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Smoking is a major risk factor for diabetes and cardiovascular disease and may contribute to
nonalcoholic fatty liver disease. We hypothesize that in the presence of nicotine, high-fat diet
(HFD) causes more severe hepatic steatosis in obese mice. Adult C57BL6 male mice were fed a
normal chow diet or HFD and received twice daily injections of nicotine (0.75 mg/kg body weight,
ip) or saline for 10 wk. Light microscopic image analysis revealed significantly higher lipid accu-
mulation in livers from mice on HFD plus nicotine (190 = 19 um?), compared with mice on HFD alone
(28 = 1.2 um?). Asignificantreduction in the percent volume of endoplasmicreticulum (67.8%) and
glycogen (49.2%) was also noted in hepatocytes from mice on HFD plus nicotine, compared with
mice on HFD alone. The additive effects of nicotine on the severity of HFD-induced hepatic steatosis
was associated with significantly greater oxidative stress, increased hepatic triglyceride levels,
higher incidence of hepatocellular apoptosis, inactivation (dephosphorylation) of AMP-activated
protein kinase, and activation of its downstream target acetyl-coenzyme A-carboxylase. Treatment
with acipimox, an inhibitor of lipolysis, significantly reduced nicotine plus HFD-induced hepatic
lipid accumulation. We conclude that: 1) greater oxidative stress coupled with inactivation of
AMP-activated protein kinase mediate the additive effects of nicotine and HFD on hepatic steatosis
in obese mice and 2) increased lipolysis is an important contributor to hepatic steatosis. We surmise
that nicotine exposure is likely to exacerbate the metabolic abnormalities induced by high-fat
intake in obese patients. (Endocrinology 153: 5809-5820, 2012)

igarette smoking is the leading preventable cause of

death and disability worldwide (1). It constitutes a
major risk factor for cardiovascular disease, chronic ob-
structive pulmonary disease, and lung cancer (2-4).
Mounting evidence supports the notion that smoking con-
tributes to nonalcoholic fatty liver disease (NAFLD). NA-
FLD 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
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carcinoma (5-7). Multiple logistic regression analysis
from a recent retrospective follow-up study involving
2029 Japanese subjects over a 10-yr period demonstrated
that cigarette smoking is an independent risk factor for
NAFLD (adjusted odd ratio 1.91; 95% confidence inter-
val 1.34-2.72) (8). A statistically significant (P < 0.0001)
association between smoking history and severity of liver

Abbreviations: ACC, Acetyl-coenzyme A-carboxylase; ALT, alanine aminotransferase;
AMPK, AMP-activated protein kinase; BMI, body mass index; BW, body weight; DXA,
dual-energy x-ray absorption; ER, endoplasmic reticulum; FFA, free fatty acid; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; GSH, glutathione; GSSG, oxidized GSH;
H&E, hematoxylin and eosin; HFD, high-fat diet; 4-HNE, 4-hydroxy-trans-2-nonenal; JNK,
c-Jun-NH,-terminal kinase; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
steatohepatitis; NCD, normal chow diet; ROS, reactive oxygen species; TUNEL, terminal
deoxynucleotidyl transferase 2’-deoxyuridine, 5'-triphosphate nick end labeling; V,, vol-
ume density; V, %, percentage of the hepatocyte volume.
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fibrosis has also been demonstrated in a large multicenter
cohort of 1091 subjects with biopsy-proven NAFLD (9).
Of further importance, the health risk associated with
smoking, whether passive or active, is exaggerated by obe-
sity, and smoking and obesity are the leading causes of
morbidity and mortality worldwide (10, 11). The life ex-
pectancy of an obese smoker is 13 yr less than that of a
normal-weight nonsmoker (10). Furthermore, smoking
lowers the body weight and body mass index (BMI), which
make many people reluctant to quit smoking (10).

In the United States, 72 % of the adult male population
is overweight or obese with 11% of which having a BMI
of 35 kg/m?* and 4% with a BMI of at least 40 kg/m* (12).
Obese men are at a higher risk to develop atherosclerosis,
coronary heart disease, diabetes, hypertension, dyslipide-
mia, and NAFLD (13, 14). NAFLD, in turn, is an inde-
pendent risk factor of atherosclerosis and cardiovascular
disease (15, 16). Currently, 34% of the general population
and over 75% of the obese and extremely obese individ-
uals are estimated to have hepatic steatosis (17). Hispanics
have the highest prevalence of hepatic steatosis followed
by Caucasians and then African-Americans (18).

In a recent study (19), we demonstrated that twice daily
ip injections of nicotine [0.75 mg/kg body weight (BW)]
blunted weight gain in mice fed with either a high-fat diet
(HFD) or normal chow diet (NCD), although this effect
was significantly greater in mice on a HFD relative to mice
on a NCD. Nicotine treatment also led to a reduction in
body fat on mice on a HFD as determined by both dual-
energy x-ray absorption (DXA) and computed tomogra-
phy scans. In that study, we further noted that the effect of
nicotine on weight loss in mice on a HFD was completely
blocked by mecamylamine, a nonselective nicotinic ace-
tylcholine receptor antagonist, suggesting a direct role of
nicotine in preventing HFD-induced weight gain and ab-
dominal fat accumulation in mice (19). This, at first
glance, suggests that nicotine may prevent HFD-induced
obesity. However, adipose tissue has the unique function
of storing triglycerides in lipid droplets and upon lipolysis,
to provide free fatty acid (FFA) to other organs during time
of energy shortage (20). In obesity and other conditions
where cellular lipid homeostasis is perturbed, lipolysis can
contribute to ectopic lipid accumulation (21). Accord-
ingly, increased abdominal lipolysis triggered by com-
bined treatment with nicotine and a HFD would be ex-
pected to result in ectopic lipid accumulation in tissues
such as liver and muscle. Indeed, recent animal studies,
using first- or second-hand smoke, have shown that nic-
otine further worsens HFD-induced hepatic steatosis in
genetic models of obesity and NAFLD, such as Zucker rats
or Apolipoprotein B transgenic mice (22, 23).

