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L-Carnitine-induced amelioration of HFD-induced hepatic
dysfunction is accompanied by a reduction in hepatic TNF-�
and TGF-�1
Mabrouk Attia Abd Eldaim, Fatma Mohamed Ibrahim, Saher Hassan Orabi, Azza Hassan,
and Hesham Saad El Sabagh

Abstract: In this study, we evaluated the possible mechanisms through which L-carnitine ameliorates the adverse effects from
obesity in rats, induced with a high-fat diet (HFD). For this, 56 albino Wister rats were randomly assigned to 7 groups. The control
group was fed a basal diet and injected with saline. The second group was fed the basal diet and injected with L-carnitine
(200 mg/kg body mass, by intraperitoneal injection; i.p.). The third group were fed the HFD. The fourth group was fed the HFD
and injected with L-carnitine (200 mg/kg body mass, i.p.) for 8 weeks. The fifth group was fed the HFD for 10 weeks. The sixth
group were fed the HFD for 10 weeks and were also injected with L-carnitine (200 mg/kg body mass, i.p.) during the final 2 weeks.
The seventh group was fed the HFD diet for 8 weeks then the basal diet for 2 weeks. The HFD induced significantly increased
levels of hyperglycemia, lipid peroxidation, pathological changes, TNF-� and TGF-�1 protein expression in hepatic tissue, food
intake, body weight gain, serum levels of total and non-high-density lipoprotein cholesterol, ketone bodies, triacylglycerol, urea,
creatinine, AST, and ALT. However, the HFD diet significantly decreased serum levels of high-density lipoprotein (HDL) and
hepatic levels of reduced glutathione. L-Carnitine ameliorated the effects of the HFD on the above-mentioned parameters. This
study indicated that L-carnitine had protective and curative effects against HFD-induced hepatosteatosis by reducing hepatic
oxidative stress and protein expression of TNF-� and TGF-�1.
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Résumé : Dans cette étude, les possibles mécanismes par lesquels la L-carnitine améliore les effets néfastes de l’obésité induite
par un régime alimentaire riche en gras (RARG) chez les rats ont été évalués. Cinquante-six rats Wistar albinos ont été répartis
au hasard en sept groupes : rats contrôles nourris avec régime alimentaire de base et injectés avec une solution saline, groupe 2
nourri avec un régime alimentaire de base et supplémenté en L-carnitine 200 mg/kg de masse corporelle par injection i.p.
pendant 8 semaines, groupe 3 soumis à un RARG, groupe 4 soumis à un RARG et supplémenté en L-carnitine 200 mg/kg i.p.
pendant 8 semaines, groupe 5 soumis à un RARG pendant 10 semaines, groupe 6 soumis à un RARG pendant 10 semaines et
supplémenté en L-carnitine 200 mg/kg i.p. durant les deux dernières semaines et le groupe 7 soumis à un RARG pendant
8 semaines puis à un régime alimentaire de base pendant 2 semaines. Le RARG induisait significativement l’hyperglycémie, la
peroxydation lipidique, des modifications pathologiques et l’expression du TNF-� et du TGF-�1 dans le tissu hépatique. Il
accroissait aussi la ration alimentaire, le poids corporel, les niveaux sériques de cholestérol total et de cholestérol non-HDL, de
corps cétoniques, de triglycérides, d’urée, de créatinine, d’AST et d’ALT. Par ailleurs, il diminuait significativement les HDL
sériques et les contenus hépatiques en GSH. Par contre, la L-carnitine atténuait les effets du RARG sur les paramètres susmen-
tionnés. Cette étude indiquait que la L-carnitine exerce des effets protecteur et curatif de la stéatose hépatique induite par un
RARG en réduisant le stress oxydant hépatique et l’expression du TNF-� et du TGF-�1. [Traduit par la Rédaction]

Mots-clés : obésité, régime alimentaire riche en gras, L-carnitine, TNF-�, TGF-�1.

Introduction
Obesity has become the most common nutritional disorder and its

occurrence is rapidly increased in most parts of the world, especially
among the younger age groups (World Health Organization 2000).
Many studies have shown that increased mass body fat is related
to increased risk of adverse health effects and disease. It is now
known that excess body fat induces a wide range of cardiovascular
risk factors, including insulin resistance, dyslipidemia, glucose

intolerance, elevated blood pressure, impaired endothelial dys-
function, fibrinolysis, and metabolic syndrome (Hauner 2002). Ex-
perimental studies have shown that animals fed a high-fat diet
(HFD) for more than 2 months show weight gain, hyperglycemia,
dyslipidemia, and oxidative stress (Messier et al. 2007; Aragno
et al. 2009). Lipid accumulation results from the consumption of a
calorie-rich diet (Asai and Miyazawa 2001), leading to excess pro-
duction of inflammatory cytokines and macrophage infiltration,
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which forward the progression of liver disease (Wei et al. 2007).
Obesity and hyperlipidemia induced by the consumption of a HFD
in human and rodents have been shown to be associated with
altered cholesterol and triglyceride levels in plasma and tissues,
which promotes the risk of fatty liver disease, coronary heart
disease, and cancer (Roberts et al. 2006).

Carnitine is a quaternary ammonium compound (�-hydroxy-�-
N-trimethylaminobutyric acid) (Karlic and Lohninger 2004) that
plays an important role in energy metabolism. It is formed in the
liver and kidneys from the amino acids L-lysine and L-methionine,
and from there enters the blood stream and the extracellular fluid
(Steiber et al. 2004). L-Carnitine increases �-oxidation, and the
resulting acetyl-CoA joins the Krebs’s cycle, resulting in the burn-
ing of fats and increased energy production; hence, it increases
the utilization of cellular fatty acids, and the removal of abnormal
fat on cellular membranes. It also acts as a fat burner by optimiz-
ing fat oxidation and consequently reducing its availability for
storage (Mayes et al. 2003). Supplementation of rats with L-carnitine
reduces serum levels of total cholesterol (TC), triacyglycrol, low-
density lipoprotein, and very low density lipoprotein, whereas it
increases the levels of high-density lipoprotein levels in obese rats
(EL-Metwally et al. 2003; González-Ortiz et al. 2008). In addition,
L-carnitine reduces visceral fat accumulation and speeds up the
normalization of food intake (Kim et al. 2008) and consequently, it
induces weight loss and hypoglycemia, because it induces insulin
sensitivity and decreases insulin resistance in obese rats, through
reducing free fatty acids or regulating energy metabolism in cells
(Rajasekar and Anuradha 2007; González-Ortiz et al. 2008). There-
fore, this study was carried out to evaluate the possible mecha-
nisms through which L-carnitine ameliorates the adverse effects
of high-fat-diet-induced obesity in rats.

Materials and methods

Animals
We used 56 albino Wister rats weighing 120 to 160 g. All of the

animals were housed in polypropylene cages under hygienic con-
ditions and provided with rat chow and clean water, ad libitum,
with natural ventilation and a 12 h light–dark cycle. They were
acclimatized to the laboratory conditions for 2 weeks before be-
ginning of experiments. Animal rearing and handling and the
experimental design were approved by the Research Ethics Com-
mittee of the Faculty of Veterinary Medicine, University of Sadat
City, Egypt.

