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A B S T R A C T

The aim of this study was to evaluate whether NAR has a hepatoprotective role in a model of STZ-induced
diabetes and to elucidate the underlying mechanisms triggered by the flavonoid. Male Wistar rats were divided
into three groups: 1) controls, 2) STZ rats 3) STZ rats treated daily with NAR (40mg/kg b.w.) for 30 days. NAR
prevented increases in serum aminotransferases and alkaline phosphatase activities in STZ rats. The flavonoid
blocked serum lipid alterations, but not the biometric parameters in STZ rats. Microscopic examination in liver
from STZ rats revealed morphological changes indicative of increased adipogenesis and cell death and in-
flammation, which were all mitigated by the flavonoid. NAR inhibited the NFκB/IL-6/Cox-2 overexpressions
triggered by oxidative stress in STZ rats. The iNOS/NO%/nitrosylated protein pathway was also blocked by NAR.
The increment in the protein expression of Fas/FasL/caspase-3 and in the Bax/Bcl-2 ratio showed that both
pathways of apoptosis were increased by the diabetes, effects that were abrogated by NAR treatment. In con-
clusion, NAR protects against the liver damage caused by STZ-induced diabetes and it could be a novel ther-
apeutic strategy to prevent the non alcoholic fatty liver disease associated with the type 1Diabetes mellitus.

1. Introduction

Diabetes is a lifelong chronic disease, which is one of the most se-
vere endocrine metabolic disorders worldwide [1]. Type 1 diabetes
mellitus (T1DM) constitutes only around 10% of the diabetes cases, but
occurs early in life [2] and becomes more prevalent each year [3].
Although the liver is a central organ in metabolism and has been re-
cognized to be injured in this disease [4], the hepatic damage and
dysfunction in T1DM have not been well addressed [5]. Nevertheless, it
has been reported that patients show hepatomegaly, abdominal pain,
and elevated serum levels of aspartate transaminase and alanine
transaminase activities [6]. The elevations of these serum amino-
transferases are indicative of the leakage of hepatic enzymes into cir-
culation and are used as biomarkers in clinical practice to screen for
liver disease [7]. Liver dysfunction is not commonly observed in infants
and children with T1DM [8], but in a clinical audit in adults with
T1DM, elevated liver enzymes were associated with a less favorable
cardiovascular risk profile and poorer glycemic control [9].

The onset of diabetes in the liver is associated with the development
of biochemical and functional abnormalities, including oxidative stress
and apoptosis [10,11]. In addition, inflammation and necrosis or

fibrosis of non-alcoholic fatty liver disease has been reported to follow
diabetes [12]. Madar et al. [13] have also found that STZ-induced
diabetes increased iNOS activity in the rat liver and in the isolated
hepatocytes. Taurino et al. [14] have found that the diabetic liver
presents abnormalities in the 14-3-3 proteins, which constitute a family
of conserved molecular chaperones with roles in the regulation of
metabolism, signal transduction, cell cycle control, protein trafficking
and apoptosis.

Nowadays, medicinal plants have received attention to manage
diabetes because they offer some hope and have less side-effects than
the conventional medications [15]. A recent study has shown that
higher habitual flavonoid intake from fruit and vegetable during ado-
lescence is relevant for the prevention of risk factors of type 2 diabetes
in early adulthood [16]. Naringin (NAR) is a flavonoid enriched in
grapefruit, orange and tomatoes with antihyperlipidemic, antiapoptotic
and antioxidant properties. It has been reported to be a useful nu-
traceutical in the management of diabetes and its complications [17].
We have recently showed that NAR avoids alterations in the physical
properties and microstructure of bone from diabetic animals, probably
by stimulation of osteoblastogenesis, inhibition of osteoclastogenesis
and adipogenesis, at least in part via blocking the oxidative stress
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[18].The purpose of the present work was to evaluate whether NAR has
a hepatoprotective role in a model of STZ-induced diabetes in rats and
to elucidate the underlying mechanisms triggered by the flavonoid.

2. Material and methods

2.1. Chemicals

All chemicals were purchased from Sigma Aldrich Co (St Louis, MO,
USA), unless otherwise stated.

