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Abstract

The nonalcoholic fatty liver disease (NAFLD), which is closely related to westernized
dietary (WD) patterns, displays a rising epidemiological and economic burden. Since
there is no pharmacological therapy approved for this disease, mechanistic studies are
warranted. In this work, we investigated the action of carnosine (CAR), a natural
dipeptide with several protection roles against oxidative stress in the liver of NAFLD rats.
NAFLD was induced by WD-rich sugars and fat, verifying the histological evidence of
steatosis. As intraperitoneal administration of CAR reversed liver steatosis, the protein
profiles of NAFLD liver and CAR NAFLD liver were evaluated by label-free proteomics
approach. A total of 2531 proteins were identified and the 230 and 276 were
significantly up- and downregulated, respectively, by CAR treatment of NAFLD rats and
involved in fundamental pathways such as oxidative stress and lipid metabolism. Perilipin
2 and apolipoprotein E, components of the plasma membrane of vesicle, resulted in
highly downregulated in the CAR-treated NAFLD liver. The advanced bioanalytical
approach demonstrated the efficacy of CAR in overcoming the main symptoms of

NAFLD, ameliorating the steatosis in the liver.
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inflammatory process, known as nonalcoholic steatohepatitis (NASH)

and its progressive states of cirrhosis and hepatocellular carcinoma.lt?

Nonalcoholic fatty liver disease (NAFLD), which affects around 30% of
the world's population, is the main cause of chronic liver disease in
developed countries, presenting a rising clinical and economic burden.[!!
This disease comprises a spectrum of liver disorders, ranging from simple

steatosis (nonalcoholic fatty liver, NAFL), which may result in an

The accumulation of lipid species, such as cholesterol, fatty acids, and
their toxic metabolites, damages the hepatocytes causing a long-standing
wound healing and consequently fibrosis.®! As westernized dietary (WD)
habits—comprising the intake of hypercaloric sugar- and fat-rich foods—

are closely related to NAFLD pathogenesis,") WD-induced rodent models
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are widely applied to investigate morphological, biochemical, and
molecular aspects of the corresponding human disease.*!

The uptake of a high amount of sugars and lipids triggers the de novo
lipogenesis and oxidative metabolisms, nuclear erythroid 2-related factor
2 (Nrf2) pathway, and fibrosis, as demonstrated by advanced quantitative
proteomics.” Another in vitro model of steatosis resulted from the
induction of lipid-containing vesicles in HepG2 cells by a complex of oleic
acid and bovine albumin. The induced steatosis showed an increment of
advanced perilipin-2 (PLIN2) expression, a protein constitutively present
in the lipid vesicles and dysregulated in several functional and disease
modules, such as inflammation, oxidative stress defense, cell proliferation,
and ferroptosis, as highlighted by quantitative bioanalytical approaches.’
Despite its large diffusion, there are no currently approved pharmaco-
logical treatments for NAFLD.! Therefore, advanced comprehensive
studies are fundamental to define development, key mechanisms, and
potential pharmacological targets.

Carnosine (B-alanyl-L-histidine; CAR) is a dipeptide that is able to
prevent several chronic diseases, such as metabolic and cardiovascu-
lar disorders and kidney disease.l”? Moreover, CAR is a potent
antioxidant and carbonyl scavenger agent that, for example, prevents
photoaging features in the skin of hairless mice exposed to UV-A
radiation. Several functional pathways showed alteration in the skins
of UV-A exposed hairless mice, including the integrin-linked kinase,
calcium signaling, fibrogenesis, cell migration, and filament formation.
Impairment of mitochondrial function and metabolism was also
observed, with an upregulation of cytochrome C oxidase 6B1 and
NADH: ubiquinone oxidoreductase S8. Skins pretreated by CAR were
instead protected from UV-A-induced proteome alterations.’® In
addition, the three-dimensional scaffold-free spheroids ageing model
of primary dermal fibroblasts was deeply investigated to identify the
mechanism of action of CAR on human skin proteome. In this regard,
CAR showed to prevent the aging of fibroblasts by modulating
important pathways related to ECM reorganization, apoptosis, and
free radical scavenging, highlighting its key role in the protection of
the dermis compartment against oxidative stress.”!