Diets

Basal diet
Rats in the control group were fed rat chow purchased from

the Elwady Company for International Commerce and Devel-
opment. The chow (Table 1) contained yellow corn, limestone,
soybean seeds, calcium monohydrate, choline chloride, sodium
bicarbonate, soyabean oil, a mixture of vitamins and minerals,
D–L methionine, and NaCl.

High-fat diet (HFD)
HFD pellets were prepared as described by Li et al. (2011) with

some modification (contained, by weight, 7% beef tallow, 8.3%
yolk, 18.7% sucrose, and 66% of the standard diet; for the compo-
sition see Table 2).

Chemicals
L-Carnitine powder base was obtained from the Arab Company

for Pharmaceutical Medicinal Plants (MEPACO, Egypt).
Diagnostic kits for assaying serum levels of glucose, lipid profile

[TC, triglycerides (TG), HDL, and ketone bodies], urea, creatinine,
and the activity of alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), lipid peroxidation biomarker (MDA), and the

levels of reduced glutathione (GSH) were purchased from the Bio
Diagnostics Company, Egypt.

Experimental design
In this experiment a total of 56 rats were randomly assigned to

7 groups (8 rats per group).

First experiment
To evaluate the preventive effects of L-carnitine on HFD-induced

obesity, rats were randomly assigned to 4 groups:

First group: Rats were fed the basal diet for 8 weeks, adminis-
tered saline by intraperitoneal injection (i.p.) daily for 8 weeks,
and kept as the control group.

Second group: Rats were fed the basal diet and injected with
L-carnitine (200 mg/kg body mass i.p., daily) dissolved in saline
(Alshabanah et al. 2010) for 8 weeks.

Third group: Rats were fed the HFD for 8 weeks (Li et al. 2011)
and injected (i.p.) daily with saline.

Fourth group: Rats were fed the HFD and injected daily with
L-carnitine (200 mg/kg body mass, i.p.) for 8 weeks.

Second experiment
To evaluate the curative effects of L-carnitine against HFD-

induced obesity, rats were randomly assigned to 3 groups:

Fifth group: Rats were fed the HFD for 10 weeks and injected
(i.p.) daily with saline.

Sixth group: Rats were fed the HFD for 10 weeks and at the
beginning of the 9th week of the experiment, the rats were in-
jected daily for 2 weeks with L-carnitine (200 mg/kg body mass,
i.p.).

Seventh group: Rats were fed the HFD for 8 weeks then fed on
the basal diet for addition 2 weeks and injected (i.p.) daily with
saline.

Blood sampling
After 8 weeks (1st experiment) or 10 weeks (2nd experiment)

rats were anaesthetized with diethyl ether and blood samples
were collected from the orbital sinus of the eye. Sera samples were
separated and stored at −80 °C until used for biochemical analysis.

Tissue sampling
Rats were euthanized, eviscerated, and the livers were col-

lected, washed with saline, and divided into 2 parts, one of which
was preserved in 10% formalin and used for histopathological and
immune histochemistry studies. The other part was stored at

Table 1. Composition of the basal
diet.

Ingredients Minimum comp.

Crude protein 17%
Crude fat 4.9%
Crude fiber 3.44%
Energy 2750 kcal/kg

Note: The percent values are in
based on weight (grams).

Table 2. Composition of the high-
fat diet.

Ingredients Composition

Crude protein 16.68%
Crude fat 31.59%
Crude fiber 51.73%
Energy 4.66 kcal/g

Note: The percent values are in
based on weight (grams).
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−80 °C and used to determine the levels of lipid peroxidation and
biomarkers of antioxidant status.

Measurements
Food intake was measured every day. The rats were weighed

every week. At the end of experiments the fat and liver from each
were weighed.

Determination of serum biochemical parameters
Blood glucose levels were determined colorimetrically follow-

ing the methods of Young (2001): glucose oxidase (GOD) catalyses
the oxidation of glucose to gluconic acid. The hydrogen peroxide
(H2O2) formed is detected using a chromogenic oxygen acceptor,
phenol-aminophenazone, in the presence of peroxidase (POD).
The absorbance of both the sample a and standard was measured
at 505 nm.

Serum cholesterol concentration was determined following the
quantitative enzymatic colorimetric method of Young (1995). Cho-
lesterol present in the sample produces a colored complex. The
intensity of the pink color is proportional to cholesterol concen-
tration in the sample.

Serum triglyceride levels were also determined colorimetri-
cally, following the methods of Young (2001).

Determination of HDL levels was carried out following the
methods of Grove (1979). The very low-density (VLDL) and low-
density lipoproteins (LDL) from serum or plasma are precipitated
by phosphotungstate in the presence of magnesium ions. After
removing VLDL and LDL by centrifugation, the clear supernatant
was used to determine the level of HDL. The absorbance of both
the sample and the standard was measured against the reagent
blank at 505 nm.

Serum concentrations of both acetoacetic acid (AcAc) and
3-hydroxybutyric acid (BOH) were measured by using a Ketone Body
Assay Kit that was based on reactions catalyzed by 3-hydroxybutyrate
dehydrogenase. The absorbance was measured at 340 nm. The
standard curve was used to quantify the concentrations of AcAc
and BOH, and the total concentration of ketone bodies equals the
sum of the concentrations for AcAc and BOH (Nuwayhid et al.
1988).

Serum ALT and AST were analyzed according to the methods of
Reitman and Frankel (1957). ALT catalyzes the transfer of the amino
group of alanine to �-ketoglutamate, and AST catalyzes the trans-
fer of the amino group of aspartate to �-ketoglutamate. The en-
zyme activities are directly proportional to the amount of
pyruvate and oxaloacetate formed over a definite period of time, and
are measured by a reaction with 2,4-dinitrophenylehydrazine
(DNPH) in an alkaline solution, yielding the corresponding col-
ored compound, which can be measured spectrophotometrically
at 505 nm.

Serum levels of urea were measured according to the methods
of Fawcett and Scott (1960). Urea in the sample is enzymatically
hydrolyzed into ammonium (NH4) and carbon dioxide (CO2). The
ammonia ions formed react with salicylate and hypochlorite
(NaCIO), in the presence of the catalyst nitroprusside, to form
green indophenol. The color intensity of the indophenol is pro-
portional to the concentration of urea in the sample. The absor-
bance was measured at 550 nm.

Serum creatinine concentration was measured according to the
methods of Bartels et al. (1972) and Larsen (1972): creatinine reacts
with sodium picrate to form a red complex. The time-interval
chosen for the measurements avoids interference from other se-
rum constituents. The intensity of the color formed is propor-
tional to the concentration of creatinine in the sample. The
absorbance was measured at 495 nm.

Determination of hepatic tissue malondialdehyde (MDA)
The lipid peroxidation biomarker MDA was measured in liver

homogenate according to the methods of Satoh (1978) and
Ohkawa et al. (1979). Thiobarbituric acid (TBA) reacts with MDA in
an acidic medium at a temperature of 95 °C for 30 min to form
thiobarbituric acid reactive product. The absorbance of the result-
ing pink product can be measured spectrophotometrically at 534 nm.

The liver content of reduced glutathione GSH content was de-
termined in homogenate according to the methods of Beutler
et al. (1963). The method is based on the reduction of 5,5-dithiobis
(2-nitrobenzoic acid) (DTNB) with GSH to produce a yellow com-
pound. The reduced chromogen is directly proportional to the
concentration of GSH, and its absorbance can be measured spec-
trophotometrically at 405 nm.