2.2. Animals and experimental design

Male Wistar rats (150–200 g) were maintained at 20–25 °C in a 12 h
light/12 h dark cycle, with a commercial normal rodent diet (GEPSA
mouse-rat, Pilar, Buenos Aires, Argentina) and water freely available.
They were divided into three groups: 1) control rats, 2) STZ-induced
diabetic rats, 3) STZ-induced diabetic rats+NAR: three days after STZ
injection, this group of rats received daily NAR (40mg /kg b.w., dis-
solved by sequential addition of 5% DMSO and 95% sterile normal
saline) therapy via subcutaneous injection. Rats from the second and
third groups received a single intraperitoneal injection of STZ (60mg/
kg b.w. dissolved in 0.1 mol/L citrate, pH 4.5 solution), whereas the
control rats were injected with vehicle alone. After 3 days of STZ in-
jection, the blood glucose levels were measured by using a glucometer
(AccuCheck; Roche Diagnostics, Mannheim, Germany). Rats were
considered diabetic when their blood glucose values exceeded 250mg/
dL and glucose was detected in urine (Multistix, Siemens Medical
Solutions Diagnostics, Malvern, USA). After 30 days of treatment and an
overnight fast, they were weighed and killed by cervical dislocation for
analysis of liver tissues. The hepatosomatic index (HSI) was calculated
as liver mass× 100 divided by the rat final body weight. In some ex-
periments other NAR doses were used (see Results).

The studies were conducted according to the Guide for Care and Use
of Laboratory Animals. The protocol was approved by the CICUAL (Res.
09/16, Commission for Care and Use of Laboratory Animals, Facultad
de Ciencias Médicas, Universidad Nacional de Córdoba, Córdoba,
Argentina). All efforts were made to minimize the number of animals
used and their suffering.

2.3. Serum biochemical analysis

Blood samples from rats were used for biochemical measurements.
Serum glucose (Glicemia enzimática AA), triglycerides (TG Color, GPO/
PAP AA), cholesterol (Colestat enzimático AA), ALT (alanine amino-
transferase, ALT-UV AA), AST (aspartate aminotransferase, AST-UV
AA), ALP (alkaline phosphatase, ALP 405AA), were determined using
kits from Wiener Laboratorios S.A.I.C. (Rosario, Argentina) following
the manufacturer´s protocol. Serum insulin was measured by radio-
immunoassay (RIA) using an anti-rat insulin antibody (Sigma, St. Louis,
Missouri, USA) and HbA1c was determined by Glycohemoglobin
Reagent (Teco Diagnostics, Anaheim, CA, USA), according to manu-
facturer’s operating protocol.

2.4. Histological preparation

For histological examination, the hepatic tissues of each group were
fixed in 10% buffered formalin, and then cut in segments to perform
dehydration in graded alcohol series, clearance with xylene, embedding
in paraffin, and sectioning at 4 μm slices. Liver sections were stained
with hematoxylin-eosin (H&E). Images were obtained with a Leica DC
180 Camera (software Leica IM50 Image Manager; Leica, Cambridge,
UK) using a 40× objective lens magnification. The H&E stained were
used for histomorphometric studies and counting of the number of
apoptotic nuclei (Nº apoptotic nuclei/mm2) using Image Pro Plus 4.5
software (Media Cybernetics, Inc. Rockville, MD 20850, USA).

Condensed chromatin near the periphery of the nuclei was used as a
criterion to identify apoptosis. The average diameter of each cell was
calculated as the mean of the largest and smallest diameters. Two in-
dependent operators observed the sections and did the counting under
the microscope.

2.5. Glutathione (GSH) content

Total GSH content was determined in liver homogenates using the
glutathione disulfide reductase-5,5ʹ-dithiobis (2-nitrobenzoate) re-
cycling procedure, as described elsewhere [19]. The data are expressed
in nmol/mg of protein.

2.6. Superoxide anion (%O2−) measurement

The liver was washed twice with Hanks buffer (137mmol/L NaCl,
5.4 mmol/L KCl, 0.25mmol/L Na2HPO4, 0.4mmol/L KH2PO4,
1.3 mmol/L CaCl2, 1 mmol/L MgSO4, 4.2 mmol/L NARHCO3,
6.24mmol/L glucose, pH 7.4) and incubated with nitro blue tetra-
zolium (NBT) (1mg/mL) at 37 °C for 1 h. The formazan precipitates
formed were dissolved in dimethylsulfoxide and quantified by spec-
trophotometry at 560 nm. OD values are direct indicators of %O2

−

concentration in the samples [20].

