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a  b  s  t  r  a  c  t

We  analyzed  the  contribution  of  TNF-�  intracellular  pathway  in  the  development  of  apoptosis  in the
liver  of streptozotocin-induced  diabetic  rats.  In  liver  tissue,  diabetes  promoted  a significant  increase  of
TNF-�/TNF-R1,  and  led to the  activation  of  caspase-8,  of nuclear  factor  kappa  B  (NF�B),  and  JNK  signaling
pathways.  The  activation  of  NF�B  led to an  induction  of iNOS  and  consequent  increase  in NO  production.
As  a consequence  of  such  changes  a  significant  increase  of  caspase-3  activity  and  of apoptotic  index  were
observed in  the  liver  of diabetic  animals.  Importantly,  the  treatment  in  vivo  of  diabetic  rats  with  etaner-
cept  (TNF-�  blocking  antibody)  or aminoguanidine  (selective  iNOS  inhibitor)  significantly  attenuated  the
induction  of  apoptosis  by  reduction  of  caspase-3  activity.  Overall,  we  demonstrated  that  in  the  diabetes
F�B
NOS
NK
nsulin
aspase-3
poptosis

enhances  TNF-�  in  the  liver, which  may  be a fundamental  key  leading  to apoptotic  cell death,  through
activation  of caspase-8,  NF�B  and  JNK  pathways.

© 2011 Elsevier Ltd. All rights reserved.
iver
iabetes

. Introduction

In a relatively short time, hepatic injury has been recognized as
 major complication of diabetes mellitus (DM) (Harrison, 2006).
ype 1 diabetes is associated with increased risk of chronic liver
njury (Kim et al., 2009).

Currently, type 1 DM is considered as an inflammatory pro-
ess (Alexandraki et al., 2008) in which a significant increase of
ytokines IL-6, IL-18, IL-1 and TNF-� was found in the blood of

atients with this disease (Esposito et al., 2002; Foss et al., 2007).
epatocytes are capable to respond to pro-inflammatory cytokines
romoting the expression of genes that mediate the inflammatory
esponse (Martin-Sanz et al., 2002). One of the major cytokines

Abbreviations: DM,  diabetes mellitus; STZ, streptozotocin; AG, aminoguanidine;
ID, streptozotocin-induced diabetes; ALT, alanine aminotransferase; AST, aspartate
minotransferase.
∗ Corresponding author at: Institute of Experimental Physiology (CONICET), Fac-
lty of Biochemical and Pharmaceutical Sciences (National University of Rosario),
uipacha 570, 2000-Rosario, Argentina. Fax: +54 341 4399473.

E-mail address: ccarnova@fbioyf.unr.edu.ar (C.E. Carnovale).

161-5890/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.molimm.2011.03.015
released is TNF-�, which can interact with tumor necrosis factor
receptor 1 (TNF-R1) and thus can either promote nuclear factor-
�B (NF�B) activation or initiate the caspases activation pathway,
which plays a major role in execution of apoptosis (Budihardjo et al.,
1999). In addition, TNF-� induced signaling from TNF-R1 leads to
the activation of different mitogen-activated protein kinase (MAPK)
cascades, which ultimately results in the activation of p38 MAPK,
extracellular regulated kinase (ERK) and c-Jun activating kinase
(JNK) (Wullaert et al., 2006).

NF�B strongly induces the inducible nitric oxide synthase (iNOS
or NOS2) gene expression, responsible for the large amounts of
nitric oxide (NO) generated in the liver (Rosa et al., 2008). NO
is a molecule with a single unpaired electron; it is a highly
diffusible free radical that posses both anti-inflammatory and pro-
inflammatory activities, depending on its concentration and the
tissue where it is produced (Stichtenoth and Frolich, 1998). When
NO is present in relatively high concentrations, pathophysiological

and indirect effects predominate due to interactions of NO with O2
or the free radical superoxide (Davis et al., 2001; Stichtenoth and
Frolich, 1998). Numerous reports based on studies in rat liver and
human cells suggest that NO has the ability to initiate apoptosis
(Kolb, 2000; Ronco et al., 2004) evidenced by chromatin condensa-
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ion and DNA fragmentation (Brune et al., 1999). In neonatal mouse
ardiomyocytes it has been shown that expression of caspase genes
an be regulated in response to NO and that its differential expres-
ion could be responsible for the dual role of NO in either promoting
r inhibiting cell death. Moreover, an induction of caspase-8 gene
xpression by NO would be previous to an increase in cell death
Rabkin and Klassen, 2007). Caspase-8 is a member of the cys-
eine proteases, which is implicated in the apoptotic process and is
lso required for apoptosis induced by death receptors like TNF-R1
Kruidering and Evan, 2000). The role of NO in caspase-8 induc-
ion was also described in renal tubular epithelial cells and lung
ndothelial cells (Du et al., 2006; Li et al., 2007).

In this connection, evidence exists that hyperglycemia leads to
ctivation of NF�B, which can mediate endothelial cell apoptosis
Dandona et al., 2007; Ho et al., 2006). Moreover, many researchers
ave reported an increase in iNOS levels in liver, kidneys and lung
f diabetic rats (Haidara et al., 2009; Stadler et al., 2003), while
ther studies suggest a decrease in NO production or release from
ndothelial cells and from heart of rats (Traub and Van, 1995;
tockklauser-Farber et al., 2000). The dual behaviour found in dif-
erent tissues shows that the response to stimuli like hyperglycemia
r diabetes depends on the cellular type involved.