For the histopathology studies, different tissue samples from
the livers of the normal control group and all of the treated
groups were sliced and fixed in 10% buffered formalin. The tissues
were routinely processed and embedded in paraffin wax. Sections
4 �m thick were stained with hematoxylin and eosin for routine
histopathological examination. Additionally, Masson’s trichrome
staining was carried out to highlight fibrous tissue. The lesion
scoring was evaluated microscopically from 10 random fields. A
semiquantitative lesion scoring for assessment of nonalcoholic
steatohepatitis was performed according to the method of Kleiner
et al. (2005) with slight modifications, as shown in Table 3.

For the immunohistochemical investigations, the paraffin-
embedded sections were deparaffinized and incubated in 3%
H2O2. The sections were then incubated with polyclonal anti-
TNF-� and anti-TGF-�1. Demonstration of immune reactivity was
carried out with diaminobenzidine. Semiquantitative evaluation
of TNF-� and TGF-�1 immune reactive (positive) cells was per-
formed, according to the method of Ribeiro et al. (2004), consid-
ering the percentage of positive cells in a high microscopic power
field (HPF; 40×), in which 0 = no staining; 1 = positive staining
in <30% of the cells/HPF; 2 = positive staining in 30%–70% of cells/
HPF; 3 = positive staining in >70% of cells/HPF. A total of 10 random
HPFs were used to estimate the percentage of positive cells.

Statistical analysis
All values presented are the mean ± SE. Statistical significance

of differences were determined by 2-way ANOVA for the first ex-
periment and by 1- way ANOVA for the second experiment, follow-
ing the methods of Snedecor and Cochran (1967). All of the
statistical analyses was performed using SPSS (Statistical Package
for Social Sciences) version 16 (2007).

Table 3. A semiquantitative lesion scoring for assessing nonalcoholic steatohepatitis.

Steatosis grade

Nonalcoholic steatohepatitis scoring system

Lobular inflammation
(magnif. 20×)

Hepatocellular ballooning
(magnif. 10×)

0 = 5% 0 = No foci 0 = None
1 = 5%–33% 1 = 2 foci per 20× field 1 = Few ballooned hepatocytes
2 = 34%–66% 2 = 2–4 foci per 20× field 2 = Many ballooned hepatocytes
3 = 66% 3 = 4 foci per 20× field

Abd Eldaim et al. 715
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Results

Results for the first experiment
This experiment was carried out to evaluate the protective ef-

fects of L-carnitine against HFD-induced obesity. L-Carnitine ame-
liorated the effects of HFD-induced increases in food intake, body
mass, liver mass, and fat mass in rats (Fig. 1). The rats fed the HFD
showed significant increases in food intake, body mass, liver
mass, and fat mass compared with those fed the basal diet (control
group). However, when the rats fed the HFD were treated with
L-carnitine, they showed significant decreases in food intake, body
mass, liver mass, and fat mass compared with those fed the HFD
only. By comparison, the rats that were treated with L-carnitine
only showed no significant effects on food intake, body mass, liver
mass, or fat mass compared with the control group (Figs. 1a–1c).
In addition, changes were observed in the amount of visceral
adipose tissue (Figs 1d–1f) and in the appearance of the livers
(Figs. 1g–1k).

Feeding rats the HFD produced significantly (P < 0.05) elevated
blood glucose levels (induced hyperglycemia) compared with the
control group. However, treating the rats fed the HFD with
L-carnitine significantly reduced (P < 0.05) blood glucose levels
compared with those fed the HFD only. By comparison, the
treated with L-carnitine only showed no significantly effects on
blood glucose levels compared with the control group. This indi-
cates that there was was an antagonistic interaction between the
HFD and L-carnitine, because treating rats fed the HFD with
L-carnitine reduced blood glucose levels, but levels did not reach
the normal control values (Table 4).

The HFD significantly increased serum levels of TC, non-HDL
cholesterol, ketone bodies, and triacylglycerol, whereas it signifi-
cantly decreased serum levels of HDL compared with the rats fed
the basal diet (control group). However, treating the rats fed the
HFD with L-carnitine produced significantly decreased serum lev-

els of TC, non-HDL cholesterol, ketone bodies, and triacylglycerol,
and significantly increased levels of HDL compared with rats fed
the HFD only. By comparison, rats given L-carnitine alone showed
no significant effects on serum levels of TC, non-HDL cholesterol,
ketone bodies, and triacylglycerol compared with the control
group. This suggests that there was an antagonistic interaction
between HFD and L-carnitine, because treating rats fed the HFD
with L-carnitine reduced the values of the above-mentioned
parameters, but they did not reach the normal control values
(Table 4).

Rats fed the HFD showed significantly increased serum activity
of ALT and AST and serum concentrations of urea and creatinine
compared with the group fed the basal diet (control group). How-
ever, treating the HFD-fed rats with L-carnitine, starting from the
beginning of the experiment, showed significant decreases in the
serum activity of ALT and AST and serum levels of urea and creat-
inine compared with rats fed the HFD only. Rats that received
L-carnitine only showed no significant changes in the serum activ-
ity of ALT and AST and serum levels of urea and creatinine com-
pared with the control group. This indicates that there was an
antagonistic interaction between the HFD and L-carnitine, be-
cause treating the rats fed the HFD with L-carnitine reduced the
values of the above-mentioned parameters, but they did not reach
the normal control values (Table 4).

Feeding rats the HFD for 8 weeks induced lipid perioxidation in
the hepatic tissue, as indicated by increased hepatic levels of
MDA, and deterioration of the hepatic antioxidant defense sys-
tem, as indicated by reduced levels of hepatic GSH compared with
those in the control group. However, treating rats fed the HFD
with L-carnitine simultaneously reduced hepatic lipid peroxida-
tion and the changes in antioxidant biomarkers, as indicated by
reduced levels of MDA and elevated levels of hepatic GSH com-
pared with rats fed the HFD only. Rats treated with L-carnitine

Fig. 1. L-Carnitine reversed the increases in food intake, body mass, liver mass, and fat mass induced in Wistar rats that were made obese
with a high-fat diet (HFD). The rat groups were fed either a basal (normal) diet and injected with saline for 8 weeks; a basal diet and injected
with L-carnitine (200 mg/kg body mass, i.p.) for 8 weeks; the HFD and injected with saline for 8 weeks; or, the HFD and were injected with
L-carnitine (200 mg/kg, i.p.) for 8 weeks. Food intake (a) and live body mass of the rats (b) were monitored weekly. Livers and the visceral fat of
each rat were weighed at the end of each experiment (c). Images of the visceral fat are shown (d–g) and the gross appearance of a representative liver
from the different groups are shown (h–k). Values presented are the mean ± SE. Columns with different letters are significantly different
(P < 0.05) from the other groups. [Colour online.]
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only showed no significant effects on hepatic MDA and GSH com-
pared with the control group. This indicates that there was an
antagonistic interaction between HFD and L-carnitine because the
rats fed the HFD and treated with L-carnitine showed reduced
levels of MDA and increased GSH, but the levels did not reach
those of the normal control group (Table 5).

