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2David Geffen School of Medicine at University of California, Los Angeles, Los Angeles, CA
90095.

Abstract

The use of electronic nicotine delivery systems (ENDS), also known as e-cigarettes, with a variety
of e-liquids/e-juices, is increasing at an alarming rate among adolescents who do not realize their
potential harmful health effects. This study examines the harmful effects of ENDS on the liver.
Apolipoprotein E null (ApoE—/-) mice on a western diet (WD) were exposed to saline or ENDS
with 2.4% nicotine aerosol for 12 weeks using our newly developed mouse ENDS exposure model
system that delivers nicotine to mice that leads to equivalent serum cotinine levels found in human
cigarette users. ApoE—/— mice on a WD exposed to ENDS exhibited a marked increase in hepatic
lipid accumulation compared to ApoE—/- on a similar diet exposed to saline aerosol. The
detrimental effects of ENDS on hepatic steatosis were associated with significantly greater
oxidative stress, increased hepatic triglyceride levels and increased hepatocyte apoptosis,
independent of AMP-activated protein kinase (AMPK) signaling. In addition, hepatic RNA seq
analysis revealed that 433 genes were differentially expressed in ENDS-exposed mice on WD
compared to saline-exposed mice. Functional analysis indicates that genes associated with lipid
metabolism, cholesterol biosynthesis, and circadian rhythm were most significantly altered in the
liver in response to ENDS. These results demonstrate profound adverse effects of ENDS on the
liver. This is important information for regulatory agencies as they regulate ENDS.
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Introduction

Electronic nicotine delivery systems (ENDS), also known as e-cigarettes, are battery
powered inhalation devices designed to deliver nicotine to users without burning tobacco.
ENDS are rapidly gaining popularity and, thus, have drawn attention from lawmakers, health
organizations, researchers, smokers and non-smokers (1). As their popularity have increased,
e-cigarettes have become the subject of a public health disputes as some experts welcome
them as a pathway to the reduction or cessation of tobacco use, while opponents characterize
them as a dangerous product that could undermine efforts to de-normalize smoking (2).
What is more frightening is that an earlier cross sectional analysis of survey data from a
representative sample of middle and high school students in 2011 (n=17,353) and 2012
(n=22,529) suggests that ENDS may contribute to nicotine addiction and are unlikely to
discourage conventional cigarette smoking among youths (3), indicating that ENDS could
generate a new market for nicotine dependence. Recent studies also consistently reveal that
most people who use ENDS are so-called dual users, meaning that they use ENDS as well as
conventional cigarettes (4—6). Furthermore, an increasing number of both in vivo and in vitro
studies reporting a range of adverse effects of e-cigarettes or e-juices exposure in cell/organ
systems, including lung (7), liver (8, 9), and the cardiovascular system. A recent cross-
sectional case control study of habitual e-cigarette users (n=23) and non-user control
individuals (n=19) showed increased cardiac sympathetic activity and oxidative stress, both
associated with increased cardiovascular risk, in habitual e-cigarette users (10). As ENDS
are a relatively new product, studies are needed to determine their long-term detrimental
effects, some of which may be similar to the long-term detrimental effects of nicotine.