2.7. Catalase and superoxide dismutase activities

All enzymes activities were assayed in supernatants of liver homo-
genates. Catalase (CAT), EC 1.11.1.6, and superoxide dismutase (Mg2+-
SOD), EC 1.15.1.1, activities were performed in diluted aliquots of su-
pernatants from liver homogenates (1:5). CAT activity was assayed in
50mmol/L potassium phosphate buffer pH 7.4 and 0.3 mol/L H2O2

[21]. Mg2+-SOD activity was determined in 1 μmol/L EDTA, 50mmol/
L potassium phosphate buffer, pH 7.8, 13mmol/L methionine,
75 μmol/L NBT and 40 μmol/L riboflavin [22]. The results of enzyme
activities are expressed in U/mg of protein.

2.8. Nitric oxide levels

The levels of nitric oxide (NO%) were detected as total nitrate/nitrite
using the Griess reagent [23] with the modification of replacing zinc
sulfate by ethanol for protein precipitation in the liver homogenate
supernatant [24]. A standard curve of sodium nitrate was used
(1–10 μmol/L). The absorbance was read at 540 nm and the data were
expressed as μmol NO%/mg of protein.

2.9. Preparation of nuclear fraction

Nuclear fraction was isolated from the liver of each group of rats by
differential centrifugation. Liver tissue was resuspended in 1mL of ice-
cold buffer A (230mmol/L mannitol, 70mmol/L sucrose, 1 mmol/L
EDTA, 5mmol/L TrisCl) and homogenized. The homogenate was cen-
trifuged at 1200× g for 20min at 4 °C. The supernatant was cen-
trifuged at 2200× g for 20min at 4 °C, and the pellet was lysed in 1mL
of ice-cold buffer B (230mmol/L mannitol, 70mmol/L sucrose,
5 mmol/L TrisCl) and was centrifuged at 3000× g for 20min at 4 °C.
The nuclei then were extracted with 500 μL of ice-cold buffer B and
were stored at −80 °C.

2.10. Western blot analysis

Liver tissues were homogenized in RIPA (radioimmunoprecipitation
assay buffer) lysis buffer (1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate in PBS, containing 1mmol/L PMSF and 1mmol/L NaF),
and then centrifuged. Afterwards, proteins (100 μg) were denatured for
5min. at 95 °C and fractionated in 12% (w/v) SDS–polyacrylamide
minigels for caspase-3, Bax, Bcl-2, Fas, FasL, IL-6 and in 8% (w/v)
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SDS–polyacrylamide minigels for the other proteins [25]. Gels con-
taining the separated proteins were immersed in a transfer buffer
(25mmol/L Tris–HCl, and 192mmol/L glycine, 0.05% w/v SDS and
20% v/v methanol) [26]. Nitrocellulose membranes (0.45 μm) were
blocked for 1.5 h with 2% w/v nonfat dry milk in 0.5 mol/L Tris-buf-
fered saline solution and incubated overnight at 4 °C with the specific
primary antibody at 1:200 (Bax and caspase-3) and at 1:1000 dilution
for the other proteins. The antibodies were: rabbit anti-active caspase-3
monoclonal antibody (BD Pharmigen Biosciences, San Jose, CA, USA),
rabbit anti-Bax polyclonal antibody (P-19, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), mouse anti-Bcl-2 monoclonal antibody (BD
Pharmigen Biosciences, San Jose, CA, USA), mouse anti-CD95 mono-
clonal antibody (BD Pharmigen Biosciences, San Jose, CA, USA), mouse
anti-FasL monoclonal antibody (N-20, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), rabbit anti-NOS2 polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mouse anti-nitrotyrosine mono-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
mouse anti-NFκB p50 monoclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), mouse anti-IL-6 monoclonal antibody (C12-1-
hIL-6, Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-
Cox-2 monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). After three washings, appropriate secondary biotinylated anti-
bodies were incubated at room temperature for 1 h. Then, the blots
were washed three times and streptavidin - biotin conjugate (Histos-
tain-SP Broad Spectrum, Invitrogen, Carlsbad, CA, USA) was added.
Detection was performed using 3,3′-diaminobenzidine (DAB) as a
chromogen. Monoclonal antibody anti-β-actin (Santa Cruz Bio-
technology, Santa Cruz, CA, USA), was used to detect β-actin as a
marker to normalize the relative expression of the other proteins. The
membranes were stripped in stripping buffer (0.5M acetic acid, 0.5 M
NaCl pH=2.6) for 10min at room temperature before to probe for
loading control. The band intensities were quantified using an Image
Capturer EC3 Imaging System, LaunchVisionworksls software in order
to obtain the relative expression of proteins.