The present study was designed to explore the contribution of
NF-� intracellular pathway in the development of apoptosis in
he liver in diabetes type 1. In this paper, we demonstrated that
uring STZ-mediated diabetic liver injury elevated TNF-� inter-
cted with its receptor TNF-R1 and induced activation of caspase-8,
F�B, and JNK signaling pathways. The NF�B activation resulted in
n induction of iNOS and the consistent increase in NO production.
wing to such changes a significant increase of apoptosis was con-

istently observed in the liver of diabetic animals. The final goal of
his study was to evaluate if the in vivo treatment with anti-TNF-�,
r aminoguanidine, a selective inhibitor of iNOS, can modulate the
ell death pathway induced by the diabetic state.

. Materials and methods

.1. Animals and surgical procedures

Male Wistar rats weighing 300–360 g were housed in constant
emperature rooms and maintained with light/dark intervals of
2 h duration and were fed ad libitum with a standard diet and
ater. Animals received humane care according to criteria out-

ined in the “Guide for the Care and Use of Laboratory Animals”,
ational Research Council, Washington D.C.: National Academy
ress, 1996. All the experimental protocols were performed accord-
ng to the Regulation for the Care and Use of Laboratory Animals
Expedient 6109/012 E.C. Resolution 267/02) and approved by the
nstitutional Animal Use Committee of the National University of
osario, Argentina.

.1.1. Treatment of the animals
Streptozotocin-induced diabetes (SID) was induced by a sin-

le dose of streptozotocin (STZ) (60 mg/kg body weight, i.p., in
0 mM citrate buffer, pH 4.5). Control rats were injected with vehi-
le alone. Fifteen days after STZ injection, a time when the toxic
ffect of the drug on the liver has disappeared (Carnovale and
odriguez Garay, 1984; Carnovale et al., 1986), serum glucose lev-
ls were tested by means of the glucose oxidase method (Wiener
ab., Rosario, Argentina) in samples of diabetic and control ani-

als. The animals were randomized into three groups. Control

roup, injected with the vehicle citrate buffer only (i.p.) (C); diabetic
roup, injected with streptozotocin (i.p.) (SID). Insulin treated, dia-
etic group, on day 15 post-STZ treatment, SID rats received 30 U of

nsulin (Betasint insulin, BETA S.A laboratories, Argentina) subcu-
nology 48 (2011) 1397– 1407

taneously (sc) twice a day (at 8:00 A.M. and 8:00 P.M.) for 15 days
(SID + I). Blood glucose levels were measured every day, each time
just before insulin injection. Blood samples were obtained from the
tail vein and glucose concentrations were measured by means of a
Surestep glucometer (Glucostix, Bayer HealthCare, Argentina). Suc-
cessful induction of diabetes was defined as a blood glucose level
of >13.2 mmol/l. The doses of insulin were adjusted to reach tar-
get blood glucose levels of 6–9 mmol/l. Between 10 and 12 A.M. on
day 30, rats were weighed, anesthetized with sodium pentobarbi-
tal solution (50 mg/kg body weight, i.p.) and euthanatized. Blood
was obtained by cardiac puncture and plasma was separated by
centrifugation. Livers were promptly removed and hepatic tissue
was either processed for immunohistochemical studies or frozen
in liquid nitrogen and stored at −70 ◦C until analytical assays were
performed.

2.1.2. Inhibition of nitric oxide synthesis
For inhibition studies of NO production, after 15 days of dia-

betes, a group of rats were separated into different groups and
received injections of the preferential inhibitor of iNOS enzyme,
aminoguanidine (AG). The groups were as follows: Control group,
injected with the vehicle citrate buffer only, and receiving AG in iso-
tonic saline i.p. (100 mg/kg body weight) once a day, beginning 3
days before euthanized (Control + AG) (Carnovale et al., 2000); dia-
betic group receiving AG i.p. (100 mg/kg body weight) once a day,
beginning 3 days before euthanized (SID + AG). The whole study
lasted one month. Six animals from each group (Control + AG and
SID + AG) were euthanatized and the samples were promptly pro-
cessed.

2.1.3. Inhibition of TNF-  ̨ production
A group of rats received ENBREL® (etanercept), a dimeric fusion

protein that binds to TNF-� and decreases its role in disorders medi-
ated by excess of TNF-�. Etanercept mimics the inhibitory effects
of naturally occurring soluble TNF-� receptors but has a greatly
extended half-life in the bloodstream, and therefore a more pro-
found and long-lasting biologic effect than a naturally occurring
soluble TNF-R1 (Madhusudan et al., 2005). Etanercept was adminis-
tered to 6 rats from each group (Control-a-TNF-� and SID-a-TNF-�)
in a dose of 8 mg/kg b.w./day twice a week for 15 days.