Thus, the aim of this research was to evaluate the efficacy of
CAR in preventing oxidative stress in rats submitted to a WD-induced
NAFL model in overcoming the main symptoms, ameliorating the
steatosis in the liver by applying an advanced analytical approach

based on untargeted quantitative proteomics and network analyses.

2 | MATERIALS AND METHODS
2.1 | Animals and experimental design

Male Wistar rats (8 weeks old) were housed in individual cages under
controlled temperature (22 + 3°C), luminosity (12-h light/dark cycle), and
humidity (60 + 5%) with chow and water ad libitum and the body weight
was measured daily. The animals were randomly distributed into
two groups according to the diets over 17 weeks: Control group
(Control) received a normocaloric diet (n=12) and the NAFLD group
received a Western diet (n = 12). The Western diet was compounded by

high sugar-fat chow + 25% sucrose in water, as previously described.>?*

After this period, it was assessed the intraperitoneal glucose tolerance
test (IPGTT) and then the groups were subdivided, totalizing four sub-
groups, to start the supplementation with CAR: Control group (n = 6),
Control + CAR (n = 6), NAFLD (n = 6), and NAFLD + CAR (n = 6) for more
5 weeks. At the end of this period of CAR treatment, the IPGTT was
measured again. Following the test, the animals were anesthetized
(thiopental 120 mg/kg/ip) and euthanized by decapitation. The liver was
excised, aliquoted, and stored in paraformaldehyde or in a —-80°C freezer
until further analysis. The experiment protocol was performed in
accordance with the National Institute for Health's Guide to Care and
Use of Laboratory Animals, and the study project was approved by the
Ethics Committee of the Use of Animals, Botucatu School of Medicine,
Sao Paulo State University (Protocol Number: CEUA-344/2019).

2.2 | CAR dose and administration

The CAR (L-carnosine) was administered intraperitoneally (250 mg/
kg/day)[25] for 5 weeks after the steatohepatitis induction period. The
CAR was daily prepared in saline solution before the administration.
The nontreated groups (Control and NAFLD) received only the
vehicle administration. The pure L-carnosine was kindly donated by
CarnoPureTM (Flamma S.p.A.).

23 | IPGTT

The IPGTT was measured in pre- and posttreatment, at the 17th week of
the experiment, and after 5 weeks of CAR treatment. First, the animals
were fasted for 6 h and then received an intraperitoneal administration
of glucose infusion of 1 g/kg of body weight (Sigma-Aldrich®). The blood
glucose was assessed at baseline (O min) and then at 30, 60, 90, and
120 min after glucose administration by a blood drop from the tail tip
using a handheld glucometer (Accu-Chek Go Kit; Roche Diagnostic Brazil
Ltda). The test response was expressed as the area under the curve
(AUC), calculated by the trapezoidal method (total AUC).2¢l

2.4 | Nutritional profile

The nutritional profile was evaluated by caloric intake and body weight.
The caloric intake was obtained by chow and water intake that were
daily measured from the individual leftovers of each animal, calculated by
multiplying the energy value of each diet (g xkcal) by the daily food
consumption. For the groups fed with the Western diet, the caloric

intake also included the calories from the sucrose in drinking water.

2.5 | Hepatic histology

Liver samples collected from the left lobe were fixed in 4% formaldehyde
in phosphate buffer (0.1 M; pH 7.4) for 24 h. Then, the samples were
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transferred to 70% ethanol until paraffin waxing. Histological sections
from the paraffin-embedded tissue of 5 um were obtained and stained
with H&E, and steatosis was evaluated and scored based on the
percentage of affected hepatocytes per field observed considering O
(none to <5%), 1 (5%-33%), 2 (33%-66%), or 3 (>66%) as score. A total
of 10 random fields per slide per animal was analyzed under
x20 magnification and the final score was expressed by the sum of
the fields.?”! Additional liver samples were frozen and embedded in
Optimal Cutting Temperature (Tissue-Trek; EUA). Ten-micrometer-thick
sections were then obtained, and stained with Oil Red (Sigma-Aldrich) to

be qualitatively analyzed.