Figure 2 shows the histopathological lesions and Table 6 shows
the results from quantitative grading of the livers from the con-
trol and treatment groups. The livers from the control rats showed
normal hepatic parenchyma with well-organized hepatic cords
and normal hepatocytes (Fig. 2a). Livers from the rats fed the HFD
showed diffuse hepatic steatosis all over the hepatic parenchyma,
with small and large intracytoplasmic fat globules displacing the
nuclei toward the periphery of the cell (Fig. 2b). Focal areas of
hepatocellular necrosis infiltrated by mononuclear cells associ-
ated with abundant apoptosis were frequently observed, in addi-
tion to sinusoidal leukocytosis. Ballooning degeneration with
great enlargement of the hepatocytes was evident. Portal hepatitis
and infiltration of the portal areas with mononuclear cells was
also observed. These histopathological lesions were greatly re-
duced in livers from rats fed the HFD and treated with L-carnitine,
which showed mild vacuolation of hepatocellular cytoplasm
(Fig. 2c). Livers from the group treated with L-carnitine only were
comparable to those of the control group (Fig. 2d).

Figures 3 and 4 show the protein expression of TGF-�1 and
TNF-� in hepatic tissues from the control and treatment groups.
Livers from the control group showed no immune reactivity for
TGF-�1 and TNF-� (Figs. 3a, 3e, 4a, and 4e, respectively). Mean-
while, strong immune reactivity for TGF-�1 and TNF-� was dem-
onstrated in the cytoplasm of the parenchymal hepatocytes and
activated Kupffer cells of the HFD group (Figs. 3b, 3e, 4b, and 4e,
respectively). Immune reactivity to TGF-�1 and TNF-� was signifi-
cantly reduced in the rats fed the HFD and then treated with
L-carnitine (Figs. 3c, 3e, 4c, and 4e). By comparison, liver from rats

that only received L-carnitine showed no immune reactivity to
either TGF-�1 or TNF-� (Figs. 3d, 3e, 4d, and 4e).

Results from the second experiment
This experiment was carried out to evaluate the curative effects

of L-carnitine against HFD induced obesity. L-Carnitine reduced
HFD-induced increases in food intake, body mass, liver mass, and
fat mass in rats. Treating the rats fed the HFD for 10 weeks with
L-carnitine for the last 2 weeks of the experiment significantly
reduced food intake; food intake of the obese rats treated with
L-carnitine was about 65%–70% of the untreated rats fed the HFD.
In addition, feeding rats with the HFD for 8 weeks, followed by a
normal diet for an additional 2 weeks significantly decreased their
food intake, body mass, liver mass, and fat mass compared with
the rats fed the HFD for 10 weeks (Figs. 5a–5c).

Treating rats fed the HFD for 10 weeks with L-carnitine during
the last 2 weeks of the experiment significantly reduced blood
glucose levels compared with untreated rats fed the HFD (Table 7).

Feeding rats with the HFD for 8 weeks followed by the normal
diet for 2 weeks significantly reduced (P < 0.05) blood glucose
levels compared with the untreated rats fed the HFD for 10 weeks
(Table 7).

Treating the rats fed the HFD for 10 weeks with L-carnitine for
the last 2 weeks of the experiment (week 9 to week 10 of the
experiment) significantly decreased serum levels of TC, non-HDL
cholesterol, ketone bodies, and triacylglycerol, and significantly
increased serum levels of HDL compared with the untreated rats
fed the HFD for 10 weeks. In addition, feeding rats with the HFD
for 8 weeks followed by the normal diet for 2 weeks significantly
decreased serum levels of TC, non-HDL cholesterol, ketone bodies,
and triacylglycerol, and significantly increased serum levels of
HDL compared with those fed the HFD for 10 weeks (Table 7).

Treating rats fed the HFD for 10 weeks with L-carnitine for
2 weeks reduced the elevated activities of serum ALT and AST and

Table 4. Effects of HFD and (or) L-carnitine on blood levels of glucose, serum levels of lipids, urea, and
creatinine, and serum activity of ALT and AST in the rats after 8 weeks of diet administration.

Group

Normal diet HFD

EffectSaline L-Carnitine Saline L-Carnitine

TC (mg/dL) 199.68±0.98c 199.10±0.64c 235.09±1.69a 215.41±4.30b D, C
TG (mg/dL) 164.40±3.60c 162.80±3.30c 194.29±4.90a 181.45±4.90b C
HDL (mg/dL) 57.86±0.99a 58.54±0.71a 40.69±0.97c 47.65±0.60b D, C
Non HDL-c (mg/dL) 141.28±1.49c 140.62±1.04c 194.41±2.01a 167.76±4.31b D, C
Ketone bodies (mg/dL) 2.00±0.00c 2.00±0.00c 5.00±0.577a 3.33±0.577b C
Glucose (mg/dL) 103.15±2.40c 102.17±1.62c 153.75±26.30a 124.40±2.90b C
ALT (U/L) 21.00±1.10c 20.26±0.50c 55.5±3.90a 31.00±3.30b D, C
AST (U/L) 34.12±1.10c 33.885±0.76c 59.3±4.80a 43.26±2.70b D, C
Urea (mg/dL) 40.65±1.54c 40.00±1.10c 52.88±1.30a 46.68±1.80b C
Creatinine (mg/dL) 0.38±0.02c 0.37±0.02c 1.22±0.10a 0.91±0.01b D, C

Note: Values presented are the mean ± SE. Values followed by different letters in the same row are significantly different
(P < 0.05). TC, total cholesterol; TG, triacyglycrol; HDL, high density lipoprotein; non HDL-c, non-high-density lipoprotein
cholesterol; ALT, alanine amino transferase; AST, aspartate amino transferase; D, indicates that the effect is due to diet;
C, indicates that the effect is due to L-carnitine.

Table 5. Effect of HFD and L-carnitine on the levels of MD and GSH in rat hepatic tissue after 8 weeks
of diet administration.

Group

Normal diet HFD

EffectSaline L-Carnitine Saline L-Carnitine

MDA (nmol/g tissue) 48.37±2.90c 45.92±3.03c 89.21±3.60a 69.19±2.9b D, C
GSH (mmol/g tissue) 78.94±1.93a 81.30±2.81a 56.83±2.41c 69.06±1.43b D, C

Note: Values are the mean ± SE. Values followed by different letters in the same row are significantly different
(P < 0.05). MDA, malonaldhyde; GSH, reduced glutathione; D, indicates that the effect is due to diet; C, indicates that
the effect is due to L-carnitine.
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the elevated serum levels of urea and creatinine compared with
those fed the HFD and injected with saline. Feeding rats the HFD
for 8 weeks followed by the normal diet for an additional 2 weeks
significantly reduced the elevated activities of serum ALT and AST
and the elevated serum levels of urea and creatinine compared
with the rats fed the HFD for 10 weeks (Table 7).

Treating rats fed the HFD for 10 weeks with L-carnitine for the
last 2 weeks of the experiment significantly decreased hepatic
levels of MDA and increased and GSH levels compared with the
untreated rats fed the HFD for 10 weeks. Feeding rats with the HFD
for 8 weeks followed by the normal diet for another 2 weeks
significantly decreased hepatic MDA levels and significantly in-
creased hepatic GSH levels compared with those fed the HFD for
10 weeks (Table 8).