2.2. Analytical assays

2.2.1. Western blot analysis: iNOS, TNF-˛, TNF-R1, p-JNK,
activated caspase-8 and t-Bid

For iNOS, TNF-R1, p-JNK and caspase-8 active subunit (p18)
detection, liver tissue lysates were prepared by homogenization
in 3 volumes of lysating RIPA buffer containing PBS, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenylmethyl-
sulfonyl fluoride, 10 �g/ml leupeptin, and 1 �g/ml aprotinin.
After a 30-min-incubation at 0 ◦C and three freeze–thaw cycles,
lysates were cleared by centrifugation at 15,000 rpm for 30 min,
and supernatants were kept at −70 ◦C. For the preparation of
mitochondria-enriched fractions, liver tissues were homogenized
in 4 volumes of 300 mmol/l sucrose with protease inhibitors.
Homogenates were centrifuged at 1000 × g to remove unbroken
cells, nuclei and heavy membranes. Mitochondria-enriched frac-
tions were then obtained by centrifugation at 3000 × g for 15 min
at 4 ◦C (Ronco et al., 2004). Proteins were quantified according
to Lowry et al. (1951).  For iNOS analysis, 30 �g of protein was
subjected to 8% SDS-polyacrylamide gel electrophoresis and trans-

ferred to polyvinyl difluoride membranes (PVDF) (PerkinElmer
Life Sciences, Boston, MA,  USA). For TNF-R1, p-JNK, caspase-
8 and t-Bid detection, 25 �g of protein was  subjected to 12%
SDS-polyacrylamide gel electrophoresis and transferred to PVDF
membranes. For TNF-� detection, 25 �g of protein was  subjected
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Table  1
Evaluation of induced diabetes and effect of all treatments.

Control Control + a-TNF-� Control + AG SID SID + I SID + AG SID + a-TNF-�

Blood glucose (mmol/l) 6.5 ± 0.1 6.7 ± 0.4† 5.7 ± 0.2† 25.9 ± 2.3* 4.7 ± 0.1† 25.3 ± 1.2* 23.9 ± 0.2*

Body weight (g) 440 ± 9 432 ± 7† 430 ± 15† 298 ± 9* 421 ± 13† 309 ± 5* 301 ± 5*

ALT (U/l) 11.5 ± 5.5 27.0 ± 1.5† 19.3 ± 2.3† 34.5 ± 2.5* 17.2 ± 3.5† 66.0 ± 1.2* 124.3 ± 3.5*

AST (U/l) 102.0 ± 8.0 104.3 ± 13.0† 91.3 ± 10.4† 204.0 ± 21.7* 101.7 ± 3.1† 251.7 ± 30.0* 194.7 ± 14.9*

Control: vehicle; Control + a-TNF-�: Control treated with etanercept; Control + AG: Control treated with AG SID: Streptozotocin-induced diabetes; SID + I: Streptozotocin-
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nduced diabetes treated with insulin; SID + AG: Streptozotocin-induced diabetes
ean  ± S.E. (n = 6 animals per group).
* p < 0.05 vs Control.
† p < 0.05 vs SID.

o 15% SDS-polyacrylamide gel electrophoresis and transferred to
VDF membranes. After blocking, blots were incubated overnight
t 4 ◦C with either polyclonal anti-iNOS antibody, anti-TNF-�,  anti-
NF-R1, anti-p-JNK, anti-caspase-8 (p18) or anti-Bid (1:300, Santa
ruz Biotechnology, Santa Cruz, CA, USA). Membranes were then

ncubated with either anti-rabbit or anti-mouse Ig G-peroxidase
onjugates (1:5000, Amersham Life Science) and the resulting
ands were detected by enhanced chemiluminescence detection
ECL; Pierce Western blotting substrate). Autoradiographs were
btained by exposing PVDF membranes to Kodak XAR film and the
ands were quantified by densitometry (Shimadzu CS-9000).

.2.2. NO detection by electron paramagnetic resonance (EPR)
pectroscopy

NO production was estimated by EPR spectroscopy. The EPR
ignal was quantified by detection of triplet of the ternary NO-
e2+-(DETC)2 complex centered at g = 3.30. The vertical amplitude
f this triplet signal is proportional to the concentration of bound
O (Henry et al., 1991). Rats from each experimental group, Con-

rol, Control + a-TNF-�,  Control + AG, SID, SID + I, SID + a-TNF-� and
ID + AG were especially treated in accordance with the follow-
ng protocol: Thirty minutes before euthanasia, all animals were
reated with ferrous sulfate (37.5 mg/kg body weight, Cicarelli) and
isodium citrate dehydrate (187.5 mg/kg b.w., Cicarelli), sc after-
ards, diethyldithiocarbamate (DETC, 500 mg/kg b.w., Anedra),
as administered i.p. Animals were anesthetized and euthanatized

nd livers were promptly removed. After a rapid washing in cold
aline solution, samples were placed in 1 ml  syringes, frozen and
ept in liquid nitrogen until they were subjected to EPR. Samples
ere transferred to a Dewar and EPR spectra were recorded at liq-
id nitrogen temperature on a Bruker ECS 106 ESR, operating under
he following conditions: 9.41 GHz microwave frequency, 10 mW

icrowave power, 4.75 G modulation amplitude and 3350 G cen-
ral field; measurements were performed at RG: 1 × 103 and 1 scan
Mikoyan et al., 1997; Obolenskaya et al., 1994).