2.6 | Liver tissue preparation

Aliquots (~30 mg) were homogenized in urea extraction buffer (urea 8 M
in 50 mM Tris-HCI, 30 mM NaCl, pH 8.5, and 1% of protease inhibitor)
and homogenized by 0.5mm silica beads using BeadBugTM (three
shaking cycles of 30s at 350 rpm. After centrifugation and Bradford
assay to determine the concentration, 20 ug of protein were reduced by
5mM dithiothreitol at 56°C for 20min and alkylated by 15mM
iodoacetamide for 30 min at room temperature and on the dark, in a
final volume of 100 uL. The sample proteins were digested by lysyl
endopeptidase 0.1 pg/uL (LysC® Wako Diagnostics) for 3 h at 37°C and
trypsin (1:20, enzyme:protein ratio) overnight at 37°C. Eight livers per

group and three technical replicates per sample were analyzed."”!

2.7 | High-resolution quantitative liquid
chromatography with tandem mass
spectrometry (MS) analysis

The analysis was performed by Dionex Ultimate 3000 nano-LC
system connected to an Orbitrap Fusion™ Tribrid™ Mass Spec-
trometer equipped with a nanoelectrospray ion source (Thermo
Fisher Scientific). Tryptic peptides were separated on an EASY-Spray
column, 15cmx 75 um ID packed with Thermo Scientific Acclaim
PepMap RSLC C18, 3 um, 100 A. Mobile phases were 0.1% formic
acid in water (solvent A) and 0.1% formic acid in water/acetonitrile,
2:8/vol:vol (solvent B).["! The elution gradient consisted of 4%-28%
B for 90 min and then 28%-40% for 10 min, followed by 95% for the
next 6 min to rinse the column. The column was then re-equilibrated

for 20 min. The total runtime was 130 min. The flow rate was 300 nL/
min, and the temperature was set to 35°C. The operational m/z range
to obtain MS spectra was set to 375-1500 Da at 120,000 resolution.
The collision energy was set to 35 eV, and the system operated in a

data-dependent mode, with 3 s between each master scan.”!

2.8 | Protein identification and quantitative
analysis

The raw files obtained from the MS analyzer were processed in the
software MaxQuant V1.6.6.0 <https://maxquant.net/> (Max Planck
Institute of Biochemistry). The quantitative analysis of NAFLD and
NAFLD CAR treated were performed based on the label-free
quantification (LFQ) intensities. Differential protein expressions and
statistics were processed in the software Perseus V1.6.6.0 <https://
maxquant.net/perseus/> (Max Planck Institute of Biochemistry). The
comparison of mean LFQ intensity between control and NAFLD

groups was used to generate protein log base fold changes.!”!

2.9 | Network analysis

To identify biological processes, diseases, and functions associated
with the differentially expressed proteins in the experimental groups,
data were analyzed by Ingenuity Pathway Analysis software (last
release; Qiagen) based on the Gene Ontology database. The
statistical enrichment of involved pathways is performed by the
right-tailed Fisher's exact test, in correlation with QIAGEN Knowl-
edge Base, assigning a p value (https://digitalinsights.qiagen.com/

products/features/analysis-match/).[¢!

3 | RESULTS

The rats submitted to the WD presented higher caloric intake and body
weight compared to the control groups before CAR treatment and no
difference between NAFLD and NAFLD +CAR at the same moment.
CAR exerted no effect on body weight at the end of the treatment
(Table 1). The histological evaluation of liver sections showed that WD-
fed animals (NAFLD group) developed liver steatosis as depicted by both
hematoxylin (HE)- and Oil Red-stained slides (Figure 1A) and steatosis

TABLE 1 Nutritional and physical characteristics of the experimental groups.
Variables Control (n=6) Control + CAR (n = 6) NAFLD (n=6) NAFLD + CAR (n=6)
Caloric intake (kcal/day) 130+5.2 130+ 4.6 168 +5.12° 167 +5.052°
BW (g) pretreatment 467 £18.8 466 +£9.2 546 +31.4% 542 +59.3
BW (g) posttreatment 483 +51.8 483+17.8 570+ 3592 546+ 56.2°

Note: Data expressed as mean * standard deviation or median (minimum-maximum) compared by two-way ANOVA followed by Tukey post hoc test.

Abbreviations: BW, body weight; CAR, carnosine; NAFLD, nonalcoholic fatty liver disease.

