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ABSTRACT

Objective: S-adenosylmethionine (SAM) has antioxidant and
anti-inflammatory actions and hepatoprotective potential. In this
study, the therapeutic effectiveness of SAM was investigated in
high-fat/cholesterol diet (HFCD)-induced non-alcoholic steato-
hepatitis (NASH).

Material and Methods: In this study, guinea pigs were fed a
HFCD for ten weeks to induce NASH. SAM (50 mg/kg, i.p.) was
administered to the animals during the last four weeks of the
10-week HFCD regimen. Hepatic damage markers, lipid levels
(total cholesterol and triglyceride), inflammatory cytokines (tu-
mour necrosis-o. and interleukin-6) levels, and insulin resistance
(HOMA-IR) were determined in the serum. Moreover, hepatic lip-
ids, SAM and cytochrome p450-2E1 (CYP2E1) levels, prooxidant
parameters (reactive oxygen species, lipid peroxides and protein
carbonyls) and antioxidant parameters (glutathione levels and
antioxidant activity) together with fibrosis indicators (a-smooth
muscle actin and transforming growth factor-B1 protein expres-
sions and hydroxyproline levels) were investigated in the liver.
Steatosis, inflammation, and fibrosis scores were also detected
histopathologically.

Result: SAM treatment diminished the increase in hepatic dam-
age markers, inflammatory cytokine levels, and HOMA-IR levels

OzZET

Amag: S-adenozilmetiyonin (SAM), antioksidan ve anti-enflamatu-
ar etkilere ve hepatoprotektif potansiyele sahiptir. Bu ¢calismada,
yiksek yag/kolesterolli diyet (YYKD) ile indiklenen non-alkolik
steatohepatit (NASH) Uzerinde SAM'in terapétik etkinligi arasti-
rlmistir.

Gereg ve Yéntem: Bu calismada, NASH olusturmak igin kobay-
lara 10 hafta boyunca YYKD verildi. Hayvanlara, 10 haftalik YYKD
uygulamasinin son dért haftasinda SAM (50 mg/kg, i.p) uygulan-
di. Serumda hepatik hasar belirtecleri, lipitler (total kolesterol ve
trigliserit), inflamatuar sitokin (timor nekroz faktéri-a ve inter-
|6kin-6) duzeyleri ve insilin direnci (HOMA-IR) &l¢lldu. Ayrica,
karacigerde hepatik lipitler, SAM ve sitokrom p450-2E1 (CYP2E1)
duzeyleri, prooksidan parametreler (reaktif oksijen turleri, lipid
peroksidleri ve protein karbonil) ve antioksidan parametreler
(glutatyon duzeyleri ve antioksidan aktivite) ile birlikte fibrotik
parametreler (a-diiz kas aktin ve transforme edici biyime fak-
t6r-B1 protein ekspresyonlar ve hidroksiprolin dizeyleri) belir-
lendi. Steatozis, inflamasyon ve fibrozis skorlari da histopatolojik
olarak tespit edildi.

Bulgular: SAM tedavisi, YYKD ile indiklenen NASH'li kobay-

larin serumunda hepatik hasar belirtegleri, enflamatuar sitokinler
duizeyleri ve HOMA-IR dulzeylerinde azalmaya neden oldu. Ayrica,

Corresponding author/iletisim kurulacak yazar: ilknur BINGUL - ilknurbingul@istanbul.edu.tr

Submitted/Basvuru: 10.06.2024 ¢ Revision Requested/Revizyon Talebi: 05.09.2024 o
Last Revision Received/Son Revizyon: 24.10.2024 ¢ Accepted/Kabul: 30.10.2024 ¢ Published Online/Online Yayin: 19.12.2024

@. BY _NC Content of this journal is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License.



https://orcid.org/0000-0002-6432-3541
https://orcid.org/0000-0002-1797-5889
https://orcid.org/0000-0002-3336-4332
https://orcid.org/0000-0001-9321-9818
https://orcid.org/0000-0002-7178-3335
https://orcid.org/0000-0003-0497-0314
https://orcid.org/0000-0003-3467-9763
https://orcid.org/0000-0002-8802-8766

~ Hepatic and metabolic disorders treatment in Guinea pigs
Istanbul Tip Fakiltesi Dergisi ® J Ist Faculty Med 2025;88(1):60-71

in the serum of guinea pigs with HFCD-induced NASH. Elevated
levels of hepatic triglyceride and CYP2E1 and fibrosis indicators
were also detected to decrease due to SAM treatment. This
treatment reduced the decrease in SAM levels, disturbance in
the prooxidant and antioxidant balance, and diminished the in-
creases in steatosis, inflammation, and fibrosis scores in the liver
of guinea pigs fed the HFCD diet.

Conclusion: These results indicate that SAM may be effective
in HFCD-induced NASH as a therapeutic agent by decreasing
lipogenesis, oxidative stress, inflammation, and fibrosis.

Keywords: S-adenosylmethionine, nonalcoholic steatohepatitis,
high fat/cholesterol diet, oxidative stress, inflammatory
cytokines, guinea pigs

trigliserit ve CYP2E1 duzeyleri ile fibroz belirteclerindeki yiksek
seviyelerin de SAM tedavisine bagli olarak azaldigi tespit edildi.
Bu tedavi, YYKD diyeti ile beslenen kobaylarin karacigerinde SAM
duzeylerindeki azalmayi, prooksidan ve antioksidan dengesindeki
bozuklugu iyilestirdi, steatozis, inflamasyon ve fibrozis skorlarinda-
ki artiglar azalttr.

Sonug: Bu sonuglar, SAM'in lipojenez, oksidatif stres, enflamasyon
ve fibrozisi azaltarak YYKD ile indiklenen NASH'ta terapotik bir
ajan olarak etkili olabilecegini géstermektedir.

Anahtar Kelimeler: S-adenozilmetyonin, non-alkolik
steatohepatit, yliksek yagli/kolesterollii diyet, oksidatif stres,
inflamatuvar sitokinler, kobay

INTRODUCTION

S-adenosylmethionine (SAM) is the main donor of the
methyl group in the organism. It has direct antioxidant
activity by scavenging reactive oxygen species (ROS) and
is a precursor of glutathione (GSH), a major antioxidant
in the cells. It inhibits the formation of proinflammatory
molecules [tumour necrosis factor-a (TNF-a), interleukin-6
(IL-6)], inhibits cytochrome P450-2E1 (CYP2E1) enzyme ac-
tivity, and prevents mitochondrial dysfunction (1). There-
fore, SAM is accepted as a hepatoprotective agent (1, 2).
Indeed, SAM treatment has been found to have a protec-
tive potential against acetaminophen-(3), ischaemia-reper-
fusion, alcohol and cholestasis induced liver injuries and
experimental alcohol plus carbon tetrachloride induced-fi-
brosis by inhibiting hepatic stellate cell activation (4-7).