Effect of Nicotine Plus a HFD on Hepatic Steatosis

Endocrinology, December 2012, 153(12):5809-5820

In the current study, we tested the emerging hypothesis
that nicotine plus a HFD exacerbates HFD-induced he-
patic steatosis in part because of increasing lipolysis. To
this end, we fed C57BL/6] mice a HFD deriving 60% of
calories from fat (19), a commonly used model of diet-
induced obesity (24-27). Under these conditions, mice
develop visceral adiposity, hyperglycemia, insulin and lep-
tin resistance, as well as hepatic steatosis (25, 26).

Materials and Methods

Animal

Male 10-wk-old C57BL/6 mice weighing 22-24 g obtained
from Taconic Farms (Germantown, NY) were used for all ex-
periments. Mice were housed (two to four per cage) under con-
trolled temperature (22 C) and photoperiod (12-h light, 12-h
dark cycle) with free access to water and food. Mice were fed
either aNCD with 5% fat (2.03 kcal/g; 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% carbohy-
drate, and 34.9% fat (5.24 kcal/g; D12492; Research Diets, New
Brunswick, NJ) for 10 wk. Animal handling and experimenta-
tion were in accordance with the recommendation of the Amer-
ican Veterinary Medical Association and were approved by the
Charles R. Drew University School of Medicine and Science In-
stitutional Animal Care and Use Committee.

Mice on either diet received twice daily ip injections of nic-
otine (0.75 mg/kg BW) or saline for 10 wk. (—)Nicotine liquid
was purchased from Sigma Life Science (St. Louis, MO) and was
covered with aluminum foil during storage to prevent light ex-
posure. To determine whether nicotine-induced abdominal fat
lipolysis mediated the ectopic fat deposition in the liver, addi-
tional groups of mice on a HFD were given nicotine or saline in
the presence or absence of acipimox (0.05% in the drinking
water) for 12 wk.

Animals were weighed daily, and the weight change from
baseline was calculated. The amount of food consumed per
mouse was also determined daily. Before killing, mice underwent
DXA scanning as described previously (19). Mice were fasted
overnight before euthanasia with a lethal injection of sodium
pentobarbital (200 mg/kg BW). Livers were removed and
weighed. Portions of liver were snap frozen in liquid N, and
stored frozen for subsequent measurements of alanine amino-
transferase (ALT), triglycerides, oxidative stress, kinase activa-
tion, and changes in protein expression. The remaining portions
of liver were either fixed in 2.5% glutaraldehyde for high-reso-
lution light and electron microscopy or 4% paraformaldehyde
for routine histological and immunohistochemical or immuno-
fluorescence studies.

Measurements of hepatic ALT and triglyceride
levels

ELISA kit (Uscn Life Science, Inc., Wuhan, China) was used
for quantitative determination of aminotransferase (ALT) levels
in liver lysates as per the manufacturer’s instruction. Hepatic
triglyceride levels were measured by using Abcam’s triglyceride
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quantitation kit according to manufacturer’s protocol (Abcam,
Cambridge, MA).

Measurements of oxidative stress

Hepatic reduced glutathione (GSH) to oxidized GSH (GSSG)
ratio was measured using a commercial kit (BIOXYTECH GSH/
GSSG-412 assay kit; OXISResearch, a division of Oxis Health
Product, Inc., Portland, OR), as described previously (28-30).
The GSH to GSSG ratio is inversely related to reactive oxygen
species (ROS) levels. Further evaluation of oxidative stress was
achieved by measuring 4-hydroxy-trans-2-nonenal (4-HNE) lev-
els, a biomarker of oxidative stress (31, 32), using an ELISA kit
as described previously (29).

Assessment of apoptosis

In situ detection of cells with DNA strand breaks was per-
formed in paraformaldehyde-fixed, paraffin-embedded liver sec-
tions by the terminal deoxynucleotidyl transferase 2’-deoxyuri-
dine, 5'-triphosphate nick end labeling (TUNEL) technique (28,
30, 33, 34) using an ApopTag-peroxidase kit (Chemicon Inter-
national, Inc., San Francisco, CA). Enumeration of TUNEL-pos-
itive nuclei was carried out in liver sections using an American
Optical Microscope with a X40 objective and a pair of X10
eyepieces (Scientific Instruments, Buffalo, NY). Methyl green
was used as a counterstain to detect nonapoptotic nuclei. A
square grid fitted within one eyepiece provided a reference of
62,500 um?. The rate of hepatocellular apoptosis was expressed
as the percentage of the TUNEL-positive apoptotic nuclei per
total nuclei (apoptotic plus nonapoptotic) present within the
reference area (30).