2.11. Statistical analysis

The data were obtained from at least 3 different experiments and
were expressed as means ± S.E. Results were evaluated by one-way
analysis of variance (ANOVA) and the Bonferroni’s test as a post hoc
test. Differences were considered statistically significant at p < 0.05.
All the analyses were carried out by using SPSS software (version 22.0)
for Windows 8.1 (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. NAR prevention of serum ALT, AST and ALP increase in STZ rats was
dose dependent

As can be seen in Table 1, the increment in the activities of serum
ALT, AST and ALP indicates that the hepatic dysfunction occurred after
30 days of STZ injection. Although those increases were reduced by the
daily injection of 10mg NAR/kg b.w., the values did not return to the
normal ones. Doses of 40mg NAR/kg b.w. or above were capable to
avoid the augmentation in the enzyme activities and the values were
normalized, except those of ALP. Based on these data, the following
studies were accomplished using a dose of 40mg NAR/kg b.w.

3.2. NAR blocked serum lipid alterations but not the biometric parameters
and other metabolic variables in STZ rats

As expected, the diabetic rats exhibited a decrease in the body
weight and a noticeable increase in HSI after 30 days of STZ injection.
NAR was not able to avoid these changes. Serum insulin was diminished
to one fourth of the normal values and, consequently, serum glucose
increased four times and HbA1c was increased about 50%, and NAR

could not prevent these alterations in the diabetic rats. However, an
increase in the serum total cholesterol of STZ rats was completely ab-
rogated by NAR treatment. Although the flavonoid could avoid the
enormous increment in the serum TG of STZ rats, it was not able to
normalize the values (Table 2).

Table 1
Serum aminotransferases and alkaline phosphatase from control, STZ-induced
diabetic rats and STZ rats treated with NAR.

Groups ALT
(U/L)

AST
(U/L)

ALP
(U/L)

Control 44.34 ± 1.39 108.55 ± 3.85 420.19 ± 30.20
STZ 152.30 ± 18.30* 208.91 ± 8.32* 2981.70 ± 40.10*

STZ+NAR10 93.35 ± 3.48# 215.16 ± 7.65 1890.30 ± 357.70+

STZ+NAR40 46.32 ± 0.68 112.85 ± 3.25& 1946.02 ± 281.11+

STZ+NAR80 43.74 ± 1.86 111.04 ± 1.51& 1845.10 ± 265.40+

Values represent means ± S.E. from 5 rats for each experimental condition.
* p < 0.001 vs control.
# p<0.05 vs STZ, STZ+NAR40 and STZ+NAR80.
& p < 0.001 vs STZ and STZ+NAR10.
+ p < 0.001 vs STZ. STZ: streptozotocin induced diabetic rats; NAR: nar-

ingin (10, 40, 80mg/kg b.w.); ALT: alanine aminotransferase; AST: aspartate
aminotransferase; ALP: alkaline phosphatase.

Table 2
Biometric data and serum biochemical parameters.

Control STZ STZ+NAR

Body weight (g) 263.33 ± 5.40 180.26 ± 4.17* 188.32±5.15
HSI (g/100 g) 3.30 ± 0.09 4.85 ± 0.15* 5.52 ± 0.11
Serum Glucose

(mg/dL)
120.75 ± 24.14 536.00 ± 20.75* 517.00 ± 11.19

Serum Insulin (ng/
mL)

1.59 ± 0.02 0.40 ± 0.03* 0.44 ± 0.03

HbA1C (%) 8.53 ± 0.45 12.01 ± 0.93* 11.93 ± 0.85
TG (mg/dL) 93.37 ± 7.80 536.97 ± 27.28* 274.17 ± 34.28+

Total cholesterol
(mg/dL)

79.53 ± 3.07 103.14 ± 1.12* 80.90 ± 1.18+

Values are expressed as means ± S.E. from 8 rats for each experimental con-
dition.
* p < 0.001 vs control.
+ p < 0.001 vs STZ. STZ: streptozotocin-induced diabetic rats; NAR: nar-

ingin; HSI: hepatosomic index; TG: triglycerides.

