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Abstract

Smoking is a major risk factor for diabetes and cardiovascular disease and may contribute to non-
alcoholic fatty liver disease (NAFLD). The health risk associated with smoking is exaggerated by
obesity and is the leading causes of morbidity and mortality worldwide. We recently demonstrated
that combined treatment with nicotine and a high-fat diet (HFD) triggers greater oxidative stress,
activates hepatocellular apoptosis, and exacerbates HFD-induced hepatic steatosis. Given that
hepatocellular apoptosis plays a pivotal role in the pathogenesis of NAFLD, using this model of
exacerbated hepatic steatosis, we elucidated the signal transduction pathways involved in HFD
plus nicotine-induced liver cell death. Adult C57BL6 male mice were fed a normal chow diet or
HFD with 60% of calories derived from fat and received twice daily IP injections of 0.75 mg/kg
BW of nicotine or saline for 10 weeks. High resolution light microscopy revealed markedly higher
lipid accumulation in hepatocytes from mice received HFD plus nicotine, compared to mice on
HFD alone. Addition of nicotine to HFD further resulted in an increase in the incidence of
hepatocellular apoptosis and was associated with activation of caspase 2, induction of inducible
nitric oxide synthase (iNOS), and perturbation of the BAX/BCL-2 ratio. Together, our data
indicate the involvement of caspase 2 and iINOS —mediated apoptotic signaling in nicotine plus
HFD-induced hepatocellular apoptosis. Targeting the caspase 2-mediated death pathway may have
a protective role in development and progression of NAFLD.
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Introduction

Cigarette smoking is the leading preventable cause of death and disability from various
diseases worldwide [1]. Smoking is a major risk factor for cardiovascular disease, chronic

Address for Correspondence: Amiya P. Sinha-Hikim, Division of Endocrinology, Metab%llsm and Molecular Medicine, Department
of Internal Medicine, Charles R. Drew University of Medlcme and Science, 1731 E. 120" Street, Los Angeles, CA 90059. Tel:
323-563-5974, Fax: 323-563-9352, amiyasinhahikim@cdrewu.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ivey et al.

Page 2

obstructive pulmonary disease and lung cancer [2-4]. There is increasing evidence that
smoking also contributes to nonalcoholic fatty liver disease (NAFLD) [5-8]. Importantly,
the health risk associated with smoking is exaggerated by obesity, and smoking and obesity
are the leading causes of morbidity and mortality worldwide [9, 10].

NAFLD is the most common form of liver pathologies and includes the whole spectrum of
fatty liver, ranging from simple steatosis to nonalcoholic steatohepatitis (NASH), which can
progress to liver cirrhosis and hepatocellular carcinoma [11, 12]. Oxidative stress coupled
with hepatocellular apoptosis is believed to play a pivotal role in pathogenesis of NAFLD
[12-14]. In fact, emerging data now show that hepatocellular apoptosis is a prominent
feature in patients with NAFLD and NASH and correlates with disease severity [15, 16]. In
a recent study, we have shown that nicotine in combination with high-fat diet (HFD) triggers
greater oxidative stress, activates hepatocellular apoptosis, and amplifies HFD-induced
hepatic steatosis [17]. The additive effects of nicotine on hepatocellular apoptosis was
further associated with activation of c-Jun-NHy-terminal kinase (JNK) and downstream
caspases 9 and 3 [17]. However, we do not know what triggers JNK activation or the
signaling events that link JNK activation to downstream caspase activation leading to
hepatocellular apoptosis.

Caspase 2 plays an important role in inducing apoptosis in various cell systems working
upstream of JNK activation and mitochondria-dependent apoptotic pathway, characterized
by perturbation of BAX/BCL2 ratio and activation of the initiator caspase 9 [18-21]. Of
importance, oxidative stress can trigger caspase 2 activation [18, 20, 21]. Nitric oxide (NO)
production through up-regulation of inducible nitric oxide synthase (iNOS) can also be a
potential target of JINK signaling [22, 23]. Increased nitric oxide (NO) production, through
upregulation of iNOS, has also been implicated in cellular injury and apoptosis in a variety
of cell systems, including hepatocytes [22, 23, 24]. One possible mechanism by which NO
can induce apoptosis is through perturbation of the BAX/BCL2 rheostat and the subsequent
activation of the mitochondria-dependent death pathway [22, 24]. We, therefore,
hypothesize that nicotine in combination with a HFD induces hepatocellular apoptosis
through activation of caspase 2 and iINOS mediated apoptotic signaling. To this end, we fed
C57BL/6J mice a HFD deriving 60% of calories from fat in the presence of nicotine for 10
weeks to induce hepatocellular apoptosis and hepatic steatosis [17].