#Versus control.
bControl + CAR and & versus NAFLD for p < 0.05.
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FIGURE 1 Effects of CAR treatment on hepatic steatosis. (A) Representative photomicrographs of hepatic hematoxylin and eosin (HE) and
Oil Red-stained sections in magnified images (x10; scale bar: 50 um) with respective magnified insets (x40). (B) Steatosis score. Data are median
(maximum-minimum) and individual data points, compared by Kruskal-Wallis and post hoc Tukey's test. *p < 0.05. n = 6 animals/group. CAR,

carnosine; NAFLD, nonalcoholic fatty liver disease.

score (Figure 1B). These results are in line with our previous findings.[sl In
contrast, WD-fed animals exposed to CAR supplementation displayed
decreased steatosis scores, as also illustrated in the representative
photomicrographs (Figure 1).

To go in-depth, we applied a label-free quantitative proteomics
approach by high-resolution mass spectrometry identifying and
quantifying 2531 proteins of which 230 and 276 significantly up-
and downregulated, respectively, by CAR treatment. In the volcano
plot below (Figure 2) the graphical representation of protein
distribution obtained by applying a two-sided t test is shown.
Moreover, the multiscatter plot has confirmed the quality and
reproducibility of biological and technical replicates (Pearson correla-
tion coefficient values>0.98). In Table S1, the complete list of
quantified proteins obtained by MaxQuant software is presented.

The protein identification and quantification were followed by
networking analyses to describe functional pathways influenced by
the obese condition typical for the NAFLD group and the CAR
treatment. Focusing on the lean healthy versus NAFLD group, it was
already highlighted a rearrangement of proteins expression and

-Logp

log2 ratio

FIGURE 2 Distribution of differentially regulated proteins
induced by CAR treatment (NAFLD + CAR) versus NAFLD. The green
color indicates downregulation (log2 ratio < -0.6), red color
represents upregulation (log2 ratio = 0.6). CAR, carnosine; NAFLD,
nonalcoholic fatty liver disease.

850807 SUOWIWIOD BAEaID 3|qedjdde auy Ag pauienob ae Sajolie YO ‘8sN JO SaINJ 10} AReuqiT8UlIUO A8 |1 UO (SUORIPUOD-PUR-SLLIB)ALI0O" A3 |IM"Ae.q U UO//SANY) SUORIPUOD PuUe swie 1 8Y) 88S *[6202/20/20] Uo AriqiTauliuo A8|IMm e |1N I IPMiS 1BeaeseAIuN A] #19€Z 10 [/200T OT/10p/L0D" A8 1M ARe.q 1 |pulUO//:SANY Wo. papeoiumod ‘Z ‘v20Z ‘TI¥0660T



MORETO ET AL

WILEY—L2°*°

TABLE 2
versus NAFLD group.

Diseases or functions
annotation

Apoptosis
Beta-oxidation of fatty acid

Biosynthesis of hydrogen
peroxide

Biosynthesis of reactive oxygen
species

Conversion of acyl-coenzyme A
Conversion of fatty acid
Conversion of lipid

Conversion of polyunsaturated
fatty acids

Fatty acid metabolism
Gluconeogenesis

Glucose metabolism disorder
Hepatic steatosis
Inactivation of lipid

Insulin resistance

Metabolism of hydrogen
peroxide

Metabolism of
monocarboxylic acid

Metabolism of reactive oxygen
species

Metabolism of retinoid
Metabolism of terpenoid
Metabolism of vitamin
Microvesicular hepatic steatosis
Organic aciduria

Oxidation of amine

Oxidation of fatty acid
Oxidation of lipid

Production of hydrogen
peroxide

Production of reactive oxygen
species

Quantity of reactive oxygen
species

Synthesis of lipid
Synthesis of protein
Aciduria

Cell survival

p Value

3.71E-07
3.51E-10
1.31E-05

4.18E-05

1.58E-06
1.04E-10
1.88E-18
2.05E-05

8.14E-15
5.64E-06
1.94E-10
1.78E-12
8.67E-05
5.97E-06

9.61E-09

6.78E-10

2.11E-14

6.80E-08
8.32E-13
2.95E-08
2.30E-08
2.53E-07
1.61E-12
5.21E-17
1.68E-19
6.30E-05

8.16E-11

7.72E-10

1.59E-09
1.46E-06
6.10E-09
4.07E-05

z Score
2.06
2.09
2.75

2.77

243
3.57
4.01
243

2.70
1.97
-1.26
-1.97
1.98
-0.44

242

2.59

3.01

2.76
2.25
2.76
-2.40
-1.13
2.90
2.99
3.30

2.77

2.35

0.49

219
-2.14
-0.69
-1.56

Identified pathways in CAR-treated NAFLD group

# Molecules
133

16

12

13

13
31

57
48
103
41

27
17

14

55

12
36
17
10
10

33

39

39

27

58
34
13
83

TABLE 2 (Continued)
Diseases or functions
annotation p Value z Score # Molecules
Cell viability 422E-05 -1.46 80