Liver pathology

Liver pathology was evaluated using conventional histolog-
ical analysis on hematoxylin and eosin (H&E)-stained sections.
Further evaluation of pathology was achieved by high-resolution
light microscopy using glutaraldehyde-fixed, osmium tetroxide-
postfixed, epoxy-embedded, and toluidine blue-stained sections
(30, 35) and electron microscopy. For electron microscopic stud-
ies, thin sections from selected tissue blocks were sectioned with
an LKB ultramichrotome, stained with uranyl acetate, and ex-
amined with a Hitachi 600 electron microscope (Hitachi, Indi-
anapolis, IN). An observer who was unaware of the treatment
assignment performed and analyzed the electron micrographs.
From each treatment group, 80 micrographs (20 micrographs/
mouse) were selected for ultrastructural analysis. The point-
counting method (36, 37) was used to estimate the volume den-
sity (V) (the volume of a given cellular component per unit cell
volume) of lipid droplets and various organelles by superimpos-
ing a transparent overlay bearing a double-lattice grid on elec-
tron micrographs of hepatocytes. The V, was obtained by di-
viding the points on lipid droplets or mitochondria by the total
number of points counted over the hepatocyte. Values were ex-
pressed as percentages of the hepatocyte volume (V,%), ob-
tained by multiplying Vs by 100.

Immunofluorescence analyses

Activation of c-Jun-NH,-terminal kinase (JNK) in liver cells
undergoing apoptosis was detected by confocal microscopy us-
ing double immunostaining for the phospho-JNK (red) and DNA
fragmentation (green) as previously described (30, 34, 38). In
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situ detection of cells with DNA strand breaks was performed in
paraformaldehyde-fixed, paraffin-embedded liver sections using
an ApopTag Fluorescein kit (Chemicon International, Inc.). In
brief, after fluorescein staining, slides were then incubated in a
humidified chamber for overnight at 4 C with a rabbit polyclonal
phospho-JNK, which detects JNK only when phosphorylated at
threonine 183 and tyrosine 185 (1:100) from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA) followed by goat-antirabbit
Texas Red-labeled secondary antibody for 45 min at room tem-
perature, washed, and mounted in ProLong Antifade (Molecular
Probes, Eugene, OR). For negative controls, sections were
treated only with secondary antibody, and no signals were
detected.

Western blotting

Western blotting was performed using liver lysates as de-
scribed previously (28, 30, 33, 34). In brief, proteins (50— 80 ug)
were separated on a 4-12% SDS-PAGE with 2-(N-morpholine)
ethane sulfonic acid or 3 (N-morpholino) propane sulfonic acid
buffer purchased from Invitrogen (Carlsbad, CA) at 200 V. Gel
was transferred on an Immun-Blot polyvinylidene fluoride mem-
brane (Bio-Rad, Hercules, CA) overnight at 4 C. Membranes
were blocked in blocking solution (0.3% Tween 20 in Tris-buff-
eredsalineand 10% nonfatdry milk) for 1 hatroom temperature
and then probed using rabbit polyclonal phospho-AMP-acti-
vated protein kinase (AMPK) (1:300), total-AMPK (1:300),
phospho-acetyl-coenzyme A-carboxylase (ACC) (1:200), phos-
pho-JNK (1:400), total-JNK (1:400), cleaved caspase 9 (1:100),
and cleaved caspase 3 (1:200) antibodies from Cell Signaling
Technology (Beverly, MA) and mouse monoclonal TNF-« (1:
100) antibody from Abcam (San Francisco, CA) for 1 h at room
temperature or overnight at 4 C with constant shaking. After
three 10-min washes in Tris-buffered saline with Tween 20 buf-
fer, membranes were then incubated in antirabbit or antimouse
IgG secondary antibody (Amersham Biosciences, Piscataway,
NJ) ata 1:2000 dilution. All antibodies were diluted in blocking
buffer. For immunodetection, membranes were washed three
times in Tris-buffered saline with Tween 20 wash buffer, incu-
bated with enhanced chemiluminescence solutions per the man-
ufacturer’s specifications (Amersham Biosciences), and exposed
to Hyperfilm enhanced chemiluminescence. The membranes
were stripped and reprobed with a rabbit polyclonal glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) (1:2000) for nor-
malization of the loading. Band intensities were determined us-
ing Quantity One software from Bio-Rad.

Statistical analysis

Descriptive statistics was used to depict the data and to ex-
amine the distribution of the variables. Data were presented as
mean * SEM. We used ANOVA to assess the statistically signif-
icant 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 < 0.035. Statistical analyses were
performed using the SigmaStat 2.0 Program (Jandel Corp., San
Rafael, CA).
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Results

Effects of nicotine plus HFD on body weight, fat
mass, oxidative stress, and hepatic ALT and
triglyceride levels

As expected from our previous studies (19), nicotine
significantly (P < 0.01) reduced (by ~20%) body weight
in mice on a HFD relative to mice fed HFD alone. DXA
scan showed a significant (P < 0.001) decrease in percent
fat after combined treatments with nicotine and HFD
(16.1 £ 1.2%) compared with mice ona HFD alone (8.5 =
2.1%).