Table 3
Morphometric parameters in liver from control, STZ-induced diabetic rats and
STZ rats treated with NAR.

Control STZ STZ+NAR

Nº hepatocytes/ test
area

7.95 ± 0.08 6.59 ± 0.10* 7.65± 0.16+

Hepatocyte cell area
(μm2)

245.30 ± 5.20 288.76 ± 4.33* 242.92±4.19+

Hepatocyte cell
diameter (μm)

31.33 ± 0.82 41.42 ± 1.35* 30.95 ± 0.11+

Hepatocyte nuclear area
(μm2)

52.23 ± 0.82 65.11 ± 0.82* 53.98 ± 1.10+

Hepatocyte nuclear
diameter (μm)

6.85 ± 0.82 8.21 ± 0.43* 6.73 ± 0.91+

Values are expressed as means ± S.E. from 8 rats for each experimental con-
dition.
* p < 0.001 vs control.
+ p < 0.001 vs STZ. STZ: streptozotocin induced diabetic rats; NAR: nar-

ingin (40mg/kg b.w.).
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3.3. Changes in hepatic morphometric parameters in STZ-induced diabetic
rats were avoided by NAR

The number of hepatocytes/test area was decreased in STZ-induced
diabetic rats, which was prevented by NAR injection. The cell and
nuclear diameters as well as the cell and nuclear areas of hepatocytes
from diabetic rats were increased, effects that were also avoided by the
flavonoid (Table 3).

3.4. NAR mostly inhibited variables involved in the hepatic redox state

Table 4 shows that STZ-induced diabetic rats presented hepatic
oxidative stress as indicated by a lower GSH content, higher %O2

− as
well as higher SOD and CAT activities compared to those from the

control rats. NAR administration partially avoided the changes in the
GSH content and in the CAT activity, and completely blocked the al-
terations in the %O2

− content and in the SOD activity.

3.5. Histological and biochemical changes in hepatic tissue associated with
apoptosis in diabetic rats were highly avoided by NAR injection

As depicted in Fig. 1A, histological sections of liver from STZ rats
showed extensive regions with loss of hepatic architecture, dilatation of
hepatic sinusoid capillaries close to the central vein, apoptotic cells and
lipid droplets inside of many cells. These alterations were not seen in
the liver from STZ rats treated with NAR. The number of apoptotic
nuclei/mm2 in the liver from STZ rats was strikingly increased in
comparison with that of the control rats, and NAR treatment avoided

Table 4
Total GSH content, superoxide anion, SOD and CAT activities in liver from control, STZ- induced diabetic rats and STZ rats treated with NAR.

Groups GSH
(nmol/mg protein)

%O2
− (NBT reduction, OD) SOD

(SOD U/mg protein)
CAT
(CAT U/mg protein)

Control 15.34 ± 0.62 0.79 ± 0.10 59.08 ± 7.98 2.15 ± 0.19
STZ 7.88 ± 0.55* 1.28 ± 0.06* 101.20 ± 3.94* 38.84 ± 1.62*

STZ+NAR 11.61 ± 0.46+ 0.93 ± 0.04+ 71.06 ± 3.87+ 17.62 ± 2.25+

Values represent means ± S.E. from 5 rats for each experimental condition.
* p < 0.001 vs control.
+ p < 0.001 vs STZ. STZ: streptozotocin- induced diabetic rat; NAR: naringin (40mg/kg b.w.); GSH: glutathione; %O2

−: superoxide anion; NBT: nitro blue
tetrazolium; OD: optical density; SOD: superoxide dismutase; CAT: catalase.