The liver plays an important role in maintaining SAM ho-
meostasis by regulating its synthesis and degradation.
Approximately 85% of methylation reactions in the body
are carried out by the liver. SAM is responsible for meth-
ylating various molecules, including phospholipids. Thus,
phosphatidylcholine (PC) is formed by the methylation
of phosphoethanolamine (PE). Since a low PC/PE ratio
diminishes the secretion of very low density lipoproteins
(VLDL) from the liver, the decrease in SAM levels impairs
the export of VLDL from the liver and thus triglyceride ac-
cumulated in the liver. Furthermore, a low PC/PE ratio ele-
vates membrane permeability and the sensitisation of liver
to endotoxin-induced proinflammatory cytokines (8, 9).

Non-alcoholic fatty liver disease (NAFLD) is the most
important cause of chronic liver disease. NAFLD encom-
passes nonalcoholic fatty liver (NAFL) and non-alcoholic
steatohepatitis (NASH). NASH is the severe form of NA-
FLD and is characterised by steatosis, inflammation, and
progressive fibrosis. According to the two-hit hypothesis,
steatosis is the first hit and enhances the hepatic suscep-
tibility to subsequent secondary hits such as oxidative
stress, endotoxemia, and inflammatory cytokines, which
contribute to the development of NASH and other ad-
vanced pathologies such as fibrosis/cirrhosis and hepato-
cellular carcinoma (8, 10). However, the pathophysiology

of NASH and effective pharmacological treatment tools
are not yet fully clarified (11). Low hepatic SAM levels
have also been suggested to play a role in NASH devel-
opment by serving as a second hit (8, 9, 12), and SAM
treatment may be useful in the prevention of liver dam-
age in NAFLD/NASH (13-16). However, there are few ex-
perimental and clinical studies on NASH, and the clinical
benefit of SAM remains controversial (2, 8, 17).

In our previous study, it was determined by histopatho-
logical and metabolic markers that high fat/cholesterol
diet (HFCD) feeding on for six weeks caused NASH in
guinea pigs (18). In addition, when SAM was adminis-
tered simultaneously with HFCD in this process, it was
determined that SAM reduced the NASH formation pro-
cess and this effect was achieved by reducing steatosis,
inflammation, fibrosis and oxidative stress and had a pre-
ventive potential. Our aim in the current study was to in-
vestigate the therapeutic effect of SAM on NASH. For this
purpose, in our experimental groups, which we planned
independently from our previous study, we extended the
feeding period with HFCD to 10 weeks and evaluated the
therapeutic effect by giving SAM together in the last four
weeks. Because steatosis, inflammation, fibrosis and oxi-
dative stress play a fundamental role in the formation and
progression of NASH, our investigations were performed
within the framework of these parameters.

MATERIALS AND METHODS

Chemicals

The chemical, S-adenosyl-L methionine disulphate to-
sylate (SAM), was donated by Pure Encapsulations, Inc.
(Sudbury, MA, USA). Cholesterol was purchased from
Alfa Easer (Kandel, Germany), and other chemicals were
obtained from Sigma-Aldrich (Darmstadt, Germany).

Animals and the experimental design

Dankin Hartley guinea pigs, weighing 600-650 g, were
obtained from Aziz Sancar Institute of Experimental
Medicine, Istanbul University. The animals were housed
in a light- and temperature-controlled room on a 12 h:12
h light:dark cycles in stainless steel cages (two or three
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per cage). The experimental procedures used in this
study were approved by the Istanbul University Animal
Care and Use Ethics Committee (Date: 02.03.2108, No:
2018/18).

Animals were divided into four experimental groups
(each n=6) as follows: a) Control group: Animals were
fed a normal guinea pig diet for 10 weeks and injected
with 0.9% NaCl as a vehicle in the last four weeks. b) Con-
trol SAM group: They received a normal diet for 10 weeks
and injected with SAM (50 mg/kg; five days per week;
i.p.; freshly dissolved in 0.9%NaCl) in the last four weeks.
c) HFCD-10w group: Guinea pigs were fed an HFCD
diet (81% standard guinea pig chow diet, 1% cholester-
ol, 8% yolk powder and 10% beef tallow) for 10 weeks.
d) SAM+HFCD-10w group: Guinea pigs were fed HFCD
for 10 weeks as described above and were injected with
SAM (50 mg/kg; freshly dissolved in 0.9% NaCl solution;
five days per week; i.p) in the last 4 weeks.

The dose and duration of SAM used in our study are
based on previous studies (15, 18, 19). Diets were pre-
pared by the Barbaros Denizeri Company (Gebze) and
kept at 4°C. There were no restrictions on water and food
for animals, and food and drinking water intake were pe-
riodically monitored.

Samples

At the end of the experimental period, the guinea pigs
were fasted overnight. They were then anaesthetised
with ketamine (40 mg/kg, i.p., Pfizer, USA) and xylazine
HCI (5 mg/kg, i.p., Bioveta, Czech Republic). Blood sam-
ples were collected via cardiac puncture into dry tubes
and, then centrifuged at 1500xg for 10 min to separate
the sera. The liver tissues from the animals were ho-
mogenised in ice-cold phosphate-buffered saline (PBS;
0.01M, pH: 7.4), then they were centrifuged at 600xg for
10 min at 4°C, and the supernatants were used for bio-
chemical analyses in the liver. Both serum and liver tissue
were stored at -80°C until analysed.

Hepatic damage markers in the serum

The activities of alanine aminotransferase (ALT) and as-
partate aminotransferase (AST) were measured in an au-
toanalyzer (Cobas Integra 800, Roche Diagnostics, Ger-
many) to evaluate hepatic damage in the serum using
enzymatic methods.

