregulation of SIRT1. Nevertheless, few studies examined the relationship
between KBs and SIRT1 in blood and adipose tissue. A greater expression of SIRT1 in white
fat depot could be required to prevent fat accumulation, and maximize the thermogenic
capacity. The increase in SIRT1 induced by KD may represent an adipose tissue protective
mechanism against inflammation, obesity, and insulin-resistance induced by a high-fat diet.
Further studies are required to determine the mechanism by which KBs and SIRT1 enhance
the quality and function of adipose tissue.

4. Materials and Methods
4.1. Animals and Dietary Treatment

For this study, 10-week-old C57BL6/J male mice (Charles River Laboratories, Wilm-
ington, MA, USA) were housed at Policlinico Umberto I animal facility with free access
to water and standard food under 12 h light/dark cycles. Animals received either a low-
carbohydrate, high-fat ketogenic diet (KD) (Research Diets, D10070801, n = 10) or a control
diet (NC) (Research Diets, D19082304, n = 8) for 4 weeks. The macronutrient compositions
of the diets are specified in Table 1. The KD contained cocoa butter as the principal source
of fat. The calorie intake of the two diets can be calculated as follows: 6.7 kcal/g for KD
vs. 3.8 kcal/g for NC. Diets were provided ad libitum throughout experiments, and food
and calorie intake were determined. Body weight was recorded before the diet switch, and
once/week for the entire duration of treatment.

Table 1. Diet composition.

Component Ketogenic Diet
(#D10070801)

Control Diet
(#D19082304)

g% kcal% g% kcal%

Protein 16.8 10 9.6 10
Carbohydrate 0.2 0.1 77 80

Fat 67 90 4.3 10
Total 100 100

Kcal/g 6.7 3.8

At the end of dietary treatment animals were euthanized, and blood and organs were
properly collected according to Figure 7. Steps were taken to minimize any suffering. All
experiments were performed in accordance with Italian law (D.L. 2010/63EU) and the
study was approved by the Sapienza University’s Animal Research Ethics Committee
(OPBA MedMol/2019.01), and by the Italian Ministry of Health (n. 130/2020-PR).
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4.2. Biochemical Analyses
4.2.1. β-Hydroxybutyrate Assay

βHB levels were measured using a colorimetric assay kit (Cayman Chemicals, Ann
Arbor, MI, USA) according to manufacturer’s instructions. Serum samples were filtered
through 10kDa MWCO spin filters (Sigma Aldrich, St. Louis, MO, USA) before assaying.
Absorbance (450 nm) was recorded using a D3 Plate Reader (DAS, Palombara Sabina, Italy).
A standard curve was generated using MyCurveFit Data Analysis Tool (My Assays Ltd.,
Birmingham, UK), and each sample was assayed in triplicates.

4.2.2. SIRT1 Assay

SIRT1 serum levels were measured using a colorimetric assay kit (Cusabio Technolo-
gies, Houston, TX, USA) according to manufacturer’s instructions. Absorbance (450 nm)
was recorded using a D3 Plate Reader (DAS, Italy). A standard curve was generated
using MyCurveFit Data Analysis Tool (My Assays Ltd.), and each sample was assayed
in triplicates.

4.2.3. Metabolic Profile

Serum fasting glucose and triglycerides (TG) concentrations were determined using
the Multicare In Strips System (BSI Diagnostics, Arezzo, Italy). Each sample was assayed
in triplicates.

4.3. Histological Analysis

Livers were fixed in 10% neutral buffered Formalin (Sigma-Aldrich, Burlington, MA,
USA), dehydrated with increased grade alcohols, and embedded in Paraffin (Bio Optica,
Milano, Italy). Five-micrometer sections obtained with the HM355S Microtome (Thermo
Fisher Scientific, Waltham, MA, USA) were de-waxed, re-hydrated, and finally stained
with Hematoxylin and Eosin (Sigma-Aldrich, Burlington, MA, USA). Slides were mounted
and images were acquired using a Zeiss Axiovert 200 inverted microscope (Carl Zeiss, Inc.,
White Plains, NY, USA) equipped with a AxioCam 503 Color (Carl Zeiss, Inc., White Plains,
NY, USA), and a 10X PanFluor Objective (Carl Zeiss, Inc., White Plains, NY, USA).

4.4. Molecular Analyses

Western blotting analysis of SIRT1 was performed on lysates obtained from liver,
perigonadal visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), and inter-
scapular brown adipose tissue (BAT) biopsies. Tissues were lysed in 50 mM Tris–HCl
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pH 7.4, 150 mM NaCl, 1% w/v NP-40, 0.25% w/v sodium deoxycholate, 1 mM EDTA,
0.5 v/v mM dithiothreitol, 10 mM β-glycerophosphate, 0.1 mM sodium vanadate, and pro-
tease inhibitor cocktail (Sigma-Aldrich, Burlington, MA, USA). SDS containing a sample
buffer was added to lysates, and samples were boiled for 5 min at 95 ◦C. Denatured samples
were electrophoresed in polyacrylamide gels, and transferred onto (Amersham, New York,
NY, USA) membranes. Primary antibodies were incubated overnight at 4 ◦C, and secondary
antibodies were incubated for 1 hour at room temperature. Blots were probed with rabbit
polyclonal SIRT1 (Abcam, Cambridge, UK) and rabbit polyclonal β-ACTIN (Sigma-Aldrich,
Burlington, MA, USA) antibodies. Signals were detected with horseradish peroxidase
(HRP)-conjugated secondary antibodies, and enhanced chemiluminescence (Thermo Fisher
Scientific, Waltham, MA, USA). Chemiluminescent images of immunodetected bands were
recorded with the Syngene G-box system (Syngene Bioimaging, Syngene, Frederick, MD,
USA), and immunoblot intensities were quantitatively analyzed using ImageJ Software
(NIH, Bethesda, MD, USA). Results represent the means of at least three independent
experiments, and were normalized to the amount of housekeeping proteins.

4.5. Statistical Analysis

Data obtained are presented as mean ± SEM from at least three independent experi-
ments. The significance of the data was analyzed using the Student’s t-test for parametric
data, and the Mann–Whitney test with Bonferroni corrections for nonparametric data.
Correlation analyses were performed using linear regression. p < 0.05 was considered
statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001). All analyses
were performed using GraphPad Prism 7 software and SPSS.

5. Conclusions

Our data indicate that nutritional ketosis improves the metabolic status of adipose
tissue. A KD exerts profound effects on SIRT1 expression in WAT, counteracting high
fat-induced obesogenic stimuli. The beneficial effects of ketosis may depend, at least in part,
on SIRT1, and the significance of a synergistic role between KBs and SIRT1 points to these
bioactive molecules as valuable tools in the management of fat excess-related diseases.
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