In earlier studies, we demonstrated that twice daily intraperitoneal (IP) injections of nicotine
(0.75 mg/kg BW) when combined with a high-fat diet (HFD) triggers greater oxidative
stress, activates hepatocyte apoptosis, and amplifies hepatic steatosis (11, 12). The additive
effects of nicotine and HFD on the severity of hepatic steatosis were further associated with
inactivation of AMP-activated protein kinase (AMPK) and activation of its downstream
target acetyl-COA carboxylase (ACC), leading to stimulation of lipogenesis (11, 12). The
objectives of the present study are 2-fold. The first is to examine whether ENDS exposure
can exacerbate hepatic steatosis in apolipoprotein E null (ApoE—/-) mice on a WD. The
second is to examine whether the same AMPK-mediated pathway is also the key pathway
for induction of hepatic steatosis. We elected to use ApoE—/— mice, as these animals, when
fed a WD with 45% fat, as opposed to a very HFD with 60% of calories derived from fat
develop hepatic steatosis (13). These mice on a WD represent a novel and fast model with
all characteristics feature of nonalcoholic steatohepatitis (NASH) and metabolic syndrome,
including abnormal glucose tolerance, hepatomegaly, hepatic steatosis, liver fibrosis and
inflammation (14). Furthermore, because nonalcoholic fatty liver disease (NAFLD) has been
identified as an independent risk factor of atherosclerosis and cardiovascular disease (15,
16), an additional advantage of this model is that it is an ideal model for linking
atherosclerosis and NAFLD.
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Materials and Methods

ANIMALS.

Adult (8 weeks old), male ApoE~/~ mice on a C57BL/6J background were purchased from
Jackson Laboratories (Bar Harbor, ME). Mice were housed under controlled temperature
(22°C) and photoperiod (12-h light and 12-h dark cycle) with free access to water and food.
Mice on a WD containing 0.21% cholesterol, 21% of calories from fat, 50% calories from
carbohydrate, and 20% of calories from protein (D12079B; Research Diets, New Brunswick,
NJ). They were exposed to ENDS or saline aerosol for 12 weeks using our ENDS aerosol
generation and rodent exposure system (patent number PCT/US17/54133). As an additional
control, we used Gold leaf tobacco (otherwise identical to Classic Tobacco) with 0%
nicotine to differentiate whether our findings are due to the nicotine in the ENDS or to the
vaporization of other non-nicotine ENDS ingredients.

We used a charged blu PLUS E-cigarette tank containing 2.4% nicotine of classic tobacco
flavor. This system contains air pressure and flow rate control as well as hardware and
software that allow experimenters to control the timing, duration and times/day for ENDS
aerosol generation/exposure and can hold up to 5 mice. To deliver chronic intermittent
ENDS, the device was activated for 4 sec per puff, 8 puffs per vaping episode with an inter-
puff interval of 25 sec; one vaping episode every 30 min. Mice were exposed to intermittent
ENDS (2.4%) or saline aerosol (17) (Afasci Inc, Burlingame, CA) for 12h (2100-0900).
During the light phase of 12 h (0900 to 2100), mice were returned to their home cage and no
aerosol was delivered. 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). Mice were fasted overnight before euthanasia with isoflurane.
Livers were removed and portions of livers were placed in RNAlater and used for gene
expression analysis by quantitative RT-PCR or snap frozen in liquid N5 and stored frozen for
RNA sequencing (RNASeq) analysis and subsequent measurements of triglycerides,
oxidative stress, and changes in protein expression by immunoblotting. The remaining
portions of liver were either fixed in 2.5% glutaraldehyde for high-resolution light and
electron microscopy or 10% formalin for routine histological, immunohistochemical and
immunofluorescence studies.

LIVER PATHOLOGY.

Liver pathology was evaluated using conventional histological 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 post-fixed, epoxy-
embedded, and toluidine blue-stained sections (11, 13) and electron microscopy. Liver
fibrosis was evaluated by Sirius red staining of formalin-fixed, paraffin-embedded liver
sections for visualization of collagen. Accumulation of intrahepatic fat and collagen content
was quantified by computerized densitometry using the ImagePro Plus software (11-13).
Further evaluation of liver fibrosis was assessed by measuring transforming growth factor
alpha (TGF- a) and beta (TGF- B) (18, 19) by quantitative RT-PCR,
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For electron microscopic studies, thin sections from selected tissue blocks were sectioned
with an LKB ultramichrotome, stained with uranyl acetate, and examined with a Hitachi 600
electron microscope (Hitachi, Indianapolis, USA), as described before (11, 13).

RNA SEQUENCING (RNA -seq) ANALYSIS.