Determination of the glucose and insulin levels in the
serum

Total cholesterol (TC), triglyceride (TG), and fasting glu-
cose levels were determined using an autoanalyser (Co-
bas Integra 800, Roche Diagnostics, Germany). Serum in-
sulin levels were estimated using guinea pig insulin ELISA
kits (#KTE120010, Abbkine, Wuhan, China) in accordance
with the manufacturer’s instructions. Glucose and insulin
levels were used to calculate the homeostasis model as-

sessment (HOMA) for insulin resistance (HOMA-IR), an
index of insulin resistance, which is defined as follows:
fasting insulin levels (pmol/L) x fasting glucose levels
(mmol/L)/135 (20).

Determination of TNF-a and IL-6 levels in the serum
TNF-a #KTE120004, Abbkine, China) and IL-6
(#KTE120003, Abbkine, China) levels were measured us-
ing ELISA kits according to the manufacturers’ instruc-
tions. Results are expressed in nanograms per L.

Determination of lipids in the liver

Hepatic TC (#87356, Biolabo Biochemistry and Coagula-
tion, France) and TG (#87319, Biolabo Biochemistry and
Coagulation, France) levels were assayed using commer-
cial colorimetric kits in lipid extracts obtained from the
tissues. Results were expressed as pmol per g liver.

Determination of SAM, hydroxyproline (Hyp), and
CYP2E1 levels in the liver

Hepatic SAM (#201-01-1072, Sunred Bio, Shanghai, Chi-
na), Hyp (#E0148Gp, Bioassay Technology Laboratory,
Shanghai, China) and CYP2E1 (#KTE120024, Abbkine,
China) levels were measured in liver homogenates using
ELISA kits according to the manufacturers’ instructions.

Assessment of oxidative stress parameters in the liver
The level of reactive oxygen species (ROS) in the liver ho-
mogenates was assayed using a fluorescent compound
(2',7'-dichlorodihydrofluorescein diacetate) that is sensitive
to oxidation (21). Fluorescence intensities were detected
at Ex 485/Em 538 using a Fluoroskan Ascent microplate
fluorometer from Thermo Scientific Inc., USA. Results were
given as relative fluorescence units per mg protein.

Hepatic lipid peroxidation was assessed by determin-
ing the levels of thiobarbituric acid reactive substances
(TBARS) and diene conjugate (DC) levels. TBARS was de-
termined using the spectrophotometric method devel-
oped by Buege and Aust (22). The liver homogenate and
Buege-Aust reagent (consisting of 26 mM thiobarbituric
acid and 0.92 M trichloroacetic acid in 0.25 M HCI), the
mixture was heated in boiling water for 15 min. Following
cooling and centrifugation at 1000g, the absorbances of
the resulting supernatants were read at 532 nm. The re-
sults were computed using a molar extinction coefficient
of 1.56x10°Mcm-'. Results of TBARS were expressed in
pmol per mg protein. For this assay, the levels of DC in
the hepatic lipid extracts were also measured spectro-
photometrically at 233 nm. For this assay, tissue lipids
were extracted with a chloroform/methanol (2:1, v:v) mix-
ture. The extracted lipids were evaporated and dissolved
in cyclohexane. The absorbances were read at 233 nm,
and the results were computed using a molar extinction
coefficient of 2.52x10*M'cm (22). Results of DC were ex-
pressed in nmol per mg protein.
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The level of oxidative protein damage in the liver homog-
enates was assessed by measuring the protein carbonyl
(PC) groups using a method developed by Reznick and
Packer (23). This involved calculating the absorbance of
the protein hydrazone formed by reacting the protein
carbonyls with 2,4-dinitrophenylhydrazine, and the ab-
sorbances were read at 360 nm. The results were then
calculated using a molar extinction coefficient of 22,000
M~ cm™. Results were expressed in nmol per mg protein.

Glutathione (GSH) levels were measured spectrophotometri-
cally using 5,5-dithiobis (2-nitrobenzoic acid) as an indicator,
following the method described by Beutler et al. (24). The fer-
ric reducing antioxidant power (FRAP) assay was used for the
spectrophotometric determination of the antioxidant power
of the liver homogenates, based on the method outlined by
Benzie and Strain (25). In this assay, the ferric-tripyridyltriazine
complex was reduced to the ferrous form, which is blue co-
loured and the absorbances were monitored at 593 nm. Re-
sults were expressed in nmol per mg protein.

Protein levels in the liver homogenates were determined
using the bicinchoninic acid assay, with serum albumin
serving as the standard (26).

Histopathological analysis

Liver tissues were fixed in a 10% formalin buffer solution for
24 h before embedding in paraffin. After that, 5 um slides
were obtained from each paraffin block, and all paraffin
was removed from the slides and stained with haematox-
ylin and eosin (H&E) for histological examinations. Reticu-
lin staining was also performed to show reticulin fibres of
fibrotic areas. Steatosis, liver damage, and fibrosis scores
were calculated according to the protocol proposed by
Goodman, which was previously reported by us (20, 27).

Steatosis was scored as 0 = <5% (none), 1 = 5%-33%
(mild), 2 = 34%-66% (moderate), 3 = >67% (severe). Fi-
brosis was classified using Ishak’s staging (27). 0 = no
fibrosis, 1 = fibrous expansion of some portal areas, with
or without short fibrous septa, 2 = fibrous expansion of
most portal areas, with or without short fibrous septa,
3 = fibrous expansion of most portal areas with occasion-
al portal to portal bridging, 4 = fibrous expansion of por-
tal areas with marked bridging, 5 = marked bridging with
occasional nodules, é = cirrhosis, probable or definite.

Liver damage parameters were scored as follows: 0 = no
visible cell damage, 1 = focal damage on <25% of the
tissue (mild), 2 = focal damage on between 26 and 50%
of the tissue (moderate), 3 = extensive lesions in >51% of
the tissue (severe), 4 = global lesion (global) (27).

Protein expressions of a-smooth muscle actin (a-SMA)
and transforming growth factor-p1 (TGF-B1)

The immunochemistry analysis was used to measure the
expressions of a-SMA and TGF-B1 in the liver, as de-

scribed previously (18, 20). Briefly, liver sections were in-
cubated with a-SMA (dilution 1:100, #ABP52852, rabbit
polyclonal, Abbkine, Wuhan, China) and TGF-B-1 (dilution
1:100, #APB52598, rabbit polyclonal, Abbkine, Wuhan,
China) as primary antibodies for 1 h at room temperature.
Negative control sections treated with phosphate-buff-
ered antibodies were confirmed to be unstained. In addi-
tion, positive control studies were conducted in sections
of healthy human liver. The secondary antibody reacted
with the sections for 25 min. AEC (ScyTek Laboratories,
Inc.205 South 600 West Logan, UT 84321, USA) chromo-
gen was used to visualise the reaction, and the sections
were then washed in distilled water. The presence or ab-
sence of brown staining was considered indicative of a
positive or negative result for each antibody, respectively.
The sections were evaluated under the light microscope
and the score was made up of 0-5% positive cells as (-),
5- 30% positive cells as (+), 30-60% positive cells as (++)
and 60% and over positive cells as (+++). Digital photo-
graphs were assessed using the Olympus AnalySIS five
image analysis programme.