.2.3. NF�B determination
The nuclear factor NF�B p50/p65 heterodimer regulates diverse

ellular functions such as immune response and cell growth. The
ctivation of NF�B has been implicated in the transcription regu-
ation of a variety of genes (van den et al., 2001). To investigate
eterodimer activity in liver of diabetic rats, p50/p65 EZ-TFA Tran-
cription Factor Assay (Millipore®) was performed according to the
anufacturer’s instructions. NF�B activity assay was performed

y colorimetric determination of p65 subunit in the following
xperimental groups (n = 6): Control, SID, SID + I, Control + a-TNF-
, Control + AG, SID + a-TNF-� and SID + AG. Liver nuclear fractions
ere obtained by homogenization of frozen tissues in lysis buffer

ith 1 mM phenylmethylsulfonyl fluoride, 10 �g/ml leupeptin,

 �g/ml aprotinin and 2% Triton X-100. After centrifugation at
000 rpm for 5 min, pellet was resuspended in the same lysis
uffer but without Triton X-100 and centrifuged to 5000 rpm for
ther 10 min  again. Pellets were resuspended in buffer Hepes
AG; SID + a-TNF-�: Streptozotocin-induced diabetes with etanercept. Values are

20 mM,  NaCl 0.4 M,  EDTA 1 mM,  EGTA 1 mM,  20% glycerol, protease
inhibitor and dTT. Proteins were quantified by Lowry’s method
(Lowry et al., 1951). P50 activity was  measured spectrophotomet-
rically at �450 nm.

2.2.4. Caspase-8 activity assay
Determination of caspase activities was carried out using

a fluorometric assay kit (caspase-8 activity assay kit QIA71;
Calbiochem®) according to the manufacturer’s instructions. The tis-
sues were homogenized in lysis buffer (10 mM Tris, 200 mM  NaCl,
1 mM EDTA, 0.001% Triton X-100). The cytosolic fraction from each
sample was obtained by differential centrifugation. After the addi-
tion of caspase-8 fluorescent substrate conjugates (10 �l/well) and
incubation at 37 ◦C for 2 h, fluorescence was read in a DTX 880 mul-
timode detector (Beckman Coulter) at an excitation wavelength of
400 nm and an emission wavelength of 405 nm.

2.3. Assessment of apoptotic cell death

Caspase-3 activity and terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick end labeling (TUNEL) assays were
performed as quantitative indexes of apoptosis.

2.3.1. Caspase-3 activity assay
The activity of caspase-3 was determined according to the man-

ufacturer’s instructions using an EnzChekTM caspase-3 assay kit
(Molecular Probes, USA). The tissues were homogenized in lysis
buffer (10 mM Tris, 200 mM NaCl, 1 mM EDTA, 0.001% Triton X-
100). After differential centrifugation, the cytosolic fraction from
each sample was  mixed with Z-Asp-Glu-Val-Asp-AMC substrate
solution. A standard curve of AMC  ranging from 0 to 100 �M was
run with each set of samples. A control sample without enzyme was
used in each assay to determine the background fluorescence of the
substrate. As an additional control, 1 �l of 1 mM Ac-Asp-Glu-Val-
Asp-CHO (aldehyde), the caspase-3 inhibitor stock solution, was
added. Fluorescence was  measured at an excitation wavelength
of 360 nm and an emission wavelength of 465 nm in a DTX 880
multimode detector (Beckman Coulter) (Frances et al., 2010).

2.3.2. Determination of apoptotic index (AI)
An apoptosis detection system was utilized which catalytically

incorporates fluorescein-12-dUTP at the 30-OH DNA ends using
the principle of the TUNEL assay, with direct visualization of the
labeled DNA (Promega, Madison, WI,  USA). Light microscopic anal-
ysis of hematoxylin- and eosin-stained slides was  used to quantify
apoptotic cells, which were identified by morphological criteria
(increased eosinophilic cytoplasm, darkened nucleus, and pycnotic

separation of cytoplasmic membrane from neighboring cells). The
number of apoptotic hepatocytes by TUNEL and hematoxylin–eosin
was assessed by systematically scoring at least 1000 hepatocytes
per field in 10 fields of tissue sections at a magnification of 400×
(Gold et al., 1994; Klainguti et al., 2000).
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Fig. 1. Hepatic TNF-� and TNF-R1 expression and NF�B activity in STZ-induced diabetic rats. The results obtained for all experimental groups are shown as follows: Lane 1:
Control (C): Control group of animals injected with sodium citrate vehicle; lane 2: Control + a-TNF-�: etanercept (8 mg/kg body weight, i.p.) was administered, once a day,
twice  a week, in saline solution starting 15 days after injection of sodium citrate vehicle and for 15 days; lane 3: Control + AG: aminoguanidine (100 mg/kg body weight,
i.p.),  was administered, once a day, in saline solution starting 15 days after injection of sodium citrate vehicle and for 3 days before sacrifice; lane 4: SID: streptozotocin
(STZ)-induced diabetic rats received an i.p. injection of STZ 60 mg/kg body weight; lane 5: SID + I: on day 15 post-STZ treatment insulin was administered subcutaneously
to  SID rats twice a day (at 8:00 A.M. and 8:00 P.M.) for 15 days; lane 6: SID + a-TNF-�: etanercept (8 mg/kg body weight, i.p.) was administered, once a day, twice a week, in
saline  solution starting 15 days after injection of STZ and for 15 days lane 7: SID + AG: aminoguanidine (100 mg/kg body weight, i.p.), was administered, once a day, in saline
solution  starting 15 days after injection of STZ and for 3 days before sacrifice. Protein immunoblot analysis of TNF-� (A) and TNF-R1 (B) in total liver lysate. Typical examples
of  Western blots are shown in top panel for each experimental group. The accompanying bars represent the densitometric analysis of the blots as percentage change from
six  separate animal sets, expressed as arbitrary unit considering control as 100%. Data are expressed as mean ± S.E. (C) NF�B activity is shown as follows: Lane 1: Control;
lane  2: Control + a-TNF-�; lane 3: Control + AG; lane 4: SID; lane 5: SID + I; lane 6: SID + a-TNF-�; lane 7: SID + AG. *p < 0.05 vs Control; †p < 0.05 vs SID.
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Fig. 2. Panel (A) Immunoblot analysis of iNOS expression in total liver lysate. Effect
of  the treatments on each experimental group as was  described in Fig. 1. Typical
examples of Western blots are shown in top panel for each experimental group. The
accompanying bars represent the densitometric analysis of the blots expressed as
percentage change from six separate animal sets. Data are expressed as mean ± S.E.
*p < 0.05 vs Control; †p < 0.05 vs SID. Panel (B) Representative EPR spectra of NO
in  liver tissue were recorded at liquid nitrogen temperature on a Bruker ECS 106
ESR, operating at the microwave frequency 9.41 GHz, microwave power 10 mW,
modulation amplitude 4.75 G and central field 3350 G and were measured at RG:
1  × 103 and 1 scan. The radical was assessed in the following groups: C, SID and
SID + I rats and SID rats pretreated with aminoguanidine and etanercept. Spectra are
representative of at least six independent experiments. There are not differences in
nology 48 (2011) 1397– 1407 1401