Materials and methods

Animals and experimental protocol

Male 10-week old C57BL/6 mice weighing 22—-24 g obtained from Taconic Farms
(Germantown, NY, USA) were used for all experiments. Mice were housed (2—4 per cage)
under controlled temperature (22°C) and photoperiod (12-h light and 12-h dark cycle) with
free access to water and food. Groups of five mice were fed either a normal chow diet
(NCD) with 5% fat (2.03 kcal/gm; laboratory rodent diet no. 5001; Lab diet, Richmond, IN)
or HFD with 60% of calories derived from fat consisting of 26.2% protein, 26.3%
carbohydrate, and 34.9% fat, mostly lard (5.24 kcal/g; D12492; Research Diets, New
Brunswick, NJ) for 10 weeks as described previously [17]. Mice on either diet (n=5)
received twice daily IP injections of nicotine (0.75 mg/kg BW) or saline for 10 weeks. Mice
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were fasted overnight before euthanasia with a lethal injection of sodium pentobarbital (200
mg/kg BW). Livers were removed and were either fixed in 2.5% glutaraldehyde for high-
resolution light microscopy or 4% formalin for routine histological and
immunohistochemical or immunofluorescence studies. Animal handling and
experimentation were in accordance with the recommendation of the American Veterinary
Medical Association and were approved by the Charles R. Drew University School of
Medicine and Science Institutional Animal Care and Use Committee (IACUC).

Liver pathology

Liver pathology was evaluated by high-resolution light microscopy using glutaraldehyde
fixed, osmium tetroxide post-fixed, epoxy embedded, and toluidine blue stained sections as
described before [17, 25].

Assessment of apoptosis

In situ detection of cells with DNA strand breaks was performed in formalin-fixed, paraffin-
embedded liver sections by the terminal deoxynucleotidyl transferase (TdT)-mediated
deoxy-UTP nick end labeling (TUNEL) technique [17, 25] using an ApopTag-peroxidase kit
(Chemicon International, Inc., San Francisco, CA, USA). The rate of hepatocellular
apoptosis was expressed as the percentage of the TUNEL-positive apoptotic nuclei per total
(apoptotic plus non-apoptotic) nuclei present within a reference area of 62,500 pm? [17, 25].

Immunohistochemical and immunofluorescence analyses

Formalin fixed, paraffin-embedded liver sections were immunostained as described
previously [17, 25]. Given that nicotine treatment neither affect liver morphology nor alter
the incidence of hepatocellular apoptosis in mice feed with NCD [17], we only used liver
sections from NCD-fed mice without nicotine as controls. Primary antibodies included
rabbit polyclonal iNOS (1:100) from BD Transduction Laboratories, San Diego, CA, active
caspase 2 (1:50), BAX (1:200), and BCL-2 (1:200) from Santa Cruz Biotechnology, Santa
Cruz, CA. Immunoreactivity was detected using biotinylated anti-rabbit 1gG secondary
antibody followed by avidin-biotinylated horseradish peroxidase complex, and visualized
with diaminobenzidine tetrahydrochloride (DAB) as per the manufacturer’s instructions
(VECTASTAIN Elite ABC Rabbit IgG kit, Burlingame, CA). Slides were counterstained
with hematoxylin. Negative controls were run for every assay and processed in an identical
manner, except the primary antibody was substituted by the rabbit 1gG. Enumeration of
active caspase 2-postive hepatic cells was carried out in liver sections using an American
Optical Microscope with an X40 objective and a pair of X10 eyepieces. A square grid fitted
within one eyepiece provided a reference of 62,500 um?2. In certain cases, immunoreactivity
was quantified by computerized densitometry using the ImagePro Plus, version 5.1 software
(Media Cybernetics, Silver Spring, MD) coupled to an Olympus BHS microscope equipped
with a VCC video camera as described previously [25].

Induction of iINOS in hepatic cells undergoing apoptosis was detected by fluorescence
microscopy using double immunostaining as previously described [17, 25]. In brief, after
fluorescein staining for TUNEL, slides were incubated in a humidified chamber for
overnight at 4°C with a rabbit polyclonal iNOS (1:100) antibody followed by goat-anti-

Horm Metab Res. Author manuscript; available in PMC 2015 February 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ivey et al.