Statistical analysis

Results are presented as mean+standard deviation (SD).
The normality of the results was tested using the Kolm-
ogorov-Smirnov test. Parametric data was analysed us-
ing a one-way ANOVA test with post-hoc Tukey's test,
while non-parametric data was compared using the Kru-
skal-Wallis test with post-hoc Mann Whitney-U test. A
P-value <0.05 was considered statistically significant. The
analyses were performed using SPSS for Windows, ver-
sion 21.0 (IBM SPSS Corp., Armonk, NY, USA).

RESULTS

SAM treatment did not alter the increases in liver
weight and liver index values in the HFCD group
Body weight did not alter in the HFCD and SAM+HFCD
groups compared with the controls. However, the liver
weight and liver index values remained unchanged in the
HFCD group due to SAM treatment (Table 1).

SAM treatment decreased the high levels of ALT and
AST activities in the serum of the HFHC group

Serum ALT and AST activities were significantly elevat-
ed in guinea pigs fed HFCD. SAM treatment decreased
these enzyme activities in the HFCD group (Table 1).

SAM treatment reduced the high levels of TC and HO-
MA-IR in the serum of the HFCD group

In the HFCD group, the serum TC increased, but not the
TG levels. Additionally, serum glucose and insulin levels
and HOMA-IR values also shown an increase. However,
among these parameters, the serum TC and glucose lev-
els, as well as the HOMA-IR values, diminished due to
SAM treatment in the HFCD group (Table 2).
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Table 1: The effect of SAM treatment on body weight, liver weight and liver index values and ALT and AST activities

in guinea pigs fed on HFCD (mean+SD; n=6, each)

Control SAM HFCD SAM+HFCD
Body weight (g) 746.7+40.8 730.0+28.3 689.0+98.1 715.4+37 .2
Liver weight (g) 34.8+2.86 34.3+£2.71 69.8+8.11° 68.5+£12.3°
Liver index* (%) 4.68+0.54 4.71+0.39 10.2+0.542 9.51+1.282
ALT (U/L) 51.2+6.27 53.0+6.16 127.1+22.42 65.8+7.012b
AST (U/L) 95.5+15.0 99.0+16.7 757.5+68.9° 379.5+71.92b

2 p<0.05 as compared to control, ®: p<0.05 as compared to HFCD group, “Liver weight x100/body weight, SAM: S-adenosylmethionine, ALT:
Alanine aminotransferase, AST: Aspartate aminotransferase, HFCD: High-fat/cholesterol diet.

Table 2: The effect of SAM treatment on serum TC, TG, glucose, insulin, HOMA-IR levels, as well as TNF-a and IL-6

levels in guinea pigs fed on HFCD (mean+SD; n=6, each)

Control SAM HFCD SAM+HFCD
TC (mmol/L) 1.55+0.47 1.53+0.30 8.93+1.16° 5.78+0.75%b
TG (mmol/L) 0.83+0.14 0.80+0.11 0.90+0.12 0.79+0.08
Glucose (mmol/L) 8.24+1.38 8.14+1.37 11.0+1.01° 8.72+0.78°
Insulin (pmol/L) 27.6+3.04 25.1+2.26 29.6+1.02° 27.8+0.86
HOMA-IR 1.61+0.38 1.53+0.36 2.34+0.09° 1.80+0.16°
TNF-a (ng/L) 19.0£2.74 17.5+2.09 27 .4+2.34° 20.3+2.11°
IL-6 (ng/L) 23.9+2.19 22.3+2.32 32.6+5.03° 22.3+2.33°

2 p<0.05 as compared to control, ©: p<0.05 as compared to HFCD group, SAM: S-adenosylmethionine, TC: Total cholesterol, TG: Triglyceride,
HOMA-IR: Homeostasis model assessment for insulin resistance, TNF-a: Tumour necrosis factor-alpha, IL-6: Interleukin-6, HFCD: High-fat/

cholesterol diet.

SAM treatment reduced the high levels of TNF-a and
IL-6 in the serum of the HFCD group

Both TNF-a and IL-6 levels were detected to increase in
the serum of the HFCD group. The SAM treatment di-
minished the levels of these cytokines in the HFCD group
(Table 2).

Changes in the liver histology

The control and SAM-control groups showed normal
hepatic architecture. The HFCD group exhibited severe
macrovesicular steatosis, along with fibrous bands and
mild chronic infiltration between the central and portal
veins. Sinusoids could not be observed. Increased retic-
ulin fibres, which form bundles in fibrous bands, were de-
tected by reticulin staining. Less steatosis was observed
in guinea pigs with HFCD due to SAM treatment. Further-
more, the fibrous bands were thinner and had a shorter
course. The reticulin stain demonstrated that reticular fi-
bres reduced, and the bundles became thinner and had a
shorter course due to SAM treatment (Figure 1).

The reticulin stain revealed an increase in reticulin fibres
forming bundles in the fibrous bands. In guinea pigs with
HFCD, less steatosis was observed due to SAM treat-
ment. Additionally, the fibrous bands were thinner and

had a shorter course. The reticulin stain demonstrated a
reduction in reticular fibres, with the bundles becoming
thinner and having a shorter course due to SAM treat-
ment (Figure 1).

According to the histopathological scorings, SAM treat-
ment significantly diminished the increased hepatic ste-
atosis, inflammation, and fibrosis scores in the HFCD
group (Figure 2).

SAM treatment increased hepatic SAM levels and de-
creased lipid, Hyp, and CYP2E1 levels in the HFCD
group

The hepatic SAM levels significantly decreased in the
HFCD group compared to the controls. However, TC
and TG as well as Hyp and CYP2E1 levels increased
significantly in the liver of the HFCD group. SAM treat-
ment caused increases in SAM levels and decreased
hepatic TC, TG, Hyp and CYP2E1 levels in the HFCD
group (Figure 3).