Figure 6 shows the histopathological lesions and Table 9 shows
the quantitative grading for the livers of the different groups in
the second experiment. Marked and significant histopathological
changes were obvious in the livers of rats fed the HFD, character-
ized by diffuse and extensive microvesicular steatosis with great
enlargement of hepatocytes and the presence of intracytoplasmic

acidophilic globular bodies (Fig. 6a). Another characteristic lesion
demonstrated in this group was portal fibroplasia with prolifera-
tion of fibroblasts that extended from the portal triads and in-
vaded the hepatic parenchyma to join the neighboring portal
triad with resulting bridging fibrosis that appeared blue in the
sections stained with Masson’s trichrome (Fig. 6b). Regression of
the histopathological lesions was observed in rats fed the HFD for
8 weeks and then the normal diet for an additional 2 weeks. The
livers from this group displayed hepatic steatosis with fewer swol-
len hepatocytes associated with apoptosis (Fig. 6c). Ballooning de-
generation of hepatocytes was less frequently observed, and mild
fibroblastic proliferation was restricted to the portal area, as con-
firmed in the sections stained with Masson’s trichrome (Fig. 6d).
Greater improvements were observed in the rats fed the HFD and
treated with L-carnitine, as indicated by mild vacuolar degenera-
tion with marked decrease in hepatocellular swelling associated
with apoptosis (Fig. 6e). No evidence of fibroblastic proliferation
recorded in this group (Fig. 6f).

Figures 7 and 8 show the expression of TGF-�1 and TNF-� pro-
tein in the livers of the different groups in the second experiment.
Strong immune reactivity for TGF-�1 and TNF-� was recorded in in
the parenchymal hepatocytes adjacent to the fibrous tissue from
the HFD-fed rats (Figs. 7a, 7d, 8a, and 8d). Additionally, strong
immune reactivity to TGF-�1 and TNF-� in the parenchymal hepa-
tocytes and activated Kupffer cells (Figs. 7b, 7d, and 8b, 8d) was
demonstrated in the hepatic tissue from rats fed the HFD for
8 weeks followed by the normal diet for the last 2 weeks of the
experiment. Moderate immune reactivity for TGF-�1 and TNF-� in
the parenchymal hepatocytes and activated Kupffer cells was
demonstrated in rats fed the HFD and treated with L-carnitine
(Figs. 7c, 7d, 8c, and 8d), which is significantly different from both

Fig. 2. L-Carnitine reduced the histopathological changes to hepatic tissue induced in rats by a high-fat diet (HFD) for 8 weeks. The rats were
fed and treated as described in Fig. 1. At the end of the experiment, the rats from all 4 groups were sacrificed and tissue samples were taken
from livers and fixed with 10% formalin for histopathological examination. Liver samples from the control rats showed normal hepatic
parenchyma with well-organized hepatic cords and normal hepatocytes (a). Liver samples from the rats fed the HFD showed diffuse hepatic
steatosis, with intracytoplasmic small and large fat globules displacing the nuclei toward the periphery of the cell (b). Liver samples from rats
fed the HFD and treated with L-carnitine showed focal areas of hepatocellular necrosis infiltrated by mononuclear cells associated with
abundant apoptosis in addition to sinusoidal leukocytosis. Ballooning degeneration with great enlargement of hepatocytes was evident. Portal
hepatitis with infiltration of portal area with mononuclear cells was also demonstrated (c). Liver samples from the rats injected with L-carnitine were
comparable to those from the control group (d). [Colour online.]

Table 6. Results from the quantitative grading of histopathological
lesions in the rat livers after 8 weeks of diet administration.

Normal diet HFD

Group Saline L-Carnitine Saline L-Carnitine

Hepatic steatosis 0.00±0.00a 0.00±0.00a 2.10±0.23a 1.00±0.21a
Ballooning degeneration 0.00±0.00a 0.00±0.00a 0.60±0.22b 0.20±0.13b
Lobular inflammation 0.00±0.00a 0.00±0.00a 0.80±0.29b 0.30±0.15b
Apoptosis 0.00±0.00a 0.00±0.00a 1.20±0.37b 0.20±0.20b

Note: Values are the mean ± SE. Values followed by different letters in the
same row are significantly different (P < 0.05).
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the rats fed the HFD for 10 weeks and those fed the HFD for
8 weeks followed by the normal diet for 2 weeks.

Discussion
Obesity promotes subclinical inflammation through the secre-

tion of various pro-inflammatory cytokines such as TNF-�, IL-6,
and IL-1� (Gregor and Hotamisligil 2011). There are two possible
factors implicated in the development of non-alcoholic steato-
hepatitis (NASH). The first is the accumulation of fat in hepato-
cytes and the second is the accumulation of inflammatory
cytokines induced by oxidative stress (Day and James 1998). Oxi-
dative stress damages hepatocytes and stimulates the production
of inflammatory cytokines such as TNF-� and TGF-�1 (Figs. 3, 4, 7,
and 8), leading to the progression of fatty liver to steatohepatitis
because TNF-� plays an important role in the recruitment of in-
flammatory cells to repair the damaged hepatocytes and TGF-�1
activates hepatic stellate cells to induce fibrosis through increas-
ing the production of extra-cellular matrix proteins (Bataller and
Brenner 2005). Thus, upregulation of TNF-� and TGF-�1 occurs
prior to the induction of liver fibrosis (Kubota et al. 2013). There-
fore, reducing obesity-induced oxidative stress reduces cytokine
production and subsequently hepatosteatosis (Yalniz et al. 2007;
Park et al. 2016).

The results of our study show that HFD increased body mass
(Figs. 1b and 2b), visceral adipose tissue mass, and liver mass
(Figs. 1c and 2c). This increase in body and organs mass may be
because the rats fed the HFD consumed considerably more food
than the control rats throughout the experiment (Figs. 1a and 2a).
Thus, caloric intake was increased, suggesting that the excess
energy consumed led to the build-up in adiposity. These findings
are in line with those of Xu et al. (2008), who stated that the
increase of body mass due to HFD is associated with increased
food intake. In addition, Amin and Nagy (2009) found that rats
consuming a HFD actually received more kilocalories, weighed
more, and had larger fat pads, visceral fat deposition, and abdom-
inal obesity than rats fed normal rat chow. We found that the HFD
induced hyperglycemia, dyslipidemia, ketonemia, and changes
to hepatic and renal functions (Tables 4 and 7) also, the HFD
induced hepatic lipid peroxidation and oxidative stress (Tables 5
and 8), hepatic tissue damage (Figs. 2 and 4), and upregulated
protein expression of the pro-inflammatory cytokines TNF-� and
TGF-�1 in hepatic tissue. These findings agree with those of Jang
et al. (2008) and Amin and Nagy (2009), who showed that HFD
increases serum glucose and insulin levels, because high fat in-
take increases energy storage mainly as a triglyceride and raises
circulating free fatty acid levels, which induces peripheral and