Fig. 1. A) Liver sections from control, STZ and STZ+NAR rats stained with H&E. The black arrows indicate the apoptotic cells and the white arrows indicate the
lipid droplets as shown in the inset. Scale bars= 50 μm; B) Number of apoptotic nuclei/mm2 in the liver (n=8). Values are expressed as means ± S.E. *p < 0.001
vs control; #p< 0.01 vs STZ. STZ: streptozotocin induced diabetic rats; NAR: naringin (40mg/kg b.w.).
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those changes, but it was not able to normalize the parameters
(Fig. 1B). The biochemical variables involved in both the extrinsic and
intrinsic pathways of apoptosis were also altered in the liver from the
STZ- induced diabetic rats, as shown by the increment in the protein
expression of Fas/FasL/caspase-3 as well as that from Bax/Bcl-2 ratio.
Although NAR could partially avoid this response, the values remained
higher than the corresponding to those from the control rats (Fig. 2).

3.6. NAR was successful to inhibit the alterations in the nitrergic system
caused by STZ

NO• content and the protein expression of iNOS were enhanced in
liver from STZ induced diabetic rats, which was completely abolished
by NAR treatment. The nitrotyrosine content of protein bands with
75 kDa and 30 kDa was increased by STZ, which was also totally
avoided by NAR injection (Fig. 3).

3.7. NAR blocked the increment in the protein expression of molecules
involved in the hepatic inflammation caused by STZ

After 30 days of injection, STZ produced a significant increase in the
protein expression of NFκB in the nuclei, and in those of IL-6 and Cox-2
of homogenates from rat liver, which were inhibited by NAR treatment
(Fig. 4).

4. Discussion

The present data suggest that NAR has a protective role in the liver

injury caused by STZ-induced diabetes in rats, as demonstrated by
blocking morphological and biochemical changes caused by this dis-
ease. The microscopic examination of liver tissue from STZ rats re-
vealed loss of hepatic architecture, dilatation of hepatic sinusoid ca-
pillaries close to the central vein, apoptotic hepatocytes and
hepatocytes with lipid droplets in their cytoplasm indicating increased
adipogenesis and cell death as well as signs of inflammation, which
were all mitigated by NAR. In addition, STZ caused an increase in the
size of the hepatocytes and in their nuclei, but not a decrease in the
nucleus-to-plasma ratio as found by others [27]. NAR was also able to
avoid these size changes in hepatocytes. Furthermore, the systemic
increases of ALT, ASP and ALP in diabetic animals are other indications
of liver disease associated with T1DM, which has been previously
shown in children and in animals [1,28–30]. The increased activity of
AST and ALT in liver tissue suggests defective utilization of glucose. The
insulin deficiency leads to breakdown of protein and enhancing amino
acid catabolism to provide substrates for gluconeogenesis [31]. NAR
has the ability to ameliorate the activity of systemic transaminases in a
dose dependent manner that would lead to an improvement in the
hepatic dysfunction. However, the circulating ALP activity decreases
after NAR treatment, but it remains very high independently of the dose
employed. It is quite possible that longer times of exposition or higher
NAR concentration could normalize the ALP activity. ALT half-life in
circulation is about 47 h, for total AST is 17 h and for mitochondrial
AST is 87 h. In contrast, ALP half-life in circulation is about 7 days [32].
These differences might also contribute to explaining why ALP levels
decrease slowly after NAR treatment.

STZ-induced diabetic rats exhibited a significant loss of body mass

Fig. 2. The protein expression of Fas (A), FasL (B), caspase-3 (C), and Bax/Bcl2 ratio (D) was analyzed by Western blot in liver homogenate for each experimental
condition: control, STZ and STZ+NAR (40mg NAR/kg b.w.). (n=6 per group). Values are expressed as means ± S.E. *p < 0.001 vs control; #p< 0.01 vs STZ.
STZ: streptozotocin induced diabetic rats; NAR: naringin.
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compared to controls, which is a known phenomenon in children and
young adults with T1DM [33]. The weight loss did not disappear under
NAR treatment in STZ rats. In contrast, Murunga et al. [15] have found
that NAR increased weight gain compared to diabetic rats. Differences
in animal strain and/or timing of NAR treatment might explain these
differences.