SAM treatment reduced hepatic oxidative stress pa-
rameters in the HFCD group

The levels of oxidant parameters [ROS, lipid peroxides
(TBARS and DC) and protein oxidation products (PC)]
significantly increased, while the levels of antioxidant
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RETICULIN

Figure 1: The effect of S-adenosylmethionine treatment on the hepatic and histopathology of guinea pigs fed a high-
fat/cholesterol diet. (Haematoxylin and eosin x200 and Reticulin x200). Arrows in haematoxylin and eosin staining of the
liver (first column) indicate macrovesicular steatosis, arrows in reticulin staining (second column) also show reticular
fibres. Groups: Control; SAM; HFCD; SAM + HFCD. H&E: Haematoxylin and eosin, HFCD: High-fat/cholesterol diet,

SAM: S-adenosylmethionine

parameters (GSH and FRAP levels) decreased in the
HFCD group. SAM treatment diminished oxidant param-
eters and increased antioxidant parameters in the HFCD
group (Figure 4).

Changes in the hepatic a-SMA and TGF-B1 protein
expressions

Significant increases in a-SMA and TGF-B1 protein ex-
pressions were observed in guinea pigs fed the HFCD.
However, these expressions decreased in the HFCD
group due to SAM treatment (Figure 5).

DISCUSSION

Diets rich in fat, fructose or cholesterol or their combi-
nations and the methionine-choline deficiency (MCD)
diet are dietary experimental models used to under-
stand the pathogenesis of NAFLD/NASH and to test
treatment possibilities (28). The development of fibro-
sis was the primary feature that distinguished NASH
from NAFLD. It has been suggested that fibrosis de-
velopment is probably influenced not only by dietary
cholesterol but also by the interaction between dietary
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Figure 2: The effect of S-adenosylmethionine treatment
on hepatic steatosis, inflammation, and fibrosis scores in
guinea pigs fed a high-fat/high-cholesterol diet. No
steatosis, inflammation and fibrosis were seen in the
control and S-adenosylmethionine groups. The high-fat/
cholesterol diet group exhibited severe macrovesicular
steatosis, along with fibrous bands and mild chronic
infiltration between the central and portal veins. The
high-fat/high-cholesterol diet + S-adenosylmethionine
groups showed decreases in steatosis inflammation and
fibrosis scores (Mean+SD; n=6; each). Groups: Control;
SAM; HFCD; SAM + HFCD. HFCD: high-fat/cholesterol
diet. SAM: S-adenosylmethionine. 2 p<0.05 as compared
to control, ®: p<0.05 as compared to HFCD group

cholesterol and dietary fat (29,30). Therefore, HFCD is
recognised as a suitable dietary experimental model
for inducing hepatic steatosis and inflammation and
NASH in mice and rats (29, 30). Unlike rats and mice,
guinea pigs and humans share an LDL-dominant li-
poprotein profile and show a high degree of similar-
ity with humans in terms of hepatic lipid metabolism,
inflammation, and fibrogenesis (32). Guinea pigs are
susceptible to HFCD-induced NASH and are used as
a suitable model to study the pathogenesis of the dis-
ease (31, 33).

In guinea pigs fed on HFCD for 10 weeks, the increases
were detected in ALT and AST activities, indicating liver
damage, TC and inflammatory cytokine (TNF-a and IL-6)
levels as well as HOMA-IR values in their serum of guinea
pigs. Hepatic TC, TG and Hyp levels, profibrotic a-SMA
and TGF-B1 protein expressions were increased. Hepatic
histopathological observations also showed significant
increases in steatosis, inflammation, and fibrosis scores
in this group. All these results demonstrated the occur-
rence of NASH due to HFCD feeding, which is charac-
terised by increased steatosis, inflammation, fibrosis and
hepatocyte necrosis, consistent with previous reports
(29-31). HFCD feeding also caused an increase in ROS
levels in the liver of guinea pigs. As is known, ROS pro-
duced by CYP2E1 plays an important role in triggering
oxidative stress in NASH (1, 34). In this study, increased
ROS levels were associated with higher formation of lip-
id peroxides (such as TBARS, DC) and protein oxidation
products (such as PC). The decrease in the antioxidant
parameters (GSH and FRAP) reflects the deficiency in the
antioxidant power. The results of the study indicate that
a pro-oxidant state is present in the livers of guinea pigs
with NASH, as previously reported (35-37).

In chronic liver diseases, SAM levels decreased due to
increased use as an antioxidant and/or a decrease in its
synthesis (8, 17, 38). Since methionine adenosyltrans-
ferase 1 (MAT1), the key enzyme in SAM synthesis, is an
enzyme sensitive to oxidation, it may be inhibited under
conditions where oxidative stress is induced (17, 38). In
MAT1-deficient mice, steatosis was detected to prog-
ress towards NASH, and SAM treatment reduced hepatic
damage, ALT and AST activities, and TG levels in these
mice (9). Therefore, it has been suggested that SAM ho-
meostasis may have an active role in the pathogenesis of
NASH and that SAM supplementation can be used as a
therapeutic agent in NAFLD/NASH (8, 12).

Some investigators have tested whether SAM treatment is
effective in experimental dietary models of NAFLD/NASH.
SAM treatment was able to ameliorate fatty acid-induced
lipid accumulation and oxidative stress through promot-
ing B-oxidation in hepatocyte cultures (39). Similarly, the
administration of SAM decreased fatty liver and oxidative
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Figure 3: The effect of S-adenosylmethionine treatment S-adenosylmethionine, hepatic total cholesterol, triglyceride,
hydroxyproline (Hyp), and cytochrome P450-2E1 (CYP2E1) levels in guinea pigs fed on a high-fat/cholesterol diet
(HFCD). (Mean+SD; n=6; each). CYP2E1: cytochrome P450-2E1, HFCD: high-fat/cholesterol diet, S-adenosylmethionine,
Hyp: hydroxyproline, total cholesterol: TC, triglyceride: TG. = p<0.05 as compared to the control, b: p<0.05 as compared

to the HFCD group

stress in the liver of rats fed a high fructose diet induced
NAFLD (13). Moreover, in mice fed an MCD diet, SAM ad-
ministration reduced liver damage by increasing hepatic
SAM and GSH levels and by downregulating the expres-
sion of inflammatory and fibrogenic cytokines (16). On the
other hand, angiotensin Il (Ang Il), as the main component
of the renin-angiotensin system (RAS), is known to influ-
ence lipid metabolism and insulin sensitivity via its recep-
tor, Ang Il type 1 receptor (AT1R), thereby contributing to