Fig. 3. L-Carnitine reduced the protein expression of TGF-�1 in the hepatic tissue of rats induced with a high-fat diet (HFD) for 8 weeks. The
rats were fed and treated as described for Fig. 1. At the end of the experiment, the rats from all 4 groups were sacrificed and liver tissue samples
were taken and fixed with 10% formalin for immunohistochemical detection of TGF-�1 protein in hepatic tissue. Liver samples from the
control rats showed no immune reactivity for TGF-�1 (a and e). Liver samples from the untreated HFD group showed strong immune reactivity
for TGF-�1 (b and e). The TGF-�1 immune reactivity was significantly reduced in the rats fed the HFD and injected with L-carnitine (c and e).
Liver samples from the rats injected with L-carnitine alone (no HFD) showed no immune reactive cells for TGF-�1 (d and e). Values represent
the expression level (fold) of TGF-�1. Columns with different letters are significantly different (P < 0.05). [Colour online.]
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Fig. 4. L-Carnitine reduced the protein expression of TNF-� in the hepatic tissue of rats induced with a high-fat diet (HFD) for 8 weeks. The
rats were fed and treated as described for Fig. 1. At the end of the experiment, the rats from all 4 groups were sacrificed and liver tissue
samples were taken and fixed with 10% formalin for immunohistochemical detection of TNF-� protein in hepatic tissue. Liver samples from
the control rats showed no immune reactivity for TNF-� (a and e). Liver samples from the HFD group showed strong immune reactivity for
TNF-� (b and e). The TNF-� immune reactivity was significantly reduced in the group fed the HFD and injected with L-carnitine (c and e). Liver
samples from rats injected with L-carnitine alone (no HFD) showed no immune reactivity for TNF-� (d and e). Values represent the expression
level of TNF-�. Columns with different letters are significantly different (P < 0.05). [Colour online.]
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hepatic insulin resistance (Chiang et al. 2001). This hyperglycemia
might be attributed to deposition of fat in the visceral adipose
tissue of obese rats, which could reduce insulin sensitivity, be-
cause it has been indicated that in obesity the initial deposition of
triglycerides occurs in subcutaneous adipose tissue and triglycer-
ides will then be diverted to the visceral fat depot as well as to
ectopic sites, which leads to an increase in insulin resistance and
the prevalence of its associated disorders (Meriño-Ibarra et al.

2005) and type 2 diabetes mellitus (Hayashi et al. 2008). In addi-
tion, HFD could contributed to the induction of hyperglycemia
because adipocyte-derived factors contribute to the occurrence
and development of �-cell dysfunction and type 2 diabetes during
the progression from normal weight to obesity (Zhao et al. 2006).
Adipocytes secrete cytokines and chemokines such as TNF-� and
IL-6, as well as “adipokines”, including adiponectin, leptin, resistin,
and visfatin (Antuna-Puente et al. 2008), all of which play important

Fig. 5. L-Carnitine reversed the increases in food intake, body mass, liver mass, and fat mass in rats that became obese from a high-fat diet
(HFD). Groups of rats were either fed the HFD for 10 weeks; fed the HFD for 10 weeks and were injected L-carnitine (200 mg/kg body mass, i.p.)
for the last 2 weeks; or were fed the HFD for 8 weeks then fed the basal (normal) diet for an additional 2 weeks. Food intake (a) and live body
mass (b) were monitored weekly. The livers and viceral fat were weighed at the end of the experiment (c). Values presented are the mean ± SE.
Columns with different letters are significantly different (P < 0.05).
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Table 7. Effects of HFD and L-carnitine on blood levels of glucose, serum levels of lipids,
urea, and creatinine, and serum activity of ALT and AST in the rats after 8 or 10 weeks of
diet administration.

Group

HFD (10 weeks) HFD (8 weeks)

Saline
(2 weeks)

L-Carnitine
(2 weeks)

Normal diet
(2 weeks)

TC (mg/dL) 242.45±1.12a 214.85±1.50b 214.94±2.13b
TG (mg/dL) 207.04±4.71a 175.83±3.32b 184.18±3.80b
HDL (mg/dL) 34.16±1.42a 40.32±1.52b 38.94±3.54b
Non HDL-c (mg) 205.47±9.25a 174.68±1.67b 173.88±5.04b
Keton bodies (mg/dL) 5.67±0.33a 3.33±0.33b 3.67±0.33b
Glucose (mg/dL) 157.17±4.42a 110.10±3.21b 118.48±2.82b
ALT (U/L) 58.60±3.40a 32.40±3.44b 37.86±4.50b
AST (U/L) 71.67±3.41a 43.00±2.81b 44.14±1.21b
Urea (mg/dL) 55.18±1.23a 46.66±1.20b 49.817±2.24b
Creatinine (mg/dL) 1.35±0.03a 0.94±0.02b 0.99±0.02b

Note: Values are the mean ± SE. Values followed by different letters in the same row are significantly
different (P < 0.05). TC, total cholesterol; TG, triacyglycrol; HDL, high density lipoprotein; non HDL-c,
non-high-density lipoprotein cholesterol; ALT, alanine aminotransferase; AST, aspartate aminotransferase.

Table 8. Effect of HFD and L-carnitine on the levels of MD and GSH in rat hepatic tissue
after 8 or 10 weeks of diet administration.

Group

HFD (10 weeks) HFD (8 weeks)

Saline
(2 weeks)

L-Carnitine
(2 weeks)

Normal diet
(2 weeks)

MDA (nmol/g tissue) 95.49±3.21a 60.34±4.51b 67.11±2.70b
GSH (mmol/g tissue) 56.2±1.60b 70.1±2.50a 68.08±2.31a

Note: Values are the mean ± SE. Values followed by different letters in the same row are significantly
different (P < 0.05). MDA, malonaldhyde; GSH, reduced glutathione.
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roles in the pathogenesis of dyslipidemia, diabetes, atherosclerosis,
and inflammation (Arner 2005; Antuna-Puente et al. 2008). TNF-�
from visceral and subcutaneous fat reduces insulin signaling and
induces systemic insulin resistance (Hotamisligil and Spiegelman
1994; Greenfield and Campbell 2006). In addition, these results
revealed that the HFD generated oxidative stress in obese rats,
leading to dyslipidemia and inducing hepatic oxidative stress
(Holvoet 2008; Amin and Nagy 2009). Hyperglycemia in the HFD
activates different pathways leading to increased oxidative stress.
Increased activity of the polyol pathway inhibits the pentose phos-
phate pathway as a result of hyperglycemia, resulting in de-
creased intracellular levels of NADPH, which is required for the
regeneration of GSH from its oxidized form, GSSG (Brownlee
2001). In addition, oxidative stress may be increased in metabolic
syndrome through dyslipidemia resulting from increased levels
of free fatty acids and TG that leads to increased formation of
foam cells, rendering LDL less dense and more vulnerable to oxi-
dation and uptake by macrophages (Holvoet 2008). Furthermore,

our results confirmed previous results indicating that HFDs in-
duce oxidative stress in the liver, thereby triggering the inflam-
matory and fibrogenesis signaling pathways that promote the
progression of hepatosteatosis because it increases mRNA expres-
sion of TGF-�1 in hepatic tissue and development of liver fibrosis
(Kassel et al. 2012). In addition, the HFD increased the protein
expression of liver fibrosis marker TGF-�1 in our study (Fig. 3) and
mRNA expression of TGF-� and pro-collagen type 1 in hepatic
tissue (Kassel et al. 2012; Park et al. 2016) because it induces lipid
peroxidation in hepatocytes (Tables 4 and 7) and the end products
of lipid perioxidation activate TNF-� expression in Kupffer cells
and hepatocytes (Figs. 4 and 8), which are considered key factors
in the development of non-alcoholic steatohepatitis (NASH)
(Lancaster et al. 1989). Oxidative stress damages hepatocytes
(Figs. 2 and 6) and stimulates the production of inflammatory
cytokines such as TNF-� and TGF-�1 (Figs. 3, 4, 7, and 8) leading to
the progression of fatty liver to steatohepatitis because TNF-�
plays an important role in the recruitment of inflammatory cells