Total RNA extracted from livers were sent to UCLA Technology Center for Genomics and
Bioinformatics core for RNA seq analysis. RNA integrity was confirmed by using
Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Libraries for RNA-Seq
were prepared with KAPA Stranded RNA-Seq Kit. Differentially expressed genes were
identified using the edgeR program. Genes showing altered expression with p < 0.05 and
>1.5 fold changes were considered differentially expressed. The pathway and network
analyses were performed using Ingenuity Pathway Analysis software (IPA). IPA computes a
score for each network according to the fit of the set of supplied focus genes. These scores
indicate the likelihood of focused genes to belong to a network versus those obtained by
chance. A score > 2 indicates a <99% confidence that a focus gene network was not
generated by chance alone. The canonical pathways generated by IPA are the most
significant for the uploaded data set. Fischer’s exact test with FDR option was used to
calculate the significance of the canonical pathway. For detailed methods, see supporting
information)

QUANTITATIVE RT-PCR.

Primers sequences were shown in supplementary Table 3. For detailed methods, see
supporting information.

WESTERN BLOTTING.

Western blotting was performed using liver lysates as described previously (11-13) using
rabbit polyclonal phospho-AMPK (1:1000), total AMPK (1 : 1000), sterol regulatory
element binding protein Ic (SREBPLc), fatty acid synthase (FAS), phospho-ACC (1 : 1000),
total ACC, cleaved caspase 9 (1 : 1 000), cleaved caspase 3 (1 : 1 000), cytochrome P450
family 4 subfamily a polypeptide A (CYP4A10; 1: 500), lipocalin 2 (LCNZ2; 1 :500), and B
cell specific brain and muscle aryl hydrocarbon receptor translocator-like protein 1 (BMLI;
1:1000) antibodies for overnight at 4°C with constant shaking. GAPDH was used as loading
control and was monitored using anti GAPDH antibody (1 : 5000). Band intensities were
determined using Quantity One software from Bio-Rad.

Methods for measurements of cotinine levels, hepatic triglyceride levels, assessment of
apoptosis and caspase activation, and hepatic oxidative stress are described in the Supporting
Information.

STATISTICAL ANALYSIS.

Animal experimentation was performed with 6 animals per group and data were presented as
mean + SEM. We used students T-test and Analysis of Variance (ANOVA) to assess the
statistically significant differences among various treatment groups. If overall ANOVA
revealed significant differences, post-hoc (pairwise) comparisons were performed using
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Tukey’s tests. Differences were considered significant if P< 0.05. Statistical analyses were
performed using GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA).

PLASMA COTININE LEVELS.

After 12 weeks of treatment, the concentration of plasma cotinine was 611 + 54 ng/mL, that
is in the range of heavy smokers who had smoked at least 18 cigarettes a day (20). In
contrast, the concentration of plasma cotinine in mice that received saline and ENDS (0%)
was undetectable.

NICOTINE DELIVERED THROUGH ENDS TRIGGER GREATER OXIDATIVE STRESS AND
CAUSE LIPID ACCUMULATION IN THE LIVER.

H & E-stained liver sections from ApoE-/- mice fed WD exposed to ENDS exhibited a
marked increase in hepatic lipid accumulation than Apo E-/- mice on a similar diet exposed
to saline aerosol (Fig. 1 A and B). These results were confirmed by high-resolution light
microscopy; using glutaraldehyde-fixed, osmium tetroxide post-fixed, epoxy-embedded, and
toluidine blue-stained liver sections (Fig. 1 C and D). ENDS exposure caused a striking
increase in larger lipid droplets compared to those from mice exposed to saline. Quantitative
image analysis further revealed a significant (P<0.01) increase in intracellular lipid content
in mice exposed to ENDS (179+10.2um?2) compared to mice exposed to saline aerosol
(37+2.3um?).