NAFLD progression (40). SAM was reported to prevent in-
trahepatic RAS activation by upregulating the expression
of the AT1R-associated protein (ATRAP), an inhibitor of
AT1R. Therefore, it has been suggested that SAM may be
useful as a therapeutic agent in the prevention of NAFLD/
NASH through this mechanism (15). Indeed, it has been
reported that both hepatic SAM levels and ATRAP protein
expression are decreased in patients with NAFLD. Similar
results were also found in HFCD-fed rats, andwhen SAM
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Figure 4: Hepatic reactive oxygen species, thiobarbituric acid reactive substances, diene conjugate and protein
carbonyl, glutathione and ferric reducing antioxidant power levels in guinea pigs fed on a high-fat/cholesterol diet.
(Mean+SD; n=6 each). DC: diene conjugate, FRAP: ferric reducing antioxidant power, GSH: glutathione, HFCD: high-
fat/cholesterol diet, PC: protein carbonyl, ROS: reactive oxygen species, TBARS: thiobarbituric acid reactive substances.
2 p<0.05 compared to control, ®: p<0.05 compared to HFCD group

was administered to these rats, the decreased ATRAP ex-
pression was restored and steatosis alleviated (14). In our
previous study, SAM was administered to guinea pigs to-
gether with HFCD for six weeks and SAM was found to
have a preventive effect on NASH (18). In contrast, SAM
treatment alone was not effective, but its combination with
dilinoleoylphosphatidylcholine (DLPC) prevented CYP2E1
activation, TG accumulation, oxidative stress and fibrot-

ic changes in the liver of rats fed on a high-fat diet (41).
However, in these experimental studies, SAM was adminis-
tered along with different dietary models of NAFLD/NASH

in the same period.

In the current study, guinea pigs were given HFCD for 10
weeks and SAM treatment was administered in the last
4 weeks of this treatment. Thus, we investigated wheth-
er SAM may show a therapeutic potential in pre-existing
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Figure 5: The effect of S-adenosylmethionine treatment on hepatic a-smooth muscle actin and transforming growth factor-
B1 protein expression of guinea pigs fed a high-fat/cholesteroldiet (x400). Groups: Control; SAM; HFCD; SAM + HFCD.
While no abnormal staining was observed in the control and SAM groups, positive staining was observed in the HFCD and
SAM+HFCD groups (asterix). Positive staining was detected in the cells within the fibrous bridging areas between the central
vein and the portal region with a@-SMA, as well as in the immature mesenchymal cells with the TGF-B1. a-SMA: a-smooth
muscle actin HFCD: high fat/cholesterol diet, S-adenosylmethionine, TGF-B1: transforming growth factor- B1

NASH. It was observed that SAM treatment decreased
ALT and AST activities, TC, TNF-a and IL-6 levels in serum
along with insulin resistance in guinea pigs with NASH. In
addition, SAM treatment decreased hepatic TC, TG and
Hyp levels and a-SMA and TGF-B1 protein expressions;
histopathological improvements were observed with a
decrease in steatosis, inflammation and fibrosis scores.
Furthermore, a decrease in CYP2E1 levels and improve-
ment in the pro-oxidant-anti-oxidant balance were de-
tected, indicating that SAM effectively reduces oxidative
stress in HFCD-induced NASH.

In conclusion, SAM seems to alleviate hepatic injury and
metabolic disorders in HFCD-induced NASH by reducing
lipogenesis, oxidative stress, inflammation, and fibrosis. In
addition to the preventive effect of SAM on NASH ob-
served in our previous study (18), this study demonstrated
that SAM may also have therapeutic efficacy.

Ethics Committee Approval: Ethics committee approval was re-
ceived for this study from the Istanbul University Animal Care and
Use Ethics Committee (Date: 02.03.2108, No: 2018/18).



~ Hepatic and metabolic disorders treatment in Guinea pigs
Istanbul Tip Fakiltesi Dergisi ® J Ist Faculty Med 2025;88(1):60-71

Peer Review: Externally peer-reviewed.

Acknowledgements: We gratefully thank Mr. E. Paul Larkin from
Atrium Innovation Inc. (USA) for supporting us in providing S-a-
denosylmethionine material.

Author Contributions: Conception/Design of Study- i.B., M.U.;
Data Acquisition- i.B., CK, AFA.; Data Analysis/Interpretation-
i.B., S.D.A, M.U; Drafting Manuscript- i.B., M.U; Critical Revision
of Manuscript- 1.B., S.D.A.; Final Approval and Accountability-
S.D.A., M.U.; Technical or Material Support- A.C., M.S.T. VO.;
Supervision- M.U.

Conflict of Interest: The authors have no conflict of interest to
declare.

Financial Disclosure: The present work was supported by Rese-
arch Fund of Istanbul University (Project No: 30446).

REFERENCES

1.

Cederbaum Al. Hepatoprotective effects of S-adenosyl-
L-methionine against alcohol- and cytochrome P450 2E1-
induced liver injury. World J Gastroenterol 2010;16(11):1366-
76. [CrossRef]

Mora Sl, Garcia-Roman J, Gomez-Nanez |, Garcia-Roman R.
Chronic liver diseases and the potential use of S-adenosyl-
L-methionine as a hepatoprotector. Eur J Gastroenterol
Hepatol 2018;30(8):893-900. [CrossRef]

Brown JM, Kuhlman C, Terneus MV, Labenski MT,
Lamyaithong AB, Ball JG, et al. S-adenosyl-I-methionine
protection of acetaminophen mediated oxidative stress
and identification of hepatic 4-hydroxynonenal protein
adducts by mass spectrometry. Toxicol Appl Pharmacol
2014;281(2):174-84. [CrossRef]

Valdés S, Paredes SD, Garcia Carreras C, Zuluaga P,
Rancan L, Linillos-Pradillo B, et al. S-Adenosylmethionine
decreases  bacterial  translocation,  proinflammatory
cytokines, oxidative stress and apoptosis markers in hepatic
ischemia-reperfusion injury in Wistar rats. Antioxidants
2023:12(8):1539. [CrossRef]

Gong Z, Yan S, Zhang P, Huang Y, Wang L. Effects of
S-adenosylmethionine on liver methionine metabolism and
steatosis with ethanol-induced liver injury in rats. Hepatol
Int 2008;2(3):346-52. [CrossRef]