2.4. Statistical analysis

Data are presented as mean ± S.E. for at least six rats per group.
Student’s t-test was applied wherever necessary, and statistical
analysis of differences between groups was  performed by one-way
ANOVA followed by Tukey’s method. Differences were considered
as statistically significant when p < 0.05.

3. Results

3.1. Evaluation of induced diabetes and effect of all treatments

Diabetes was confirmed in streptozotocin-injected rats by mon-
itoring weight loss and significant increase in blood glucose levels.
The status of the serum-specific marker related to hepatic damage
is shown in Table 1. We  determined serum hepatic enzyme activi-
ties by a chemical kit (Wiener Lab, Argentina). According to several
authors (Barneo et al., 1990; Fernandes et al., 2010; Hwang et al.,
2005; Frances et al., 2010), our results showed that STZ-induced
diabetes caused a significant increase in serum ALT (alanine amino-
transferase) and AST (aspartate aminotransferase) levels (increased
by factors of 3 and 2, respectively). Only, the treatment with insulin
could keep these levels close to normal.

As expected, streptozotocin treated rats (SID) showed a signif-
icant increase in blood glucose levels and a diminution of body
weight (b.w.) (Table 1). Insulin treatment decreased blood glucose
levels and increased b.w., reaching the control values. No changes
were observed in the parameters tested after treatment of Control
and SID groups with etanercept or AG (Table 1).

3.2. Hepatic TNF-  ̨ and TNF-R1 expression and NF�B activity in
STZ-induced diabetes

Diabetes is considered as an inflammatory disease (Wellen and
Hotamisligil, 2005). Thus, we  analyzed liver TNF-� and its receptor
TNF-R1 levels by Western blot. As shown in Fig. 1A and B, hep-
atic TNF-� and TNF-R1 levels of the diabetic group were higher
than those of the control animals (120% and 300%, respectively).
Treatment of SID rats with insulin (SID + I) markedly decreased the
hepatic TNF-� levels (reaching the control values) as well as TNF-R1
expression, as expected due to its known anti-inflammatory effect
(Fig. 1A and B) (Jeschke et al., 2004). Administration of etanercept
or AG also produced a significant attenuation of both TNF-� and
TNF-R1 when compared to SID, reaching the control values (Fig. 1A
and B).

The diabetic state significantly increased NF�B activity (Fig. 1C)
when compared to the Control group (p < 0.05), while treatment
with insulin significantly attenuated this increment when com-
pared to the SID group (100%, p < 0.05) reaching the values of the
Control group (Fig. 1C).

3.3. iNOS expression and assessment of NO production in the liver

We examined the expression of iNOS in liver cytosolic frac-

tion by Western blot in all experimental groups. Immunoblot
analysis followed by quantitative densitometry from six separate
animal sets revealed that iNOS increased by 500% (p < 0.05) in
SID rats compared to the Control group (Fig. 2A). Treatment of
SID rats with insulin or etanercept or AG markedly decreased the

spectra between C and Control + a-TNF-� or Control + AG (Data not shown). Panel (C)
EPR  comparative quantization of the effect of different treatments on NO production
in  diabetic animals: Lane 1: Control; lane 2: Control + a-TNF-�, lane 3: Control + AG,
lane 4: SID, lane 5: SID + I, lane 6: SID + a-TNF-�, lane 7: SID + AG. *p < 0.05 vs Control;
†p < 0.05 vs SID.
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Fig. 3. (A) Activated caspase-8 expression and activity in diabetic liver: protein immunoblot analysis of casapase-8 was  performed in cytosol fraction. Caspase-8 activity
was  determined fluorometrically in cytosol fraction. Activities represented as bars are showed as arbitrary units. Data are expressed as mean ± S.E. for at least six rats for
each  experimental group. (B) Immunoblotting of cytosolic BID and t-BID expression in mitochondria-enriched fractions of diabetic liver and effect of different treatments in
experimental groups as was described in Fig. 1. Typical examples of Western blots are shown for cytosolic BID and mitochondrial t-BID in top panel for each experimental
group.  The accompanying bars represent the densitometric analysis of the blots for t-BID expressed as percentage change from six separate animal sets. Data are expressed
as  mean ± S.E. *p < 0.05 vs Control; †p < 0.05 vs SID.
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Fig. 4. Western blot analysis of p-JNK in the liver tissue of diabetic animals and
effect of different treatments. Typical examples of Western blots are shown in: Lane
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ytosolic protein levels of iNOS reaching the control values in all
ases. The functional iNOS enzyme was confirmed by NO detec-
ion. We  used in vivo spin-trapping techniques followed by EPR
o assess NO production in rat liver. In this assay, the NO reacts
ith the spin-trapping agent, DETC, producing a stable adduct, NO-