Effects of nicotine plus HFD on hepatic ALT and tri-
glyceride levels, and GSH to GSSG ratio, are summarized
in Table 1. No significant changes in hepatic ALT levels
were noted among various treatment groups. However,
compared with mice fed with NCD in the presence or
absence of nicotine, mice on a HFD exhibited a significant
(P < 0.05) increase in hepatic triglyceride levels. A further
significant (P < 0.05) increase in hepatic triglyceride levels
was noted after combined treatments with nicotine and
HEFD. To determine whether nicotine-induced fat lipolysis
contributes to higher triglyceride levels in the liver, mice on
HFD plus nicotine were treated with either acipimox
(0.05% in drinking water) or water alone for 12 wk.
Treatment with acipimox fully attenuated nicotine plus
HFD-induced increase in hepatic triglyceride levels. Ad-
dition of acipimox to nicotine-treated mice on a HFD had
no discernible effect on hepatic ALT levels when com-
pared with mice treated with nicotine plus HFD. To test
whether nicotine plus HFD causes greater oxidative stress,
we measured hepatic GSH to GSSG ratio, which is in-
versely related to ROS levels (Table 1). When tested indi-
vidually, nicotine and HFD induced a comparably signif-
icantrise (P < 0.01) in oxidative stress relative to NCD-fed
mice treated with saline. When combined, nicotine plus
HFD caused a further increase (P < 0.01) in oxidative
stress. The combined effect of nicotine and HFD on oxi-
dative stress was supported by a rise in 4-HNE, a lipid
peroxidation marker (31, 32). Although HFD alone ele-
vated 4-HNE levels (30 = 1.5 vs. 20 = 0.2 pg/mg protein
in NCD-fed mice; P < 0.05), HFD plus nicotine induced

Effect of Nicotine Plus a HFD on Hepatic Steatosis

Endocrinology, December 2012, 153(12):5809-5820

a further significant increase in 4-HNE levels (42 * 0.7
pg/mg protein; P < 0.05).

Nicotine exacerbates HFD-induced hepatic
steatosis in obese mice

H&E-stained liver sections from mice fed NCD in the
presence or absence of nicotine exhibited normal mor-
phology (Fig. 1, A and B). Compared with mice on HFD
plus saline, where a modest increase in lipid accumulation
was detected (Fig. 1C), combined treatment with HFD and
nicotine led to a marked increase in lipid accumulation in
the liver (Fig. 1D). These results were confirmed by high-
resolution light microscopy; using glutaraldehyde-fixed,
osmium tetroxide-postfixed, epoxy-embedded, and tolu-
idine blue-stained liver sections (Fig. 1, E-H). Glutaral-
dehyde fixation followed by osmium postfixation staining
allows retention of fat that would have been normally
washed out during tissue processing. Mice fed NCD in the
absence (Fig. 1E) or presence of nicotine (Fig. 1F) exhib-
ited normal histology with little or no lipid accumulation.
In contrast, mice fed HFD showed accumulation of many
smaller lipid droplets (Fig. 1G). Nicotine plus HFD, how-
ever, caused a striking increase in larger lipid droplets (Fig.
1H) compared with those from mice fed HFD and saline
(Fig. 1G). Within the study paradigm, we did not find
progression of liver pathology, including infiltration of
inflammatory cells, inflammatory foci, and portal/lobular
fibrosis beyond steatosis in nicotine-treated mice on a
HEFD.

We next assessed the effect of acipimox on HFD plus
nicotine-induced ectopic fat deposition in the liver. Fat
accumulation was similar between HFD and saline (Fig.
11) and acipimox plus HFD (Fig. 1]). As expected, nicotine
plus HFD resulted in a marked increase in lipid accumu-
lation compared with those from mice on HFD alone (Fig.
1K). Treatment with acipimox completely blocked the
HEFD plus nicotine-induced fat accumulation (Fig. 1L) to
levels seen in mice on HFD and saline (Fig. 11I).

Quantitative image analysis further revealed a signifi-
cant (P < 0.001) increase in intracellular lipid content
after combined treatment with HFD and nicotine (190 =+
19 um?) compared with mice on a HFD and saline (28 +

TABLE 1. Hepatic ALT and triglyceride levels and GSH to GSSG ratio levels
Treatment ALT (ng/mg protein) Triglyceride (nmol/mg protein) GSH to GSSG ratio
NCD + saline 187+9° 217219 63.5+4.7°
NCD + nicotine 265+21° 177=+57 12.5+1.3°
HFD + saline 265+29° 372+35° 14.3=1.6°
HFD + nicotine 258+187 502x42¢ 9.1+1.7¢
HFD + nicotine + acipimox 260+50° 390+18° ND

Values are given as mean = sem (n = 4-6). In each column, means with unlike superscripts are significantly (P < 0.05) different. ND, Not done.
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FIG. 1. Representative H&E-stained liver sections from mice fed with NCD without (A) or with (B) nicotine exhibit normal histological appearance.
Compared with a mouse on a HFD, where a modest increase in lipid accumulation (arrow) is detected (C), combined treatment with nicotine and
HFD causes a marked increase in lipid accumulation in the liver (D). E-H, Representative light microscopic images of glutaraldehyde-fixed, osmium
tetroxide-postfixed, epoxy-embedded, and toluidine blue-stained liver sections from different treatment groups show nicotine plus a HFD (H)
causes a striking increase in lipid accumulation of varying sizes in hepatocytes compared with those from mice on a HFD alone (G, arrow). Mice fed
with NCD with (F) or without nicotine (E) have normal liver morphology. I-L, Lipid accumulation was similar between HFD (1) and HFD plus
acipimox (J) groups. Acipimox treatment fully attenuated HFD plus nicotine-induced exacerbated hepatic steatosis (K and L). Scale bar, 25 um.