Engulfment of tumor cell lines 5.07E-05 0.30 18

Metabolism of acylglycerol 5.90E-06 0.92 15

Metabolism of carbohydrate 2.33E-05 0.42 41

Metabolism of phenol derivative  3.22E-09 2.89 12

Metabolism of triacylglycerol 2.22E-07 0.42 14

Modification of retinaldehyde 2.60E-08 2.65 7

Oxidation of hormone 2.18E-06 2.14 6

Oxidation of long-chain 3.80E-08 1.60 13

fatty acid

Peroxidation of lipid 8.80E-06 1.17 10

Quantity of carbohydrate 1.67E-05 047 37

Steroid metabolism 1.40E-09 0.88 28

Synthesis of ATP 1.35E-05 1.07 14

Synthesis of cholesterol 7.48E-05 0.68 9

Synthesis of fatty acid 5.09E-05 1.51 23

Synthesis of reactive oxygen 4.28E-13 3.04 51

species

Synthesis of steroid 4.98E-06 0.56 23

Synthesis of sterol 6.60E-05 1.49 10

Synthesis of terpenoid 1.97E-07 1.27 27

Uptake of lipid 8.18E-08 2.55 19

Abbreviations: CAR, carnosine; NAFLD, nonalcoholic fatty liver disease.

functionality.””) Among all, the NAFLD group showed an increase of
lipid and iron deposition and inflammation paired with a pronounced
lipid and xenobiotic metabolism alteration suggesting an involvement
of oxidative stress effect. In this picture, a particular role was shown
by Nrf2 and retinoid X receptor (RXR) reducing, as it seems, the
xenobiotic clearance, glutathione depletion, and fatty acid
metabolism-enhancing the liver cell's susceptibility to pathological
processes and inflammation.

Based on these first results, here we investigated the effects of
treatment with CAR to reduce the NAFLD-related impairments vs the
untreated obese NASH group. Hepatic steatosis condition, lipids
synthesis, and metabolism, xenobiotic metabolism, oxidative stress
pathways mainly related to Nrf2 and RXR functionality, and insulin
resistance had shown higher alterations (Table 2). In Table S2, the
complete list of pathways and related proteins.

Hepatic steatosis modules decreased by CAR pretreatment high-
lighted an improvement in overcoming NAFLD features (z score = -1.96,
p=1.78 E-12 and z score = -2.40, p = 2.30 E-08) (Figure 3). Among the

41 proteins involved in these disease modules, the expression of
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FIGURE 3 Hepatic steatosis-related proteins in CAR-treated NAFLD group versus NAFLD group. In red the increased genes, and in green
those decreased. The color intensity is positively related to the up- or down-gene regulation; the orange line leads to activation, the blue lines
lead to deactivation, the yellow lines for findings inconsistent with the state of a downstream molecule, gray line for effect not predicted. CAR,

carnosine; NAFLD, nonalcoholic fatty liver disease.

cytochrome p450 oxidoreductase (POR, log2 ratio=3.41, p=1.13
E-03), ATP citrate lyase (log2 ratio=2.72, p=1.26 E-05), fatty acid
synthase (log2 ratio= 2.19, p=4.74 E-06) had shown the highest
difference between the groups. POR has a major role in the metabolism
of xenobiotics and steroids but also in the regulation of metabolism and
lipid accumulation. Indeed, the mice model's knockout of POR showed
NASH similar conditions.*? In addition, PLIN2 (log2 ratio=-1.65,
p =5.06 E-05) and apolipoprotein E (log2 ratio = -0.86, p = 9.16 E-04),
components of the plasma membrane of vesicle and of high-density
lipoprotein particle, respectively, resulted highly downregulated in the
CAR pretreated liver.