e2+-(DETC)2
− which can be detected and characterized through

ts unique signature EPR spectra. Moreover, the fraction of NO
roduced can be assessed, thereby allowing comparative quantifi-
ation (Mikoyan et al., 1997; Obolenskaya et al., 1994). Results are
resented in Fig. 2 B and C. The diabetic state increased NO pro-
uction in liver homogenates (150%) compared with the Control
roup (p < 0.05), and insulin treatment significantly attenuated this
ncrease observed in SID rats (p < 0.05 vs SID). A dramatic decrease
n the production of NO was found in SID rats when etanercept or
G was administered.

.4. Determination of activated caspase-8 expression and activity
nd analysis of t-Bid protein expression in liver

Rats subjected to induction of diabetes by STZ administration
xhibited a substantial increase in both expression of activated
aspase-8 and their activity in liver cytosolic fraction (Fig. 3A).
nsulin treatment resulted in a significant reduction of the caspase-

 activity induced by the diabetic state. This reduction in both
ctivated caspase-8 expression and their activity was not signifi-
antly different from the diminution obtained upon administration
f etanercept or AG alone.

We also examined the expression of t-Bid in cytosolic frac-
ion and in liver mitochondrial fraction by Western blot in all
xperimental groups. Inmunoblot analysis followed by quantita-
ive densitometry from six separate animal sets revelated that

itochondrial t-Bid protein levels increased by approximately
0% (p < 0.05) in SID group when compared to the Control group
Fig. 3B). Treatment of SID rats with insulin (SID + I) markedly
ecreased the mitochondrial protein levels of t-Bid, reaching the
alues of the Control group. Administration of etanercept or AG
lso produced a significant attenuation of Bid-t in mitochondrial
raction when compared to SID.

.5. Determination of phosphorylated-JNK (p-JNK)

We  evaluated the activation of c-Jun N-terminal kinase (JNK),
ember of the family of the mitogen-activated protein kinase

MAPK), to assess their potential involvement in the diabetic state.
ig. 4 shows an increase in the amount of p-JNK in the liver of dia-
etic rats. Insulin treatment decreases the phosphorylation of JNK.
n addition, JNK is significantly decreased with the administration
f etanercept or AG. The administration of both etanercept and AG
revents the hyperglycemia-induced phosphorylation of JNK.

.6. Assessment of apoptotic cell death

Caspase-3 activity and TUNEL assays were performed in order
o characterize the effect of the diabetic state on induced apo-
tosis in the liver. Results are presented in Fig. 5. Caspase-3 activity
as assayed in liver cytosolic fraction in all experimental groups

nd is presented in Fig. 5A. There was a significant increase in
he caspase-3 activity in SID rats when compared to the Control
roup (p < 0.05). The caspase-3 activity was significantly decreased
y insulin treatment when compared to SID rats (p < 0.05), while
o difference was observed when compared to the Control group.

he administration of etanercept or AG to SID rats had a sim-
lar significant effect on caspase-3 activity as insulin treatment.
ig. 5B shows apoptotic index (AI) expressed as a percentage. Apo-
totic cells were identified in all experimental groups. Typical
eatures of apoptosis, such as cellular shrinking with cytoplas-
1:  Control; lane 2: Control + a-TNF-�, lane 3: Control + AG, lane 4: SID, lane 5: SID + I,
lane  6: SID + a-TNF-�, lane 7: SID + AG. The accompanying bars represent the den-
sitometric analysis of the blots expressed as percentage from six separate animal
sets.  Data are expressed as mean ± S.E. *p < 0.05 vs Control; †p < 0.05 vs SID.

matic acidophilia condensation and margination of chromatin were
corroborated by hematoxylin–eosin staining. The diabetic state sig-
nificantly increased the AI when compared to the Control group
(p < 0.05), while treatments with insulin or etanercept or AG sig-
nificantly attenuated this increment when compared to SID group
(p < 0.05), reaching the control values (Fig. 5B).

In Fig. 5C a representative TUNEL assay for Control, SID, SID + I,
Control + etanercept, Control + AG, SID + etanercept and SID + AG is
shown. TUNEL-positive signal is maximal in the SID group and it
is clear that after the different treatments there is a significant
reduction of TUNEL-positive cells. In no case, the careful histological
analysis of liver sections stained with hematoxylin–eosin showed
inflammatory foci or necrosis (data not shown).

4. Discussion

As diabetes has been considered an inflammatory disease
(Wellen and Hotamisligil, 2005), our guiding hypothesis was that
TNF-� pathways, through its interaction with TNF-R1, induces
caspase-8 and that phosphorylation of JNK could be responsible
for the induction of apoptosis in the liver of STZ-induced diabetic
rats.