Data are representative of four mice in each group.
1.2 um?). Treatment with acipimox fully attenuated HFD
plus nicotine-induced intracellular fat accumulation to
levels seen in mice on a HFD and saline (30 = 1.3 um?).
Acipimox plus HFD yielded similar fat accumulation as
HFD plus saline (30 + 1.3 vs. 28 + 1.3 um?).

To further substantiate the light microscopic findings,
we performed electron microscopic analysis. Hepatocytes
from NCD-fed mice exhibited normal ultrastructure,
characterized by numerous mitochondria, smooth and
rough endoplasmic reticulum (ER), and glycogen deposi-
tion with minimal lipid accumulation (Fig. 2A). Nicotine-
treated NCD mice had normal hepatocyte ultrastructure
(Fig. 2B) similar to that seen in mice on a NCD plus saline
(Fig. 2A). Hepatocytes from HFD-fed mice plus saline ex-
hibited a modest lipid accumulation (Fig. 2C) compared
with those from mice fed NCD plus saline in the absence
(Fig. 2A) or presence of nicotine (Fig. 2B). Notably, ad-
dition of nicotine to HFD led to a striking increase in lipid
accumulation of varying sizes in hepatocytes along with a
decrease in the amount of ER and glycogen (Fig. 2, D--F)
compared with those from mice fed NCD in the absence
(Fig. 2A) or presence of nicotine (Fig. 2B) or to mice fed

HFD alone (Fig. 2C). A distinct increase in the amount of
hepatocyte apoptosis, characterized by nuclear condensa-
tion and fragmentation, was also noted after combined
treatment with HFD and nicotine (Fig. 2, D and E).

Ultrastructural analysis of volumetric compositions of
lipid droplets and various organelles in hepatocytes from
mice in various treatment groups is summarized in Table
2. A significant (P < 0.01) increase (1.7-fold) in the V,%
of lipid droplets was noted after combined treatment with
HFD and nicotine compared with mice on HFD and sa-
line. However, the V,% of ER and glycogen were signif-
icantly (P < 0.01) decreased in nicotine-treated HFD-fed
mice compared with mice fed HFD alone. No significant
changes in the V,% of lipid droplets, ER, and glycogen
were noted between nicotine- and saline-treated NCD-fed
mice. There were no differences in V,% of mitochondria
among various treatment groups.

Nicotine plus HFD inactivates AMPK

AMPK, a central regulator of cellular energy homeo-
stasis, plays an important role in fatty acid metabolism
through its ability to regulate key fatty acid biosynthetic
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FIG. 2. Transmission electron micrographs of hepatocytes from mice fed with NCD without (A) or with nicotine (B) exhibit normal ultrastructure,
characterized by numerous mitochondria (white arrow), ER (black arrow), and glycogen deposition (oval outline). A representative hepatocyte from
a mouse on a HFD shows a modest increase in lipid (L) accumulation (C), compared with those from mice on a NCD (A) or nicotine plus NCD (B).
Nicotine plus HFD caused a striking increase in lipid (L) accumulation of varying sizes in hepatocytes (D—F) compared with those from mice on a
HFD alone (C). Also shown in D and E are two apoptotic hepatocyte nuclei (asterisk). Scale bar, 1 um. Data are representative of four mice in each

group.

pathway (6, 39). To investigate whether exacerbation of
hepatic steatosis in HFD-fed mice by nicotine is associated
with inactivation of APMK, we carried out Western blot
analysis to test the phosphorylation state of AMPK in liver
lysates (Fig. 3A). Compared with mice fed NCD with or
without nicotine, HFD-fed mice exhibited a significant
decrease in the phosphorylation of AMPK, as shown by
densitometric analysis of phospho-AMPK (Fig. 3B). Com-
bining nicotine with HFD completely dephosphorylated
(inhibited) AMPK, as shown by the significant additional
approximately 60 % reduction in phospho-AMPK relative
to HFD-fed mice (Fig. 3B). Consistently, HFD alone
caused an approximately 72% decrease in the phosphor-
ylation of ACC (Fig. 3D), a target of AMPK and a rate-

limiting enzyme in fatty acid biosynthesis (6, 39), leading
to its activation. Combined with nicotine, HFD caused an
additional approximately 94 % decrease in phospho-ACC
(Fig. 3D). There was no significant (P > 0.05) difference
in total-AMPK (Fig. 3C) or total-ACC (Fig. 3E) levels
among various groups.