Obesity is linked to NAFLD through liver dysfunction caused by
hepatic steatosis. The fat accumulation in hepatocytes also includes a
decrease in fat oxidation. Both animal models and humans with NAFLD
indeed show a decrease in fatty acid B-oxidation.*" In our study, we
demonstrated an improvement in -oxidation of fatty acid in the CAR-
treated group versus untreated one (z score=1.89, p=1.61 E-08)
supported by a pair increase in fatty acid metabolism (z score = 2.69,

p =8.14 E-15) (Figure 4). The liver fat accumulation could be also driven
by a low lipids secretion as a very low-density lipoprotein (VLDL) particle
despite the role of VLDL secretion is still unclear. Defects in fat secretion
indeed do not appear to be a driver of hepatic steatosis since NAFLD
subjects display greater VLDL secretion both basally and after
“suppression” by insulin.!®? Here, CAR was shown to enhance the
transport of lipids (z score=4.00, p=1.88 E-18) even if the apo-
lipoprotein family, actively involved in the VLDL clearance and lipids
plasma transports, is generally decreased (apolipoprotein Al log2
ratio = -1.04; apolipoprotein A2 log2 ratio = -0.98; apolipoprotein A4
log2 ratio = -1.02; apolipoprotein C1 log2 ratio = —0.87; apolipoprotein
H expr log2 ratio = -0.83) (Figure 4).

PLIN2, an adipocyte differentiation-related protein belonging to
PLIN1-5 family!*®! and the main structural proteins of lipids droplets
(LDs), is implicated in fatty liver development in NAFLD condition. Once
neutral lipids are produced by eukaryotic cells, they are organized into
cytosolic LDs mainly characterized by triacylglycerols (TAGs), a principal
source of energy storage, or cholesteryl ester, for local membrane
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synthesis and repair. To stabilize these apolar droplets in a polar
environment, PLIN family proteins with a mono-layer of phospholipids
are coated to their surface regulating also their metabolism by basal and
hormonal lipolysis. Under physiological conditions, PLIN protects the LDs
from the cytosolic lipases promoting the TAGs storage. Indeed, knockout
models for PLIN2 had shown an improvement in insulin sensitivity and
reduction of hepatosteatosis compared to the controls.** In addition,
PLIN2 deletion significantly reduced hepatic triglycerides and cholesterol
levels as well as obesity and insulin sensitivity in Western diet-fed mice
compared to unmodified ones. The PLIN2 depletion has also shown a
rearrangement of the hepatic lipidome profile by enrichment of w-3 and
w-6 long-chain polyunsaturated fatty acids.**! In addition, in vitro
experiments demonstrated that overexpression of PLIN2 increases TAG
accumulation and LD formation probably due to a slower TAG
turnover.l'*”) Considering its involvement in lipids metabolism and its
induction by the Western diet, PLIN2 has then become a potential target
for the treatment and/or prevention of NAFLD and also NASH.!!

Significant PLIN2 expression change was shown by our results.
Here, we observed a strong decrease of PLIN2 induced by CAR in the
treated vs untreated group, suggesting a faster lipid metabolism as
confirmed by the conversion of fatty acid pathways as well as of
other lipids classes.

Oxidative stress occurs when the generation of reactive oxygen
species (ROS) and their clearance by the antioxidant defense system are
unbalanced and its involvement in many pathologies, including NAFLD is
already well known. Low antioxidant levels are present in the serum and
liver tissue of patients with chronic liver diseases and are associated
with liver dysfunction.!*® To support a better control of ROS impact
we demonstrated an enhancement of Nrf2-mediated response

(z score = 2.23) considering how the major role of Nrf2 is in resistance
to oxidant stress. The CAR-promoted induction of Nrf2 is well-reported
in the literature, once activated at the cytosolic level, the Nrf2 complex
moves to the nucleus binding the genetic region for the antioxidant
response element and so activating phases | and Il of detoxification
processes.'®! The production of ROS is increased in the NAFLD + CAR
group (z score = 2.35). Although the increase in ROS can be deleterious,
there was observed improvement in parameters associated with NAFLD.
One of the main discussed mechanisms associated with CAR is its
biological activity as a scavenger of ROS and carbonyl species which
contributes to protective effects.!*”)