Brzacki V, Mladenovi¢ B, Dimi¢ D, Jeremi¢ L, Zivanovi¢
D, Djuki¢ D, et al. Comparison between the effects of
selenomethionine and S-adenosylmethionine in preventing
cholestasis-induced rat liver damage. Amino Acids
2019:51(5):795-803. [CrossRef]

Karaa A, Thompson KJ, McKillop IH, Clemens MG, Schrum
LW. S-adenosyl-L-methionine attenuates oxidative stress and
hepatic stellate cell activation in an ethanol-LPS-induced
fibrotic rat model. Shock 2008;30(2):197-805. [CrossRef]
Noureddin M, Mato JM, Lu SC. Nonalcoholic fatty liver
disease: update on pathogenesis, diagnosis, treatment
and the role of S-adenosylmethionine. Exp Biol Med
2015;240(6):809-20. [CrossRef]

Mato JM, Alonso C, Noureddin M, Lu SC. Biomarkers and
subtypes of deranged lipid metabolism in nonalcoholic
fatty liver disease. World J Gastroenterol 2019;25(24):3009-
20. [CrossRef]

20.

21.

22.

23.
24.
25.

26.

lbrahim MA, Kelleni M, Geddawy A. Nonalcoholic fatty
liver disease: Current and potential therapies. Life Sci
2013;92(2):114-8. [CrossRef]

Oseini  AM, Sanyal AJ. Therapies in non-alcoholic
steatohepatitis (NASH). Liver Int 2017;37(suppl 1):97-103.
[CrossRef]

Wortham M, He L, Gyamfi M, Copple BL, Wan YJY. The
transition from fatty liver to NASH associates with SAMe
depletion in db/db mice fed a methionine choline-deficient
diet. Dig Dis Sci. 2008;53(10):2761-74. [CrossRef]

Bekyarova G, Tzaneva M, Bratoeva K, Kotzev |, Radanova M.
Heme-oxygenase-1 upregulated by S-adenosylmethionine.
Potential protection against non-alcoholic fatty liver induced
by high fructose diet. Farmacia 2017;65:262-7.

Li Z, Wang F, Liang B, Su Y, Sun S, Xia S, et al
Methionine metabolism in chronic liver diseases: an update
on molecular mechanism and therapeutic implication.
Signal Transduct Target Ther 2020;5(1):280. [CrossRef]

Guo T, Dai Z, You K, Battaglia-Hsu SF, Feng J, Wang F, et
al. S-adenosylmethionine upregulates the angiotensin
receptor-binding protein ATRAP via the methylation of HuR
in NAFLD. Cell Death Dis 2021;12(4):306. [CrossRef]

Oz HS, Im HJ, Chen TS, de Villiers WJ, McClain
CJ. Glutathione-enhancing agents protect against
steatohepatitis in a dietary model. J Biochem Mol Toxicol
2006;20(1):39-7. [CrossRef]

Anstee QM, Day CP. S-adenosylmethionine (SAMe) therapy
in liver disease: A review of current evidence and clinical
utility. J Hepatol 2012;57(5):1097-109. [CrossRef]

Bingil I, Kiictikgergin C, Aydin AF, Cevik A, Soluk-Tekkesin
M, Olgag V, et al. Protective role of S-adenosylmethionine
on high fat/high cholesterol diet induced hepatic and aortic
lesions and oxidative stress in guinea pigs. Gen Physiol
Biophys 2024;43(5):411-21. [CrossRef]

Kim SY, Hong SW, Kim MO, Kim HS, Jang JE, Leem J, et
al. S-adenosyl methionine prevents endothelial dysfunction
by inducing heme oxygenase-1 in vascular endothelial cells.
Mol Cells 2013;36(4):376-84. [CrossRef]

Bingtil i, Aydin AF, Basaran-Kiiciikgergin C, Dogan-Ekici
I, Coban J, Dogru-Abbasoglu S, et. al. High-fat diet plus
carbon tetrachloride-induced liver fibrosis is alleviated
by betaine treatment in rats. Int. Immunopharmacol
2016;39:199-207. [CrossRef]

Wang H, Joseph JA. Quantifying cellular oxidative stress
by dichlorofluorescein assay using microplate reader. Free
Radic Biol Med 1999;27(5-6):612-6. [CrossRef]

Buege JA, Aust SD. Microsomal lipid peroxidation. Methods
Enzymol 1978;52:302-10. [CrossRef]

Reznick AZ, Packer L. Oxidative damage to proteins:
spectrophotometric method for carbonyl assay. Methods
Enzymol 1994,233:357-63. [CrossRef]

Beutler E, Duron O, Kelly BM. Improved method for the
determination of blood glutathione. J Lab Clin Med
1963;61:882-8.

Benzie IFF, Strain JJ. The ferric reducing ability of plasma
(FRAP) as a measure of ‘antioxidant power”: the FRAP assay.
Anal Biochem 1996:239(1):70-6. [CrossRef]

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner
FH, Provenzano MD, et al. Measurement of protein
using bicinchoninic acid. Anal. Biochem 1985;150:76-5.
[CrossRef]


https://doi.org/10.3748/wjg.v16.i11.1366
https://doi.org/10.1097/MEG.0000000000001141
https://pubmed.ncbi.nlm.nih.gov/25246065/
https://pubmed.ncbi.nlm.nih.gov/25246065/
https://pubmed.ncbi.nlm.nih.gov/25246065/
https://pubmed.ncbi.nlm.nih.gov/25246065/
https://doi.org/10.1016/j.taap.2014.08.027
https://pubmed.ncbi.nlm.nih.gov/37627534/
https://pubmed.ncbi.nlm.nih.gov/37627534/
https://pubmed.ncbi.nlm.nih.gov/37627534/
https://pubmed.ncbi.nlm.nih.gov/37627534/
https://doi.org/10.3390/antiox12081539
https://doi.org/10.1007/s12072-008-9082-1
https://pubmed.ncbi.nlm.nih.gov/30879149/
https://pubmed.ncbi.nlm.nih.gov/30879149/
https://pubmed.ncbi.nlm.nih.gov/30879149/
https://doi.org/10.1007/s00726-019-02716-3
https://doi.org/10.1097/SHK.0b013e318160f417
https://doi.org/10.1177/1535370215579161
https://doi.org/10.3748/wjg.v25.i24.3009
https://doi.org/10.1016/j.lfs.2012.11.004
https://doi.org/10.1111/liv.13302
https://doi.org/10.1007/s10620-007-0193-7
https://pubmed.ncbi.nlm.nih.gov/33273451/
https://pubmed.ncbi.nlm.nih.gov/33273451/
https://doi.org/10.1038/s41392-020-00349-7
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dai%20Z%5BAuthor%5D&cauthor=true&cauthor_uid=33753727
https://www.ncbi.nlm.nih.gov/pubmed/?term=You%20K%5BAuthor%5D&cauthor=true&cauthor_uid=33753727
https://doi.org/10.1038/s41419-021-03591-1
https://doi.org/10.1002/jbt.20109
https://doi.org/10.1016/j.jhep.2012.04.041
https://doi.org/10.4149/gpb_2024021
https://doi.org/10.1007/s10059-013-0210-y
https://doi.org/10.1016/j.intimp.2016.07.028
https://doi.org/10.1016/S0891-5849(99)00107-0
https://doi.org/10.1016/S0076-6879(78)52032-6
https://doi.org/10.1016/S0076-6879(94)33041-7
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7