HFD in combination with nicotine induces
hepatocellular apoptosis

Given that hepatocyte apoptosis plays a pivotal role in
the pathogenesis of NAFLD (7, 40, 41), we next analyzed
the incidence of hepatocellular apoptosis, expressed as the
percentage of TUNEL-positive nuclei per total nuclei (ap-
optotic plus nonapoptotic nuclei). Nicotine treatment did

TABLE 2. Morphometric data on volumetric composition (V,, %) of lipid droplets and various organelles in
hepatocytes from mice on a NCD or HFD in the absence or presence of nicotine

Treatment Lipid droplets Mitochondria ER Glycogen
NCD + saline 5.6+0.8° 12.9+1.57 7.1£0.542 8.5+1.07
NCD + nicotine 3.3+0.3° 15.1%£1.47 7.4+0.67 9.6+0.8°
HFD + saline 9.5+2.4° 12.9%£1.57 6.2+0.1° 6.5+1.27
HFD + nicotine 16.2+£2.7¢ 11.3+0.17 2.0+0.3° 3.3+0.2°

Values are given as mean = sem of four mice per group. In each column, means with unlike superscripts are significantly (P < 0.01) different.
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FIG. 3. A, Western blot analysis shows that mice fed with HFD have
decreased hepatic phospho-AMPK (p-AMPK) and phospho-ACC (p-
ACCQ) levels compared with mice on a NCD with or without nicotine
treatment. Addition of nicotine to HFD leads to complete
dephosphorylation of AMPK and ACC. The gels are representative of
two animals in each group from one of three separate experiments.
GAPDH in the immunoblot is shown as a loading control. B-E,
Quantitation of band intensities. Data for p-AMPK (B), total-AMPK (C),
p-ACC (D), and total-ACC (E) were normalized to GAPDH. Values are
means =+ sem of four animals per group. Means with unlike
superscripts are significantly (P < 0.05) different.

not alter the incidence of hepatocellular apoptosis in
NCD-fed mice (1.0 = 0.3 vs. 0.9 = 0.3; P > 0.05). In
contrast, HFD induced apoptosis by approximately 3-fold
(2.7 0.2 vs. 0.9 = 0.3; P < 0.05). Combined with nic-
otine, HFD induced a further significant increase (10.1 =
0.1; P <0.05) in the incidence of hepatocellular apoptosis.

To further examine hepatocellular apoptosis, we car-
ried out Western blot analysis of the initiator caspase 9 and
the executioner caspase 3 (Fig. 4A). Densitometric anal-
ysis revealed that nicotine in NCD-treated mice did not
induce activation of hepatic caspase 9 or caspase 3. In
contrast, HFD induced a significant (P < 0.05) increase in
active caspase 9 expression (Fig. 4B). Combined with nic-
otine, HFD caused an additional increase (by ~2.4-fold)
in active caspase 9 expression (Fig. 4B). Although HFD
plus saline did not affect significantly active caspase 3 con-
tent, it induced its protein content by approximately
3-fold when combined with nicotine treatment in HFD-
treated mice (Fig. 4C). Consistent with implication of the
JNK signaling pathways in hepatocyte apoptosis in mu-
rine models of NAFLD (7, 30, 42), we observed induction
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of phospho-JNK content by HFD plus nicotine, in parallel
to changes in caspase 9 and caspase 3 activation (Fig. 4, A
and D). There was no significant (P > 0.05) difference in
total-JNK levels (Fig. 4, A and E) among various groups.
Furthermore, double immunofluorescence staining re-
vealed costaining of phospho-JNK and TUNEL (Fig. 4G),
indicating activation of JNK signaling in cells undergoing
apoptosis. Consistent with TNF-« playing an important
role in the pathogenesis of NAFLD (7,42, 43) and in JNK
activation, Western blot analysis indicated induction of
hepatic protein content of this proinflammatory cytokine
by all treatment groups with a more marked effect by HFD
alone (Fig. 4, A and F). Together, the data suggest an
induction in JNK-mediated apoptotic pathway.

Discussion

Steatosis can prime the liver to develop more progressive
liver pathologies in response to additional metabolic
and/or environmental stressors. Mechanistically, this is
commonly mediated by the prevalent “two-hit” hypoth-
esis that implies accumulation of triglycerides in hepato-
cytes (steatosis) in the first hit, followed by triggering pro-
gression to inflammation, oxidative stress, and apoptosis
in the second hit (7, 41). In more advanced cases, fibrosis
is also exacerbated, leading to the progressive form of
NAFLD, known as NASH. Environmental stressors that
can trigger progression to the second phase are HFD, cig-
arette smoke, drugs, or pollutants. Metabolic stressors in-
clude obesity, diabetes, hypertension, hypertriglyceride-
and hypercholesterolemia. Nonetheless, the
molecular underpinning of steatosis is not well under-
stood. Oxidative stress coupled with hepatocyte apoptosis
is believed to play a pivotal role in pathogenesis of NAFLD
(7, 44). In fact, emerging data suggest that hepatocyte
apoptosis plays a key component in the progression of
simple steatosis to NASH (7, 44).

In this study, we used the model of diet-induced obesity
in C57BL6]J mice to study the underlying mechanisms un-
derlying the detrimental effects of two common lifestyle
factors, such as nicotine and HFD, in the development of
fatty liver disease. We elected to use a single drug (nicotine)
as opposed to first- or second-hand smoke to eliminate the
confounding effects of other components involved in cig-
arette smoking. We also purposely used shorter (10 wk)
duration to examine the synergistic effects of these two
insults in the initiation of NAFLD, because a longer ex-
posure to HFD alone results in extensive steatosis (45) and
systemic inflammation (46).