Fig. 6. L-Carnitine reversed the histopathological changes to hepatic tissue of rats fed a high-fat diet (HFD) for 10 weeks. The rats were fed and
treated as described for Fig. 5. At the end of the experiment, the rats from all 3 groups were sacrificed and liver tissue samples were taken and
fixed with 10% formalin and stained either with hematoxylin and eosin (H&E) or Masson’s trichrome for histopathological examination. Liver
samples from the rats fed the HFD showed diffuse and extensive microvesicular steatosis with great enlargement of hepatocytes, portal
fibroplasia with proliferation of fibroblasts that extended from the portal triads and invaded the hepatic parenchyma to join the neighboring
portal triad with resulting bridging fibrosis that appeared blue in sections stained with Masson’s trichrome (a and b). Liver samples from rats
fed the HFD followed by the basal (normal) diet showed steatosis with fewer swollen hepatocytes associated with apoptosis, less frequent
ballooning degeneration of hepatocytes, and mild fibroblastic proliferation that was restricted to the portal area (c and d). Liver samples from
rats fed the HFD and treated with L-carnitine showed mild vacuolar degeneration with a marked decrease in hepatocellular swelling and no
evidence of fibroblast proliferation (e and f). [Colour online.]

Table 9. Results of quantitative grading of histopathological lesions after 8 or 10 weeks of
diet administration.

Group

HFD (10 weeks) HFD (8 weeks)

Saline (2 weeks) L-Carnitine (2 weeks) Normal diet (2 weeks)

Hepatic steatosis 2.80±0.13a 0.80±0.20c 1.60±0.16b
Ballooning degeneration 1.50±0.22a 0.30±0.15b 0.60±0.22b
Lobular inflammation 1.30±0.21a 0.50±0.16b 0.60±0.16b
Apoptosis 1.40±0.24a 0.80±0.37b 0.60±0.24b

Note: Values are the mean ± SE. Values followed by different letters in the same row are significantly
different (P < 0.05).
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to repair the damaged hepatocytes and TGF-�1 activates hepatic
stellate cells to induce fibrosis through increasing the production
of ECM proteins (Bataller and Brenner 2005). Thus, upregulation
of TNF-� and TGF-�1 occurs prior to the induction of liver fibrosis
(Kubota et al. 2013). TGF-� signaling in the liver leads to lipid
accumulation in hepatocytes due to deregulation of lipid metab-
olism, resulting in development of hepatic steatosis, hepatocyte
death, inflammatory cell infiltration, inflammatory cytokine pro-
duction, and the activation of hepatic stellar cells that participate
in the induction of liver fibrosis in advanced non-alcoholic fatty
liver disease (Dooley and ten Dijke 2012; Yang et al. 2014). In addi-
tion, TGF-�–Smad3 signaling is associated with obesity, hepatic
steatosis, systemic insulin resistance, and scar tissue formation in
the liver (Yadav et al. 2011). TGF-� signaling is implicated in the
regulation of lipid metabolism by regulating the gene expression
involved in inducing lipogenesis and suppressing genes associ-
ated with �-oxidation, resulting in increased synthesis of triacyl-
glycerol and accumulation of lipid in hepatocytes (Yang et al.
2013). Also, TNF-� is the major protein associated with obesity and
plays an important role in regulating body fat metabolism (Suo
and Wang 2015). Inhibition of reactive oxygen species suppresses

TGF-�-mediated hepatocyte death (Yang et al. 2014). The activities
of hepatocytes activated by TGF-� vary depending on lipid accu-
mulation, as treatment of mice with TGF-� alone does not cause
hepatocyte death, but it does induce death in fat-accumulated
hepatocytes (Yang et al. 2014). The susceptibility of hepatocytes to
death induced by TNF-� increases if NF-�B is inhibited (Kodama
et al. 2009). TGF-� can also induce hepatocyte death by inhibiting
NF-�B or TAK1, which are augmented in fat-accumulated hepato-
cytes (Yang et al. 2013). All liver cells, including parenchymal
(hepatocytes) and non-parenchymal cells, hepatic stellate cells,
Kupffer cells, endothelial cells, and immune cells, are involved in
the pathogenesis of non-alcoholic fatty liver disease (Meli et al.
2014), as we detected TGF-�1 and TNF-� proteins in the cytoplasm
of hepatcytes and activated Kupffer cells in the HFD-fed rats
(Figs. 4, 5, 7, and 8) (Pessayre 2007). HFD-induced hyperketonemia
in this study suggests that tissues are using fat for energy instead
of using glucose (Mitchell et al. 1995), which is induced by in-
creased activity of acetoacetyl-CoA synthetase. Acetoacetyl-CoA
synthetase plays important roles in lipid biosynthesis of ketone
bodies in lipogenic tissues (Hasegawa et al. 2012), and it been
shown that HFD increased the mRNA expression of acetoacetyl-

Fig. 7. L-Carnitine reduced the protein expression of TGF-�1 in the hepatic tissue of rats fed a high-fat diet (HFD) for 10 weeks. The rats were
fed and treated as described for Fig. 5. At the end of the experiment, the rats from all 3 groups were sacrificed and liver tissue samples were
taken and fixed with 10% formalin for immunohistochemical detection of TGF-�1 protein in hepatic tissue. Liver samples from the HFD group
showed strong immune reactivity for TGF-�1 (a and d). Liver samples from rats fed the HFD followed by the basal (normal) diet showed strong
TGF-�1 immune reactivity in the parenchymal hepatocytes and activated Kupffer cells (b and d). Liver samples from rats fed the HFD and
treated with L-carnitine showed moderate immune reactivity for TGF-�1 in the parenchymal hepatocytes and activated Kupffer cells (c and d).
Values represent the expression level (fold) of TGF-�1. Columns with different letters are significantly different (P < 0.05). [Colour online.]
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Fig. 8. L-Carnitine reduced the protein expression of TNF-� in the hepatic tissue of rats fed a high-fat diet (HFD) for 10 weeks. The rats were
fed and treated as described for Fig. 5. At the end of the experiment, the rats from all 3 groups were sacrificed and liver tissue samples were
taken and fixed with 10% formalin for immunohistochemical detection of TNF-� protein in the hepatic tissue. Liver samples from the HFD
group showed strong immune reactivity for TNF-� (a and d). Liver samples from rats fed the HFD followed by the basal (normal) diet showed
strong immune reactivity for TNF-� in the parenchymal hepatocytes and activated Kupffer cells (b and d). Liver samples from rats fed the HFD
and treated with L-carnitine showed moderate immune reactivity for TNF-� in the parenchymal hepatocytes and activated Kupffer cells (c and d).
Values represent the expression level of TNF-�. Columns with different letters are significantly different (P < 0.05). [Colour online.]
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CoA synthetase in subcutaneous white adipose tissue of rodents
(Yamasaki et al. 2007).