27.

28.

29.

30.

31

32.

33

34.

~ Hepatic and metabolic disorders treatment in Guinea pigs
Istanbul Tip Fakiltesi Dergisi ® J Ist Faculty Med 2025;88(1):60-71

Goodman ZD. Grading and staging systems for
inflammation and fibrosis in chronic liver diseases. J
Hepatol 2007,47(4):598-607. [CrossRef]

Takahashi Y, Soejima Y, Fukusato T. Animal models of
nonalcoholic fatty liver disease/nonalcoholic steatohepatitis.
World J Gastroenterol 2012;18(19):2300-8. [CrossRef]

Savard C, Tartaglione EV, Kuver R, Haigh WG, Farrell GC,
Subramanian S, et al. Syneristic interaction of dietary
cholesterol and dietary fat in inducing experimental
steatohepatitis. Hepatology 2013;57(1):81-2. [CrossRef]
Fukada A, Sasao M, Asakawa E, Narita S, Hisano M, Suruga
K, et al. Dietary fat, cholesterol, and cholic acid affect the
histopathologic severity of nonalcoholic steatohepatitis in
Sprague-Dawley rats. Pathol Res Pract 2019;215(11):152599.
[CrossRef]

lpsen DH, Tveden-Nyborg P, Rolin B, Rakipovski G, Beck
M, Mortensen LW, et al. High-fat but not sucrose intake is
essential for induction of dyslipidemia and non-alcoholic
steatohepatitis in guinea pigs. Nutr Metab 2016;13:51.
[CrossRef]

DeOgburn R, Murillo AG, Fernandez ML. Guinea pigs as
models for investigating non-alcoholic fatty liver disease.
Integr Food Nutr Metab 2016;3:309-13. [CrossRef]

Ye P, Cheah IK, Halliwell B. High fat diets and pathology in
the guinea pigs. Atherosclerosis or liver damage? Biochim
Biophys Acta 2013;1832(2):355-64. [CrossRef]

Harjumaki R, Pridgeon CS, Ingelman-Sundberg M. CYP2E1
in alcoholic and non-alcoholic liver injury. Roles of ROS,
reactive intermediates and lipd overload. Int J Mol Sci
2021;22(15):8221. [CrossRef]

35.

36.

37.

38.

39.

40.

41.

Okada Y, Yamaguchi K, Nakajima T, Nishikawa T, Jo
M, Mitsumoto Y, et al. Rosuvastatin ameliorates high-
fat and high-cholesterol diet-induced nonalcoholic
steatohepatitis in rats. Liver Int 2013;33(2):301-11. [CrossRef]
Ore A, Akinloye OA. Oxidative stress and antioxidant
biomarkers in clinical and experimental models of non-
alcoholic fatty liver disease. Medicina 2019;55(2):26.
[CrossRef]

Cheng F, Yang Y, Yun S, Cao J, Chang M, Cheng YV, et al.
Sparassis latifolia polysaccharide attenuates cholesterol
in rats maintained on a high —fat, high-cholesterol diet. J
Food Biochem 2023;2023:7473668. [CrossRef]

Ramani K, Lu SC. Methionine adenosyltransferases in liver
health and diseases. Liver Res 2017;1(2):103-7. [CrossRef]
Vergani L, Baldini F, Khalil M, Voci A, Putignano P, Miraglia
N. New perspectives of S-adenosylmethionine (SAMe)
applications to attenuate fatty acid-induced steatosis and
oxidative stress in hepatic and endothelial cells. Molecules
2020;25(18):4237. [CrossRef]

Wu Y, Ma KL, Zhang Y, Wen Y, Wang GH, Hu ZB, et al.
Lipid disorder and intrahepatic-renin-angiotensin system
activation synergically contribute to non-alcoholic fatty liver
disease. Liver Int 2016;36(10):1525-34. [CrossRef]

Lieber CS, Leo MA, Cao Q, Mak KM, Ren C, Ponomarenko
A, et al. The combination of S-adenosylmethionine and
dilinoleoylphosphatidylcholine  attenuates non-alcoholic
steatohepatitis produced in rats by a high-fat diet. Nutr Res
2007,27(9):565-73. [CrossRef]


https://doi.org/10.1016/j.jhep.2007.07.006
https://doi.org/10.3748/wjg.v18.i19.2300
https://doi.org/10.1002/hep.25789
https://doi.org/10.1016/j.prp.2019.152599
https://doi.org/10.1186/s12986-016-0110-1
https://doi.org/10.15761/IFNM.1000149
https://doi.org/10.1016/j.bbadis.2012.11.008
https://doi.org/10.3390/ijms22158221
https://b54bb3ce8dfd0d5c89dfe1822de4d04aef240808.vetisonline.com/23295058/
https://b54bb3ce8dfd0d5c89dfe1822de4d04aef240808.vetisonline.com/23295058/
https://b54bb3ce8dfd0d5c89dfe1822de4d04aef240808.vetisonline.com/23295058/
https://doi.org/10.1111/liv.12033
https://doi.org/10.3390/medicina55020026
https://doi.org/10.1155/2023/7473668
https://doi.org/10.1016/j.livres.2017.07.002
https://doi.org/10.3390/molecules25184237
https://doi.org/10.1111/liv.13131
https://doi.org/10.1016/j.nutres.2007.07.005