The first report of hepatic steatosis after nicotine treat-
ment was by Valenca ef al. (47). In the current study, we

mia,
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p-JNK

Merged

FIG. 4. A, Western blot analysis shows increased expression of hepatic active caspase 9, phospho-JNK (p-JNK), and TNF-« in mice on a HFD.
Addition of nicotine to HFD further results in a decrease in TNF-a expression but in an increase in the expression of hepatic p-JNK, active caspase
9, and active caspase 3. The gels are representative of two animals in each group from one of three separate experiments. GAPDH in the
immunoblot is shown as a loading control. B-F, Quantitation of band intensities. Data for active caspase 9 (B), active caspase 3 (C), p-JNK (D),
total-JNK (E), and TNF-« (F) were normalized to GAPDH. Values are means = sem of four animals per group. Means with unlike superscripts are
significantly (P < 0.05) different. G, Confocal images of liver cells show TUNEL (green), phospho-JNK (red), and colocalization of TUNEL and
phospho-INK (yellow) in HFD plus nicotine-induced hepatocellular apoptosis. Scale bar, 25 pwm.

found that nicotine alone did not lead to hepatic steatosis
but that nicotine caused steatosis only when combined
with HFD. The results of the present study confirm and
extend earlier studies involving first- or second-hand
smoke and genetic models of NAFLD such as Zucker rats
(22) or apolipoprotein B transgenic mice (23) by demon-
strating that nicotine exacerbates HFD-induced hepatic
steatosis. This study is unique in showing that nicotine
leads to hepatic steatosis in a diet-induced obesity model
and also in providing first evidence that abdominal lipol-
ysis is an important contributor to nicotine-induced ex-
acerbation of HFD-induced hepatic steatosis. Moreover,
we found that this additive effect of nicotine is associated
with greater oxidative stress, increased hepatic triglycer-
ide levels, higher incidence of hepatocellular apoptosis,
inactivation (dephosphorylation) of AMPK, and activa-
tion of its downstream target ACC, leading to increased
hepatic lipogenesis, as depicted in the model (Fig. 3).
Elevated ROS levels trigger a state of oxidative stress,
a critical step in the pathogenesis of NAFLD (7, 41, 44).
This study showed that nicotine initiated oxidative stress,
with a higher extent when combined with HFD than
alone. This is consistent with previous data showing that

both HFD and nicotine are capable of generating oxida-
tive stress in various tissues, including liver (7, 48-52).
Thus, it is likely that generation of severe oxidative stress
could aggravate liver lesions in the combined treatment
group through the formation of reactive and biologically
active lipid peroxidation products such as 4-HNE (7, 41,
44, 53). The observed increase in hepatic 4-HNE levels in
nicotine-treated mice on a HFD is consistent with this
view. It is pertinent to note that in spite of a significant
increase in oxidative stress, there was little or no liver
damage in mice treated with nicotine or HFD alone.
Therefore, it is possible that the oxidative stress generated
by either individual treatment is not severe enough to in-
duce liver damage. This is consistent with earlier reports
indicating that the cellular responses of oxidative stress
varies depending on the cell type, the levels of ROS
achieved, and the duration of exposure (52). However, we
cannot rule out the possibility that in addition to high
levels of oxidative stress, other factors may have also con-
tributed to hepatic steatosis caused by the combined treat-
ment with nicotine and HFD.

AMPK is a central regulator of lipid homeostasis and
mediates suppression of lipogenic gene expression, such as
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FIG. 5. Model illustrating how nicotine plus a HFD could exacerbate
HFD-induced hepatic steatosis in obese mice. Nicotine plus a HFD
promotes abdominal lipolysis, resulting in FFA release from adipose
tissue into the circulation, thereby contributing to the buildup of lipids
as triglyceride (TG) in the liver. In addition, nicotine plus a HFD may
also promote de novo lipogenesis through inactivation of AMPK and
activation of its downstream target ACC, leading to the development
of hepatic steatosis. Inactivation of AMPK can also stimulate
lipogenesis through up-regulation of key genes in the lipogenic
pathway such as fatty acid synthase (FAS) and ACC by activating the
transcription factor sterol regulatory element binding protein-1c
(SREBP-1¢). Intrahepatic lipid accumulation can also trigger
hepatocellular apoptosis through generation of oxidative stress
coupled with activation of JNK-mediated apoptotic signaling. AMPK
inactivation could further sensitize liver cells to nicotine plus HFD-
induced apoptosis.

ACC and fatty acid synthase, through inhibition of sterol
regulatory element binding protein-1¢ (39, 54). ACCis the
rate-determining enzyme for the synthesis malonyl-coen-
zyme A, both a critical substrate for fatty acid biosynthesis
and a potent inhibitor of fatty acid oxidation (39). AMPK
can also phosphorylate and inactivate ACC leading to in-
hibition of de novo fatty acid and cholesterol synthesis
(39). Consistent with a pivotal role for AMPK in lipid
homeostasis, we here show that the additive effects of nic-
otine and HFD on the severity of hepatic steatosis were
associated with complete inhibition of AMPK. The net
effect of AMPK inactivation is decreased phosphorylation
and activation of ACC, leading to de novo fatty acid and
cholesterol synthesis in the liver. These results are consis-
tent with our earlier reports as well as others linking in-
hibition of AMPK with NAFLD. For example, ApoE—/—
mice fed HFD develop hepatic steatosis through inhibition
of AMPK (30). Mice fed HFD for long term (8 months)
also develop hepatic steatosis in association with inhibi-
tion of AMPK coupled with activation of ACC that was
attenuated by betaine, a naturally occurring metabolite of
choline and an essential biochemical component of the
methionine-homocysteine cycle (55). Our findings are
also in accord to a previous report indicating that second-
hand smoke stimulates lipid accumulation in the liver of
ApoB100 transgenic mice through inactivation of AMPK
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and activation of ACC (23). Collectively, nicotine in com-
bination with HFD triggers hepatic lipid accumulation
through inactivation of AMPK.