As previously shown [18], NAR does not normalize hyperglycemia,
hypoinsulinemia and the high levels of HbA1c, which suggests that the
NAR action on liver dysfunction is not related to systemic variables
associated with the glucose metabolism. However, NAR trends to nor-
malize the dyslipidemia in rats with STZ induced diabetes. Serum
cholesterol goes down to normal values and TG decreases without
reaching the control ones. Similarly, Xulu and Oroma Owira [34] have
found that NAR ameliorates atherogenic dyslipidemia, but not hy-
perglycemia in rats with type 1 diabetes. Murunga et al. [15] have also
demonstrated that NAR is not hypoglycemic but mitigates ketoacidosis
and lipid peroxidation in type 1 diabetes rat model. Contrarily, NAR has
been shown to prevent the progression of hyperglycemia in type 2
diabetic db/db mice, at least in part, by increasing hepatic glycolysis
and glycogen content and lowering hepatic gluconeogenesis [35].

It has been suggested that the oxidative stress contributes to the
onset and progression of higher incidence of liver disease in diabetic
patients [36]. Oxidative stress is a result of an imbalance between ROS
production and the antioxidant defenses. Our data indicate that the
main players in inducing oxidative stress in the liver from diabetic rats
appear to be an enhancement in the %O2

− content and a decrease in the

GSH levels. Although SOD and CAT increase their activities in order to
neutralize ROS, this is not enough for a total compensation and,
therefore, the oxidative stress predominates in the diabetic condition.
NAR is able to prevent all these variables altered by STZ, except the
hepatic CAT activity that remains very high in the presence of the fla-
vonoid.

The diabetic rats exhibited elevated levels of NFκB, Cox-2 and IL-6
in the liver, effects that were blocked by NAR treatment. It is known
that the oxidative stress associated with diabetes activates NFκB [37].
Following activation, NFκB translocates from the cytoplasm to the nu-
cleus, where it binds with DNA and promotes the transcription of pro-
inflammatory cytokines [38]. NFkB is a transcriptional regulator of
inducible expression of genes including IL-6 [39] and Cox-2 genes [40].
NAR probably inhibits NFκB activation by scavenging ROS that act as
signaling molecules to activate the NFκB pathway, as was suggested for
other antioxidants [41]. In addition, NFκB promotes iNOS gene ex-
pression and the subsequent formation of NO% increasing the ni-
trosylation of proteins. In agreement with this, the STZ induced diabetic
rats showed enhancement of hepatic NO% content and protein expres-
sion of iNOS as well as increase in the nitrotyrosine content of protein
bands with 75 kDa and 30 kDa. Again, these alterations were com-
pletely abrogated by NAR treatment through mechanisms that need to
be explored. The activation of NFκB-iNOS-NO% signaling pathway has
been shown to be involved in the progressive loss and apoptosis of
pancreatic β-cells in T1DM [42]. Similarly, our data indicate that the
alteration in the nitrergic system in liver from diabetic animals is

Fig. 3. Effect of vehicle, STZ or STZ+NAR (40mg NAR/kg b.w.) on: A) NO% level measured by Griess assay in the liver from 5 rats for each experimental condition.
Values are expressed as means ± S.E. *p< 0.01 vs control and STZ+NAR; B) iNOS expression, and C) nitrotyrosine expression was analyzed by Western blot in
liver homogenate. (n= 6 per group). Values are expressed as means ± S.E. *p< 0.01 vs control. #p< 0.01 vs STZ. STZ: streptozotocin induced diabetic rats; NAR:
naringin.
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associated with an increase in the number of apoptotic hepatocytes,
which is reinforced by increases in biochemical variables involved in
both the extrinsic and intrinsic pathways of apoptosis, as demonstrated
by the increment in the protein expression of Fas/FasL/caspase-3 as
well as that from Bax/Bcl2 ratio. The antiapoptotic capability of NAR is
not enough to restore the cells to the normality, which suggests that the
protector mechanisms of NAR against the liver injury in the diabetic
condition are mainly given by its antioxidant, antinitrergic and anti-
inflammatory properties.

In conclusion, NAR protects against the liver damage caused by STZ
induced diabetes through an inhibition of the NFκB/IL-6/Cox-2 over-
expressions triggered by oxidative stress. In addition, the iNOS/NO
%/nitrosylated protein pathway, probably induced by NFκB, is also
blocked by NAR showing its anti-nitrergic properties. The concomitant
oxidative/nitrosative stress and inflammation provoked by the diabetic
condition leads to an exacerbation of apoptotic hepatocytes, which
could be partially ameliorated by NAR. Therefore, NAR could be a
novel therapeutic strategy to prevent the non alcoholic fatty liver dis-
ease associated with the T1DM.
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