Insulin resistance and the consequent diabetes are among the
principal risk factors of NAFLD and NASH showing a reliable value as
predictors of NASH and advanced fibrosis in NAFLD. Indeed,
70%-80% of obese and diabetic patients present NAFLD.[*! Since
the impairment of lipolysis by adipose tissue, an excess of free fatty
acid is delivered to the liver via hematic circulation. Moreover,
inadequate insulin signaling causes an increasing pancreatic insulin
secretion and hyperinsulinemia with also stimulation of hepatic de
novo lipogenesis.?%?Y The insulin resistance pathway (z score =
-044 and p=5.97 E-06) and glucose disorder metabolism
(z score=-1.26 and p=1.94 E-10) decreased significantly in the
CAR NAFLD group versus NAFLD one while gluconeogenesis
pathway (z score =1.97 and p = 5.64 E-06) increased suggesting a
recovery of the functionality related to glucose metabolism (Table 3).

To verify the effect of CAR supplementation on glucose intake, the
IPGTT was performed pre- and postsupplementation with CAR
(Figure 5). In pre- and post-CAR supplementation, there was no
difference in blood glucose levels at basal points. In the
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TABLE 3 Differentially regulated proteins in functional modules of Insulin resistance (IR) and Gluconeogenesis (G) in CAR-treated NAFLD.

Gene name Protein name

GCKR Glucokinase regulator

ATP1A1 ATPase Na+/K+ transporting subunit alpha 1
TGM2 Transglutaminase 2

FASN Fatty acid synthase

SLC25A10 Solute carrier family 25 member 10

GPI Glucose-6-phosphate isomerase

PCK1 Phosphoenolpyruvate carboxykinase 1

PCK2 Phosphoenolpyruvate carboxykinase 2, mitochondrial
GBE1 1,4-Alpha-glucan branching enzyme 1
ACSL1 Acyl-CoA synthetase long-chain family member 1
PGM1 Phosphoglucomutase 1

PC Pyruvate carboxylase

GPT Glutamic--pyruvic transaminase

MTTP Microsomal triglyceride transfer protein
FBP1 Fructose-bisphosphatase 1

C3 Complement C3

GPD1 Glycerol-3-phosphate dehydrogenase 1
RPL7 Ribosomal protein L7

UCHL3 Ubiquitin C-terminal hydrolase L3

MDH2 Malate dehydrogenase 2

CEACAM1 CEA cell adhesion molecule 1

NDUFA4 NDUFA4 mitochondrial complex associated
RBP4 Retinol-binding protein 4

RPL31 Ribosomal protein L31

LRPAP1 LDL receptor-related protein-associated protein 1
LMNA Lamin A/C

PHB2 Prohibitin 2

CA1l Carbonic anhydrase 1

THRAP3 Thyroid hormone receptor-associated protein 3
RPS7 Ribosomal protein S7

APOE Apolipoprotein E

HINT1 Histidine triad nucleotide-binding protein 1
APOA2 Apolipoprotein A2

APOA1 Apolipoprotein Al

Accession number p Value Log ratio Functional module
Q07071 1.75E-05 3.28 IR
P06685 9.84E-05 24 IR
Q9WVI6 1.24E-08 2.2 IR
P12785 4.74E-06 2.19 IR
089035 8.51E-05 211 G
Q6P6V0O 1.46E-05 2.08 G
P07379 1.16E-05 1.81 IR/G
B2RYG2 1.64E-02 1.69 G
AOA0G2JTB2 6.10E-06 1.56 IR
P18163 1.45E-05 1.34 IR
Q499Q4 7.99E-07 1.25 G
AOA0G2JTL5 3.35E-06 1.14 G
P25409 4.01E-04 0.93 IR/G
D4A1W8 3.77E-06 0.8 IR
P19112 3.72E-05 0.69 G
MORBF1 1.00E-06 0.68 IR
035077 9.84E-06 0.68 G
BOK031 2.37E-03 0.65 IR
D4ABI6 2.80E-04 -0.57 IR
P04636 6.93E-05 -0.57 G
Q9JHL6 3.07E-03 -0.59 IR
B2RZD6 2.53E-04 -0.61 IR
B2RZC1 1.28E-05 -0.61 IR/G
P62902 1.46E-03 -0.68 IR
Q99068 1.73E-02 -0.73 IR
G3Vs8L3 6.38E-04 -0.78 IR
AOAOG2KB63 1.82E-04 -0.79 G
BOBNN3 2.85E-04 -0.81 IR
Q5M7Vv8 4.34E-03 -0.83 IR
P62083 1.59E-05 -0.83 IR
Q6PAHO 9.16E-04 -0.86 IR
P62959 1.60E-04 -0.87 IR
P04638 9.58E-04 -0.98 IR
P04639 9.78E-04 -1.05 IR