Several studies have shown that TNF-� may  be involved in viral
hepatitis, alcoholic hepatitis, ischemia/reperfusion liver injury, and
fulminant hepatic failure. In human disease, serum levels of plasma
TNF-� and hepatic TNF-receptors are frequently increased (Ding
and Yin, 2004). Our data demonstrate that the diabetic state induces
in the liver an increase of TNF-� and its receptor TNF-R1 (see Fig. 1A
and B). NF�B is one of the major transcription factors involved in
the unleashing of the cascade of events leading to inflammation,
and different research groups have demonstrated its activation in

the diabetic liver (Boden et al., 2005; Iwasaki et al., 2007; Bi et al.,
2008; Romagnoli et al., 2010). Data presented in Fig. 1 show that the
increase of the TNF-� levels in the liver of streptozotocin-induced
diabetic rats leads to a marked up-regulation of the NF�B pathway.
It is known that NF-�B is involved in many aspects of cell growth,
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Fig. 5. (A) Caspase-3 activity in diabetic rats and effect of different treatments: The activity of caspase-3 was determined by means of a fluorometric assay. The bars represent
activity expressed as arbitrary units. Data are expressed as mean ± S.E. for at least six rats for each experimental group. *p < 0.05 vs Control; †p < 0.05 vs SID. (B) Effect of NO
and  TNF-� on liver apoptosis of diabetics rats treated and untreated with insulin: Bars of apoptotic index (AI) represent the percentage of apoptotic cells scored at least 1000
hepatocytes per field in 10 fields of tissue sections at a magnification of 400×. Data are expressed as mean ± S.E. for at least six rats for each experimental group. *p < 0.05
vs  Control; †p < 0.05 vs SID. (C) TUNEL assay: A representative TUNEL assay was  performed on liver slides taken from Control, Control + a-TNF-�, Control + AG, SID, SID + I,
SID  + a-TNF-� and SID + AG groups.
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ifferentiation, proliferation and apoptosis through the regulation
f genes by leading to inflammatory, fibrinogenic, and carcinogenic
esponses (Baldwin, 1996; Dandona et al., 2007; Fujioka et al., 2004;
ang et al., 2011). The expression of iNOS is closely related to the
p-regulation of nuclear factor kappa B. NF�B sites have been iden-
ified in the promoter region of the iNOS gene (Saccani et al., 2001).
he latter was evaluated by the significant rise of iNOS protein level
bserved in the hepatic tissue of the same animals (see Fig. 2).
igh levels of TNF-� due to blood glucose levels increased iNOS
xpression leading to a high production of NO (see Fig. 3). Similar
ndings have been reported in different tissues by other authors
Stadler et al., 2003; Powell et al., 2004; Madar et al., 2005). Insulin
reatment of SID animals is accompanied by marked reductions in
NOS as a result of the decrease of both TNF-� and TNF-R1 expres-
ions, as well as a decline of NF�B activity. The same was reported
y other researches working with different tissues (Powell et al.,
004; Begum and Ragolia, 2000). Moreover, Crisafulli et al. and Fries
t al. demonstrated that the pharmacological inhibition of TNF-�
ecreased TNF-R1 and its intracellular signaling (Crisafulli et al.,
009; Fries et al., 2008). In accordance, in our work, the anti-TNF-

 treatment of SID rats led to the diminution in the expression
f TNF-R1 (Fig. 1B). The diminution of TNF-� level by etanercept-
reatment seems to completely abolish the observed increase in
NOS expression induced by the diabetic state. Also, this treatment
educes subsequent production of NO in liver of STZ-induced dia-
etic rats (Fig. 2). High concentrations of glucose have been shown
o increase cytokine-induced increases in iNOS protein (Noh et al.,
002; Xu et al., 1999) in rat tissues. These results are in accordance
ith our observations, since high blood glucose does not increase

NOS protein in the absence of the cytokine TNF-�. The inhibition
f iNOS with a selective inhibitor as aminoguanidine also reduces
roduction of NO in the liver of STZ-induced diabetic rats. iNOS
xpression together with NO level can be an adequate estimation
f enzyme activity (Hickey et al., 2002; Ronco et al., 2007; Zeini
t al., 2005). Furthermore, the blockage of iNOS activity decreases
NF-� production. With these results, we clearly demonstrated an
nteraction between TNF-� pathways and iNOS induction. In addi-
ion, our results show that TNF-� is significantly reduced in diabetic
ats treated with aminoguanidine. In this connection, Sass et al.
emonstrated that iNOS-derived NO regulates pro-inflammatory
enes in vivo (Sass et al., 2001).

Importantly, our work shows, for the first time in an in vivo
odel, an increase of TNF-� which induces the expression of TNF-

1 in the liver of STZ-induced diabetic rats. This augmentation leads
o the activation of NF�B and the subsequent activation of iNOS and
ncreased NO production.