Page 4

rabbit Texas Red-labeled secondary antibody for 45 min at room temperature, washed and
mounted in ProLong Antifade (Molecular Probes). For controls, sections were treated only
with secondary antibody, and no signals were detected. Sections were viewed with a Zeiss-
Axioscop fluorescence microscope.

Western blotting

Western blotting was performed using liver lysates as described previously [17, 25, 26]. In
brief, proteins (50-80 pg) were separated on a 4-12% SDS-polyacrylamide gel with 2-(N-
morpholine) ethane sulfonic acid or 3 (N-morpholino) propane sulfonic acid buffer
purchased from Invitrogen (Carlsbad, CA, USA) at 200V. Gel was transferred on an
Immuno-blot PVDF Membrane (Bio-Rad, Hercules, CA, USA) overnight at 4°C.
Membranes were blocked in blocking solution (0.3% Tween 20 in Tris-buffered saline and
10% nonfat dry milk) for 1 h at room temperature then probed using rabbit polyclonal active
caspase 2 (1:200), BAX (1:200), and BCL-2 (1:200) antibodies from Santa Cruz
Biotechnology for 1 h at room temperature or overnight at 4°C with constant shaking.
Following 3 X 10-min washes in TBS-T buffer, membranes were then incubated in anti-
rabbit 1gG secondary antibody (Amersham Biosciences, Piscataway, NJ, USA) at a 1:2000
dilution. For immunodetection, membranes were washed three times in TBS-T wash buffer,
incubated with ECL solutions per manufacturer’s specifications (Amersham Biosciences),
and exposed to Hyper film ECL. The membranes were stripped and re-probed with a rabbit
polyclonal GAPDH (1:2000) from Millipore, Billerica, MA, for normalization of the
loading. Band intensities were determined using Quantity One software from Bio-Rad.

Statistical analysis

Results

Statistical analyses were performed using the SigmaStat 2.0 Program (Jandel Corporation,
San Rafael, CA, USA). Data were presented as mean £ SEM. We used one-way Analysis of
Variance (ANOVA) to assess the statistically significant difference among various treatment
groups. If overall ANOVA revealed significant differences, post-hoc (pairwise) comparisons
were performed using Tukey’s tests. Differences were considered significant if p< 0.05.

Nicotine exacerbates HFD-induced hepatic steatosis and induces hepatocellular apoptosis
in obese mice

We recently reported on the effects of nicotine plus HFD on body weight and food intake
[26]. There was no difference in body weight in mice on a NCD with or without nicotine.
Mice fed with HFD exhibited a progressive increase in body weight relative to mice fed with
NCD in the absence or presence of nicotine. By 10 weeks of combined treatment with
nicotine and HFD, mean body weight was reduced by 17.6% relative to mice fed with HFD
alone. This reduction in body in the combined treatment group was also associated with
reduced food intake. In the current study, we examined the effect on nicotine plus HFD on
hepatic steatosis and hepatocellular apoptosis. High-resolution light microscopy using
glutaraldehyde fixed, osmium tetroxide post-fixed, epoxy embedded, and toluidine blue
stained liver sections from mice fed NCD in the absence (Fig. 1a) or presence (Fig. 1b) of
nicotine exhibited normal morphology. Mice fed a HFD showed accumulation of many

Horm Metab Res. Author manuscript; available in PMC 2015 February 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ivey et al.

Page 5

smaller lipid droplets (Fig. 1c). Notably, addition of nicotine to HFD caused a striking
increase in larger lipid droplets (Fig. 1d) compared to those from mice fed HFD and saline
(Fig. 1c). We next examined the additive effects of nicotine and HFD on liver cell apoptosis.
Compared with mice fed NCD with or without nicotine (Fig. 1e, panel I), or HFD (Fig. le,
panel I1) where little or no apoptosis is detected, combined treatment with nicotine and
HFD resulted in a marked increase in the incidence apoptosis (Fig. 1e, panel 111). As shown
in Fig. 1f, a very low incidence, expressed as the percentage of TUNEL-positive nuclei per
total (apoptotic plus non-apoptotic) nuclei, of apoptosis was noted in mice on a NCD in the
presence or absence of nicotine. While HFD alone resulted a modest but significant (p<0.05)
increase in the incidence of hepatocellular apoptosis, HFD plus nicotine induced a further
significant (p<0.05) increase in the incidence of hepatocellular apoptosis.