Abbreviations: CAR, carnosine; LDL, low-density lipoprotein; NAFLD, nonalcoholic fatty liver disease.

presupplementation moment, the NAFLD and NAFLD + CAR groups
showed increased levels compared to Control and Control+ CAR,
respectively, at 90 and 120 min. After CAR supplementation, the NAFLD
group had higher blood glucose levels compared to the Control group
from 30min to 120 min, and the NAFLD +CAR group presented a

significant decrease compared to the NASH group at 30 min. Regarding
the AUC data, the NAFLD group presented an increase in both moments
compared to Control. The AUC of the NAFLD + CAR group decreased
when compared to the NAFLD group after CAR supplementation with a
significant reduction of approximately 18%.

858017 SUOWILLIOD @A 181D 3|cedl [dde ayy Aq peusenob ae s9jole YO ‘@S Jo SNl 10} Ariq18UIIUO AB|I UO (SUOIIPUOD-PUB-SWLBIW0 A8 |IM A eI 1 BUI|UO//SIL) SUORIPLOD PUe SWe | 8U 88S *[5202/c0/60] Uo AkeidiTaulluo Ae|im (1IN 1a 1PNIS 1iBeaeiseAn Aq 77962110 (/00T 0T/I0p/woo A8 1M ARiq pul|uo//sdny Wouy pepeojumod ‘2 %202 ‘TOr0660T



MORETO ET AL

WILEY—L 2%

(A) IPGTTPre-supplementation (B) IPGTTPost-supplementation
* 4 —-Control
~ 500+ ~#-Contral = 400 ’ —=Control+CAR
= % -a- Control+CAR % —e— NAFLD
£ 400 ~e-NAFLD £ 3004 * —*—NAFLD + CAR
ry ~vNAFLD +CAR © "
9 300+ 3 * 4
3] ©  200- ’
= = T
2 20 5 —] 1
3 _ S 100-
2 100+ -
m m
T T T T T 0 y . L . »
Basal 30 min 60 min 90 min 120 min Basal 30 min 60 min 90 min 120 min
(©)
40000 ,
* 1' [ Pre-supplementation
I Post-supplementation
30000+ I * T#
Q
2 200004
<
10000+
0+

Control Control+CAR NAFLD NAFLD+CAR
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glucose tolerance test.

Beneficial effects of CAR treatment were observed in our
experimental model of NAFLD, however, the use of CAR is controver-
sial as related by the literature due to it rapidly degraded during its
absorption in the gut due to the presence of the enzyme carnosinase
when ingested in lower amounts. This enzyme and its subtypes also
exist in serum (humans) and tissues, performing a complete degradation
of the dietary CAR. In the present study, the CAR administration was
performed intraperitoneally, avoiding digestive degradation.?2%
Moreover, the strategy performed by studies of CAR supplementation
is to provide high concentrations of the substrate resulting in saturation
of the carnosinase activity. This means that the degradation of the
excessive CAR escapes from the metabolic control of carnosinases and

then free CAR can exert its properties.

4 | CONCLUSIONS

NAFLD rat model revealed an increase in steatosis, and upregulation
of proteins, such as PLIN2 and apolipoprotein E related to lipids
metabolism and transport. Here we showed the efficacy of CAR
treatment in NAFLD liver in decreasing steatosis, improving lipid
metabolism and transport, and in downregulating PLIN2 and

apolipoprotein E. In addition, CAR induced a downregulation of the
insulin resistance pathway and activation of glucose metabolism by
upregulation of gluconeogenesis and insulin production. The biologi-
cal assays also showed an improvement in NAFLD symptoms in rats
submitted to a WD pretreated by CAR. In conclusion, the advanced
and comprehensive bioanalytical approach allowed describing the
action of CAR in rat NASH liver highlighting its role in the activation
of metabolisms, such as glucose, ROS, and proteins, in response to

lipid accumulation and glucose dysfunction in NAFLD liver.
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