In contrast, i.p. injection of rats fed HFD with L-carnitine re-
duced HFD-induced increases in food intake, whole body mass,
and adipose tissue accumulation (Figs. 1 and 2). These findings was
partly agree with those of Amin and Nagy (2009), who demon-
strated that supplementation of mice fed an HFD with carnitine
reduced the increases body mass, food intake, and fat accumula-
tion. Also, supplementation of animal and human subjects with
carnitine decreases body mass (Ardekani et al. 2012). These find-
ings might be because L-carnitine attenuates the accumulation of
visceral fat and accelerates the normalization of food intake (Kim
et al. 2008). Bazotte and Lopes-Bertolini (2012) found that the
L-carnitine supplementation to alloxan-induced diabetic rats did
not change water and food intake and body mass. This difference
from our study could be due to the difference in the dose and
route of carnitine administration. Further, treating rats fed the
HFD with L-carnitine prevented increases in blood glucose levels,
which may related to reductions in the protein expression of
TNF-� and TGF-�1 in the hepatic tissues of obese rats (Figs. 3, 4, 7,
and 8), and may have consequently lowered HDF-induced insulin
resistance. The hypoglycemic effect of L-carnitine may also be
exerted through regulating cell energy metabolism, reducing the
levels of free fatty acids (González-Ortiz et al. 2008), or helping the
mitochondria to burn fat to get energy (Ringseis et al. 2012). Car-
nitine is also considered an important agent for the removal of
waste products from mitochondria, thereby preventing the
buildup of mitochondrial waste products, which is one of the
most important contributors to insulin resistance and obesity
(Terman et al. 2010). In addition, treatment with L-carnitine signif-
icantly inhibited MDA production and significantly increased GSH
levels in the hepatic tissue of rats fed the HFD (Tables 5 and 8).
These results are in line with those of Barhwal et al. (2009), who
reported that L-carnitine reduces elevated levels of MDA in differ-
ent organs and favorably modulates oxidative stress, causing a
reduction in oxidized LDL cholesterol levels. The carnitine moiety
of L-carnitine plays a significant role in the oxidation of fatty acids
and promotes the production of glutathione (Liu et al. 2004).
L-Carnitine effectively protects and improves mitochondrial func-
tion and vascular endothelial tissue through the inhibition of
reactive oxygen species (Gómez-Amores et al. 2007) and increases
GSH levels (Yapar et al. 2007).

The hypolipidemic and hypocholestremic effects of L-carnitine
(Tables 4 and 7) in our study were similar to those reported by
Patel et al. 2008, who reported that the administration of
L-carnitine reduces serum TC, LDL, VLDL, and TG while increasing
serum levels of HDL because L-carnitine can ameliorate dyslipide-
mia and decrease oxidative stress (González-Ortiz et al. 2008). Also,
L-canitine decreased the level of ketone bodies (Tables 4 and 7),
which was in line with findings of Uziel et al. (1988), who reported
that L-carnitine potentiates �-oxidation of fatty acids, activates
pyruvate dehydrogenase, and reduces the acetyl-CoA:CoA ratio
through the trapping of acetyl groups, which helps to activate the
glycolytic pathway instead of ketogenesis. The antiketonemic ef-
fect of L-carnitine likely results from the inhibition of hepatic
ketogenesis. Also, L-carnitine increases �-oxidation of fats and ex-
tracts more energy from burning fats, so it increases the utiliza-
tion of cellular fatty acids and removes abnormal fats from the
cellular membranes, and thus, it could act as a fat burner by
optimizing fat oxidation and reducing its availability for storage
(Mayes et al. 2003). By comparison, Van Weyenberg et al. (2009)
reported that L-carnitine supplementation for 7 days had no sig-
nificant effects on serum levels of TG and non-esterified fatty
acids. In addition, Derosa et al. (2003) and Rahbar et al. (2005)
found that L-carnitine has no significant effect on serum levels of
HDL and Bazotte and Lopes-Bertolini (2012) indicated that carni-
tine supplementation does not significantly change serum levels
of LDL but does reduce serum levels of TG. The differences be-

tween our results and these findings might be attributed to the
differences in dose, duration, and routes of L-carnitine adminis-
tration. Our data show a significant increase in the activities of
liver-function biomarkers AST and ALT in the obese rats (Tables 4
and 7). These findings are in agreement with those of Arafa (2005),
who reported that a diet high in cholesterol resulted in increases
in liver enzymes. In our study, the increases in AST and ALT activ-
ities following the HFD may be attributed to the hepatic damage
induced by the HFD (Figs. 2 and 6), as it has been reported that
feeding rats and rabbits a high cholesterol diet leads to intense
lipid accumulation in hepatic areas (Jeong et al. 2005) because
hypercholesterolemia has been considered a risk factor for he-
patic injury (Wudel et al. 2002). Excessive triglyceride deposition
resulting in liver lipotoxicity inside hepatocytes and impaired
fatty acid oxidation is an important factor for the development of
NAFLD (Angulo 2002). In addition, the elevated serum levels of
AST and ALT might be due to inflammation within the liver cells,
which then release further proinflammatory cytokines TGF-�1
and TNF-� leading to more hepatocyte injury and affecting the
integrity of liver cells (Figs. 4, 5, 7, and 8). L-Carnitine prevented
increase activity of AST and ALT in the serum of obese rats, which
could be related to its ability to control the production of TNF-�
and TGF-�1 (Figs. 4, 5, 7, and 8) and lipid peroxidation, and to
improve the hepatic levels of GSH (Tables 4 and 7), which conse-
quently would induce a marked and significant improvement of
the histopathological changes to hepatic tissue (Figs. 2 and 6).
These results are in agreement with those of Barhwal et al. (2009),
who reported that the administration of L-carnitine produces a
significantly lowers the activity of AST and ALT in obese rats,
because L-carnitine increases the serum and hepatic levels of SOD
and GSH, associated with a reduction in MDA levels through scav-
enging of reactive oxygen species. Finally, this study found that
obesity induces a significant increase in serum levels of urea and
creatinine in rats (Tables 4 and 7). The increases in serum levels of
urea and creatinine are due to renal dysfunction as a result of
obesity due to HFD. HFDs alter renal lipid metabolism through an
imbalance between lipogenesis and lipolysis in the kidney, as well
as causing systemic metabolic abnormalities and subsequent lipid
accumulation in the kidneys and renal injury (Kume et al. 2007).
L-Carnitine ameliorated the impaired kidney function caused by
obesity by decreasing the serum levels of urea and creatinine
(Tables 4 and 7). This finding was in agreement with that of
Ustundag et al. (2008), who stated that L-carnitine treatment mod-
ified renal functions (serum urea and creatinine) in a glycerol-
induced model of myoglobinuric acute kidney injury.

Conclusions
Our results indicated that L-carnitine has protective and cura-

tive effects against HFD-induced obesity, because it reduced HFD-
induced hyperglycemia, dyslipidemia, and hepatic injury by reducing
oxidative stress and the expression of the proinflammatory cyto-
kines TNF-� and TGF-�1 in hepatic issue, suggesting that L-carnitine
is a promising antiobesity agent.
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