Involvement of caspase 2 and iNOS in nicotine plus HFD-induced hepatocellular apoptosis

Because caspase 2 works upstream of JNK activation and mitochondria-dependent apoptotic
pathway [18, 19], we carried out Western blot analysis of active caspase 2 (Fig. 2a).
Densitometric analysis revealed a significant increase (p <0.05) in active caspase 2 levels in
the combined treatment group as compared to either treatment alone (Fig. 2b). We also
visualized caspase 2 activation by immunohistochemistry. Compared with mice on a NCD
(Fig. 2c. panel ), where no active caspase 2-positive cells were noted, occasional active
caspase-2-positive cells could be seen in the liver of mice fed HFD (Fig. 2c. panel I1).
When combined, nicotine plus HFD resulted in a marked increase in the number of active
caspase 2-positive liver cells (Fig. 2c. panel 111). Morphometric analysis further confirmed
the histological findings and revealed a significant increase (p<0.05) in the number of active
caspase 2-positive liver cells (12.6 + 2.5) after combined treatment with nicotine and HFD
compared with mice on a HFD alone (2.8 + 0.4). The number of caspase 2-positive liver
cells was very low (0.9 £ 0.4) in NCD-fed mice.

We next examined the role of iINOS in nicotine plus HFD-induced hepatocellular apoptosis.
Compared with mice on NCD, where no iNOS immunoreactivity is detected (Fig. 2d. panel
1), we found a marked increase in the expression of iNOS in selective hepatic cells in mice
fed with HFD (Fig. 2d. panel I1). A further increase in the number of iNOS-positive
hepatocytes was noted in the combined treatment group (Fig. 2d. panel 111). Image analysis
further showed that HFD alone led to a significant (p<0.01) increase in hepatocyte iINOS
staining intensity (by 21.2-fold) compared with mice on a NCD. Combined with nicotine,
HFD caused an additional (1.4-fold) increase in iNOS staining intensity. Double
immunofluorescence staining of INOS and TUNEL further confirmed induction of iNOS
only in those hepatic cells undergoing apoptosis (Fig. 2e. panels I-I11).

We next examined the expression profiles of BAX and BCL-2 via immunoblotting and
immunohistochemical techniques. Western blot analysis revealed a significant (p<0.05)
increase in BAX and a decrease in BCL-2 expression in the combined treatment group
compared with those from mice fed NCD or HFD alone (Supplementary (S) Fig. 1a—c). We
also found a marked increase in BAX immunoreactivity in hepatocytes after combined
treatments with nicotine and HFD (S1d. panel 111) compared with those from mice fed NCD
(S1d. panel 1) or HFD alone (S1d. panel I1). Consistent with its anti-apoptotic role, we found
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a marked a decrease in the BCL-2 expression after combined treatments with nicotine and
HFD (S1d. panel V1) compared with those from mice fed NCD (S1d. panel 1V) or HFD
alone (S1d. panel V).

Discussion

In a recent study, using the model of diet-induced obesity in C57BL6J mice, we
demonstrated that nicotine in combination with a HFD triggered greater oxidative stress,
activated hepatocellular apoptosis, and amplified HFD-induced hepatic steatosis [17]. In the
current study, using the same model system, we show that nicotine plus HFD triggers
hepatocellular apoptosis through activation of caspase 2, induction of iNOS, and
perturbation of the BAX/BCL-2 ratio.

Consistent with a role of caspase 2 in apoptotic signaling in hepatic cells of patients with
different stages of NAFLD ranging from simple steatosis to NASH [16], in the present
study, we show activation of caspase 2 as evidenced by immunoblotting and
immunohistochemical staining of liver sections for active caspase 2 in the combined
treatment group compared with that of mice on a HFD alone. Emerging evidence now
suggests that oxidative stress can trigger activation of caspase 2 in various cell systems [18—
21]. Our group has shown that indeed nicotine when combined with a HFD triggers a higher
degree of hepatic oxidative stress compared to either insult alone [17]. Thus, the signal for
activation of caspase 2 most likely emanates from the generation of severe oxidative stress
in the combined treatment group.