We did not find progression of liver pathology, including infiltration of inflammatory cells,
inflammatory foci, and portal/lobular fibrosis beyond steatosis of ENDS-treated mice. H&E
stained liver sections from ApoE-/- mice on a WD exposed to ENDS with 0% nicotine
exhibited little or no hepatic lipid accumulation and were comparable to that seen in mice
exposed to saline aerosol (Supplementary Fig. 1). This is consistent with our recent studies
indicating that it is only ENDS with nicotine and not without nicotine had pronounced
adverse effects on cardiovascular structure and function (Espinoza-Derout J et al, manuscript
submitted).

To further substantiate the light microscopic findings, we performed electron microscopic
analysis (Fig. 1 E-H). Hepatocytes from ApoE-/- mice exposed to saline exhibited normal
ultrastructure with abundant mitochondria and minimal lipid accumulation (Fig. 1E). In
contrast, ENDS exposure led to a striking increase in lipid accumulation of varying sizes in
hepatocytes along with a decrease in the amount of cellular organelles in ApoE—/—compared
with those from mice exposed to saline (Fig. 1 F-H). A distinct increase in the incidence of
hepatocyte apoptosis, characterized by nuclear condensation and fragmentation, and
mitochondrial vacuolization was also noted in these mice following ENDS exposure (Fig. 1
H).

Compared to saline-treated mice, mice exposed to ENDS aerosol had significantly higher
hepatic triglyceride levels (Fig. 1l). To test whether ENDS caused greater hepatic oxidative
stress, we compared the in vivo expression of a lipid peroxidation product, 4-
hydroxytrans-2-nonenal (4-HNE), a biomarker of oxidative stress (21). As shown in Fig. 1 J,
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western blot analysis revealed significantly higher hepatic 4-HNE levels in ENDS-treated
mice compared to saline-treated mice (Fig. 1 K). We also visualized 4-HNE expression by
immunohistochemistry. Compared to saline-treated mice, mice exposed to ENDS aerosol
had significantly higher 4-HNE immunoreactivity (Fig. 1 K).

ENDS TRIGGER HEPATOCELLULAR APOPTOSIS AND ACTIVATE CASPASE 9 AND 3.

We next analyzed the incidence of apoptosis, expressed as percentage of TUNEL — positive
nuclei per total nuclei (apoptotic plus non-apoptotic nuclei). Minimal hepatocyte apoptosis
was noted in mice exposed to saline aerosol (Fig. 2A and B). In contrast, ENDS-exposed
livers had significantly increased hepatocellular apoptosis by 2.0-fold over the values
measured in saline-exposed liver (Fig 2A and B). To further substantiate this observation, we
performed western blot analysis of the active (cleaved) initiator caspase 9 and active
(cleaved) caspase 3 (Fig. 2C). Densitometric analysis revealed a significant increase in the
hepatic expression of both active caspase 9 and caspase 3 of ENDS treated mice compared
to controls (Fig. 2D and E).

FIBROSIS.

We found no significant changes in the hepatic collagen deposition, as visualized by Sirius-
Red staining, between saline and ENDS exposed livers in the presence or absence of
nicotine (Supplementary Fig. 2 A and B). No significant changes in the expression of TGF-
a and TGF-B, as revealed by both gRT-PCR (Supplementary Fig. 2 C) and RNA-seq
analyses (Supplementary Fig. 2 D) were noted between saline and ENDS with nicotine
exposed livers.

AMPK-SREBP1c SIGNALING MAY BE DISPENSABLE FOR ENDS-INDUCED HEPATIC
STEATOSIS.

AMPK, a central molecule of fatty acid metabolism (22) and plays a pivotal role in nicotine
plus HFD-induced hepatic steatosis (11, 12). To investigate whether exacerbation of hepatic
steatosis in mice exposed to ENDS is associated with inactivation (dephosphorylation) of
AMPK, we carried out western blot analysis to test the phosphorylation status of the AMPK.
Surprisingly, hepatic expression of phospho-AMPK was similar between control and ENDS
treated livers (Fig. 3 A and B). Consistent with findings of no changes in the
phosphorylation status of the AMPK in ENDS exposed liver, we found no significant
changes in the hepatic expression of SREBP1c, FAS and phospho-ACC (Fig. 3 A and B).