Following TNF-� binding to the TNF-R1, an adaptor molecule
TRADD, TNF receptor-associated DD protein), is recruited by the
ead domain (DD) to form the first protein complex, which also

ncludes TRAF2 (Erroi et al., 1993). This complex then dissoci-
tes from TNF-R1 and forms a different complex in the cytosol,
hich binds FADD (Fas-associated DD protein), and then recruits

aspase-8. Cleavage of pro-caspase 8 allows the release of activated
aspase-8 (Cottet et al., 2002). Caspase-8 can cleave Bid to form an
ctive fragment, t-Bid (Zhao et al., 2003). In the liver of STZ-induced
iabetic rats we observed an increase in the pathway that begins
ith the triggering of receptor TNF-R1 by TNF-�, demonstrated by

ncreased expression and activity of caspase-8 and mitochondrial
-Bid (see Fig. 3A and B). Administration of insulin to SID group
as shown to cause a significant decrease of activated caspase-8

xpression and activity and mitochondrial t-Bid when compared

ith STZ-induced diabetic rats. According to that described by

ther authors in different tissues (Crisafulli et al., 2009; Fries et al.,
008) the anti-TNF-�  (etanercept) treatment was demonstrated
o produce a declination in the response of receptor TNF-R1 to
NF-� (diminished activated caspase-8 expression and activity and
nology 48 (2011) 1397– 1407 1405

mitochondrial protein tBid, in comparison with SID group). Unex-
pectedly, the treatment with iNOS-inhibitor showed a significant
decrease of activated caspase-8 expression and activity in compari-
son with STZ-induced diabetic rats (Fig. 4A). There are two possible
explanations for these observations. One of them is based on the
demonstration that NO leads to up-regulation of caspase-8 (Du
et al., 2006; Li et al., 2007) thus we  propose that a diminution of
NO production may  be associated with the observed decrease of
caspase-8 activity. The second possibility is based on the demon-
stration that the amount of plasma TNF-� and intrahepatic TNF-�
mRNA and protein levels are significantly reduced in iNOS knock-
out mice (Sass et al., 2001), leading to a decreased activation of
caspase-8. Consistent with this, we propose that the treatment with
specific iNOS inhibitor aminoguanidine may  be associated with the
decrease of activated caspase-8 expression and activity observed.

As outlined earlier, the binding of TNF-� to TNF-R1 ultimately
leads to the activation of caspase-8 (Wajant, 2003; Micheau and
Tschopp, 2003). Activated casapase-8 initiates a proteolytic cas-
cade that results in cleavage of the pro-apoptotic protein Bid (Yin,
2000), initiation of the mitochondrial death pathway with release of
cytochrome c, and activation of effectors caspase-3 that ultimately
induce apoptosis (Zhao et al., 2001). Our results clearly show that
in the liver of STZ-induced diabetic rats there is an enlargement of
caspase-3 activity with the consequent increase in the AI (Fig. 5).
In addition, the hormone treatment showed a significant diminu-
tion of AI, reaching the control values due to a normal caspase-3
activity (Fig. 5). A large body of evidence has shown the medi-
ation by PI3K and Akt in the anti-apoptotic action of insulin in
a variety of cell types (Lawlor and Alessi, 2001; Xi et al., 2005;
Ricci et al., 2008). In this work, data strongly suggest that insulin,
also, exerts anti-apoptotic actions in the liver through a diminu-
tion of TNF-�-induced death receptor pathway (Figs. 1 and 4) may
be due to its anti-inflammatory property as has been described
previously (Jeschke et al., 2008). As expected, the anti-TNF-�  (etan-
ercept) treatment showed a reduction of the cascade of events
leading to apoptotic cell death (Figs. 4 and 5). Etanercept treat-
ment showed a significant diminution of AI, reaching the control
values due to a normal caspase-3 activity (Fig. 5). In addition, AG-
treatment (which showed a diminution of TNF-� level) decreases
caspase-8 and caspase-3 activities, resulting in effective blockade
of apoptosis in the liver of STZ-diabetic rats (Fig. 5).

The marked increase in the activity of caspase-8 and NO levels
compared with a slight increase in the activity of caspase-3 and the
apoptotic index observed in the liver of STZ-diabetic rats could be
explained by the complex regulation of the mediators involved in
triggering apoptosis. In this sense, apoptosis could proceed along
the extrinsic pathway (death receptor pathway) or the intrinsic
pathway (mitochondrial pathway), which interacts with each other
broadly (Chen et al., 2007). The need for the mitochondrial pathway
in the activation and progression of death receptor-mediated apo-
ptosis varies considerably, depending on the type of cells, the type
of stimuli, and the strength of the stimulation. In a previous work,
we have demonstrated that diabetes induces liver apoptosis via
mitochondrial pathway through the increases of hydroxyl radical
(Frances et al., 2010).

An early study had demonstrated that the activation of JNK
is associated with increased TNF-induced apoptosis hepatocytes
(Wullaert et al., 2006). In this connection, our results demon-
strate that the diabetes leads to the activation of JNK, inducing an
increase of the apoptotic index. Moreover, we demonstrated that
the diminution of TNF-� levels by the treatment with etanercept

seems to completely abolish the observed activation of JNK induced
by the diabetic state, leading to the diminution of the apoptosis
(Figs. 4 and 5).

Overall, in the present study we  demonstrated that in the dia-
betes enhances TNF-� in the liver, which may  be a fundamental
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ig. 6. Proposed scheme for mechanism involved in the TNF-�-induced apoptosis
n diabetes type 1 liver disease. In diabetic state the hepatic TNF-� elevation induces
ctivation of NF�B, caspase-8 and JNK, which leads to an increase in apoptotic event.

ey leading to apoptotic cell death, through activation of caspase-
, NF�B and JNK pathways (Fig. 6). The relevance of our study is to
rovide further knowledge about the mechanisms which may  con-
ribute to the liver complications associated with type 1 diabetes.
he regulation of hepatic TNF-� level and iNOS activity in the dia-
etic state could be of therapeutic relevance for improvement or
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