Oxidative stress has been implicated in apoptotic sig-
naling in various cell types, including hepatocytes (7, 41,
53). One possible mechanism by which oxidative stress
can induce hepatocyte apoptosis in response to HFD plus
nicotine is through stimulation of JNK signaling, resulting
in the activation of the mitochondria-dependent intrinsic
pathway signaling (7, 30, 56, 57). JNK is activated in
various animal models of obesity and also in patients with
NASH, and its deletion results in attenuation of fatty liver
(7). Consistent with a role of JNK in hepatocellular apo-
ptosis, in the present study, we found a greater degree of
JNK activation in the combined treatment group com-
pared with that of mice on a HFD. Costaining for TUNEL
and phospho-JNK further confirmed activation of JNK
only in those cells undergoing apoptosis. Activation of
JNK is further associated with stimulation of the mito-
chondria-dependent apoptotic pathway characterized by
activation of the initiator caspase 9, the key caspase in-
volved in the mitochondria-dependent pathway, and the
executioner caspase 3. Of further interest, there have been
recent studies implicating that activation of AMPK can
attenuate cell death in different cell types triggered by var-
ious insults (58-61). Thus, it is possible that complete
inactivation of AMPK could increase the susceptibility of
hepatocytes to JNK-induced apoptosis in the combined
treatment group.

Steatosis, the hallmark feature of NAFLD, can occur as
a result of excess FFA delivery from lipolysis of adipose
tissue, increased de novo lipogenesis, and reduced fat ox-
idation and export in the form of very low-density lipo-
protein (6, 7). It is generally believed that FFA derived
from adipose tissue lipolysis accounts for up to 60% of
hepatic triglycerides and close to 30% for de novo lipo-
genesis (6, 7). We predict that similar mechanisms are also
responsible for HFD plus nicotine-induced hepatic steato-
sis. Indeed, here, we show that lipolysis inhibitor acipimox
attenuates nicotine plus HFD-induced hepatic steatosis,
suggesting that nicotine-induced lipolysis is an important
contributor to hepatic steatosis. At present, we are unable
to determine the precise contribution of de novo lipogen-
esis to HFD plus nicotine-induced hepatic steatosis.
Clearly, this merits further investigation.

It is worth noting here that nicotine has a direct effect
on stimulating lipolysis in adipocytes (62, 63), which ex-
press nicotinic acetylcholine receptors (64). Consistent
with the adipose tissue lipolytic effect of nicotine, we also
found in our earlier report (19), as well in the present
study, that nicotine significantly reduced body fat content
in mice fed HFD. Thus, it is possible that nicotine may play
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a direct role in stimulating adipose tissue lipolysis in mice
on a HFD.

One potential limitation of our study is that the mode
of nicotine administration does not incorporate voluntary
consumption and also that only twice a day peak of nic-
otine is nonphysiological, compared with how smokers
receive nicotine. Self-administration paradigms are tech-
nically difficult (especially in mice) and are limited by a
U-shaped dose response of nicotine. Our laboratory and
others have used oral nicotine self-selection, but we found
that rodents prefer vehicle to nicotine due to the aversive
taste of nicotine. In pilot studies, we also attempted to use
an Alzet minipump with nicotine alternating with mineral
oil and found that the stress of implanting the minipump,
even without nicotine, dramatically increased corticoste-
rone levels, indicating a high degree of stress. Similarly, we
also tried using mice with jugular cannulations and in-
jected nicotine through the cannula. However, the vehicle-
treated mice also had high corticosterone levels, indicating
activation of the stress response by the cannula. Nicotine
pellets are also available but suffer from continuous ex-
posure to nicotine that is likely to lead to tolerance. For
these reasons, as reported in our recent study (19), we
decided to use nicotine delivered by twice daily ip injec-
tions of 0.75 mg/kg BW that is approximately equal to the
amount of nicotine a two-pack a day smoker might be
exposed in a whole day (65). This has also the advantage
of avoiding tolerance. However, the possibility that en-
hanced nicotine exposure by twice daily injections of nic-
otine may cause hepatic steatosis seems unlikely, because
nicotine alone did not lead to hepatic steatosis but caused
severe steatosis only when combined with a HFD. Al-
though we are confident that this model is a realistic choice
to study the effects of nicotine on ectopic lipid accumula-
tion in the liver in obese mice, we do recognize the limi-
tation of this system of nicotine delivery that is clearly
different from human situations.

In summary, we have provided insights into the molec-
ular mechanisms by which nicotine exacerbates HFD-in-
duced hepatic steatosis and emphasizes the suitability of
thismodel to study NAFLD, with the aim to develop better
therapeutic treatments for hepatic steatosis. We conclude
that: 1) greater oxidative stress coupled with inactivation
of AMPK is critical for the additive effects of nicotine and
HFD on the severity of hepatic steatosis in obese mice and
2) adipose tissue lipolysis is an important contributor to
lipid accumulation in liver. Although further mechanistic
studies are needed, the data provide an in vivo demon-
stration of the detrimental effect of nicotine plus high-fat
intake on metabolism in humans.

Effect of Nicotine Plus a HFD on Hepatic Steatosis
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