The downstream signaling pathways that link caspase 2 activation and hepatocellular
apoptosis have not been previously identified. One possibility is that increased oxidative
stress can induce hepatocellular apoptosis in response to HFD plus nicotine is through
activation of JINK signaling [17, 22, 25, 27], resulting in the activation of the mitochondria-
dependent intrinsic pathway signaling [17, 22, 25, 27]. Consistent with this possibility, we
recently demonstrated activation of JNK and caspases 9 (the key initiator caspase in the
intrinsic pathway signaling) and 3 in nicotine plus HFD-induced hepatocellular apoptosis
[17].

The downstream signaling events that couple JNK activation with hepatocellular apoptosis
have not been well-identified. One possible mechanism by which JNK could induce
apoptosis is through induction of iNOS, resulting in NO production and subsequent
activation of mitochondria-dependent death pathway. There are previous studies
demonstrating a role for JINK in iNOS induction [22-24]. It is worth noting that iNOS plays
a crucial role in the development and progression of hepatic steatosis in diet-induced obese
mice [24, 28, 29]. Increased NO production, through up-regulation of iNOS, has also been
implicated in cellular injury and apoptosis in various cell systems, including hepatic cells
[22, 24]. Consistent with a role of iNOS in hepatocyte apoptosis, in the present study, we
found additive effects of HFD and nicotine on iNOS induction in selective hepatic cells. Co-
staining of TUNEL and iNOS further confirmed induction of iNOS only in those hepatic
cells undergoing apoptosis. iNOS induction is further associated with stimulation of the
mitochondria-dependent apoptotic pathway, characterized by the perturbation of the BAX/

Horm Metab Res. Author manuscript; available in PMC 2015 February 13.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ivey et al.

Page 7

BCL-2 ratio. Together, these data indicate that caspase 2 and NO-mediated mitochondria

de
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pendent pathway plays an important role in the regulation of nicotine plus HFD-induced
patocellular apoptosis (Fig. 3).

summary, we have provided insights into the molecular mechanisms by which nicotine
acerbates HFD-induced hepatocellular apoptosis. This study further emphasizes the
itability of this model to study NAFLD, with a goal of developing better therapeutic

remedies against fatty liver. Targeting the caspase 2 activation and interrupting NO
production may have a protective role in development and progression of hepatic steatosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative light microscopic images of glutaraldehyde-fixed, osmium tetroxide post-

fixed, epoxy-embedded, and toluidine-blue stained liver sections from mice fed with NCD
in the absence (a) or presence (b) of nicotine or HFD without (c) or with (d) nicotine. Note a
marked increase in lipid accumulation of varying sizes in the liver after combined treatments
with nicotine and HFD (d). e. In situ detection of hepatocyte apoptosis detected by TUNEL
in control mice fed NCD (panel I), HFD in the absence (panel I1) or presence (arrow; panel
111) of nicotine. Scale bar = 20 pm. f. Quantitation of hepatocellular apoptosis. Apoptotic
rate was expressed as the percentage of TUNEL-positive nuclei per total nuclei (apoptotic
plus non-apoptotic nuclei) counted in a unit reference area. Values are means + SEM (n=5).
Means with unlike superscripts are significantly (p<0.05) different.
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Fig. 2.

a.%Nestern blot analysis shows increased expression of hepatic active caspase 2 in the
combined treatment group as compared to mice fed NCD or HFD alone. GAPDH in the
immunoblot is shown as a loading control. b. Quantitation of band intensities. Data for
active caspase 2 were normalized to GAPDH. Values are means £ SEM (n=5). Means with
unlike superscripts are significantly (p<0.05) different. c. Visualization of caspase 2
activation in hepatocytes by immunohistochemistry in mice fed NCD (panel I) or HFD in
the absence (panel I1) or presence (panel I11) of nicotine. d. iNOS induction in the
hepatocytes from mice fed NCD (panel 1) or HFD in the absence (panel Il) or presence
(panel 111) of nicotine. f. Double immunofluorescence staining shows TUNEL (green), iNOS
(red), and colocalization of TUNEL and iNOS (yellow) in apoptotic hepatocytes. Scale
bar=20 pum.
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Fig. 3.
Key signaling pathways involved in nicotine plus HFD-induced hepatocellular apoptosis.

Nicotine when combined with a HFD induces oxidative stress and results in activation of
caspase 2 and JNK and induction of iNOS. It is likely that induction of iNOS, through
increased nitric oxide production, perturbs BAX/BCL-2 ratio and triggers cytochrome ¢
release from mitochondria, resulting in activation of caspases 9 and 3 and hepatocellular
apoptosis [17, 22].

Horm Metab Res. Author manuscript; available in PMC 2015 February 13.