We also monitored the hepatic expression of SREBP1c, FAS, peroxisome proliferator-
activated receptor 6 (PPAR §), and insulin-induced gene 1 (INSIG1) by qRT-PCR. PPAR &
inhibits diet-induced hepatic steatosis by inducing the expression of INSIG which inhibits
the SREBP1c (23). Consistent with our western blot data, no significant changes in the
expression of these genes were noted between ENDS and saline aerosol exposed livers (Fig.
3 AandB).

Hepatology. Author manuscript; available in PMC 2019 July 17.
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ENDS CAUSES HEPATIC STEATOSIS THROUGH PERTURBATION OF HEPATIC
CHOLESTEROL AND LIPID METABOLISM, INFLAMMATION AND CIRCADIAN SYSTEMS
ASSOCIATED NETWORKS.

To determine the molecular mechanisms by which ENDS exposure caused hepatic steatosis,
we carried out RNA-sequencing (seq) analysis. Differentially expressed genes were
identified through analysis of transcriptome sequencing data. Figure 4 A and B depict the
two-dimensional hierarchical clustering of 433 differentially (P<0.05) expressed genes (for
full list of genes, see supplemental Table 1 and 2). Each column represents one mouse and
each row a gene probe set. Probe set signal values were normalized to the mean across the
animals and the relative level of gene expression is depicted from the most down-regulated
gene (green) to the most up-regulated gene (red), according to the scale shown on left. Of
the 433 genes found to be differentially expressed in ENDS (2.4%) treated livers, 185
(42.72%) were up-regulated (for full list, see Supplementary Table 1) and 248 (57.28%)
were down-regulated (for full list, see Supplementary Table 2). The RNA-seq analysis using
IPA software, identified dysregulation of significant networks, canonical pathways and
functions in ENDS treated livers in comparison to control livers (Fig.4 C and D). Among
many other pathways, striking dysregulation of hepatic lipid metabolism and genes
associated with cholesterol biosynthesis was over represented in the ENDS treated livers
(Fig. 4 C). Similarly in terms of function and disease analysis, genes playing a key role in
lipid metabolism and metabolic syndromes, among others, were significantly altered in the
ENDS exposed livers (Fig. 4 D).

To validate the results of the genome-wide analysis, we performed quantitative RT-PCR on a
set of genes regulated by ENDS (2.4%) identified using RNA-seq. As shown in Fig. 5A,
quantitative RT-PCR data revealed significant up-regulation of Cyp4A10, Cyp2A4, and
Cyp46 Al and a significant down-regulation of lipocalin 2 (LCN2). There was no significant
change in the expression of ACSL3 as revealed by both gRT-PCR and western blot analysis
(Fig. 5 A-C). However, up-regulation of Cyp4A10 and down-regulation of LCN2 in the
ENDS-treated livers were further substantiated by western blot analysis (Fig.5 B, D, E). As
summarized in Table 1, additional genes associated with the triglyceride synthesis and
storage that were differentially expressed in ENDS-treated liver included up-regulation of
monoacylglycero O-acyltransferase 1 (I MOGAT1), a gene linked with incorporation of fatty
acid into triglyceride synthesis (24), cell death-inducing DNA fragmentation factor-alpha
(DFFA)-like effector a (CIDEA) cell death inducing DFFA like effector ¢ (CIDEC), genes
involved with lipid storage and droplet formation (25). Besides excessive fat storage, another
important feature of NAFLD is inflammation which causes hepatic injury. Though, we did
not observe the induction of classic macrophage marker F4/80 (EMRI) in the liver following
ENDS exposure, the expression of its related gene, EMR4 (26) , was significantly increased
in the ENDS-treated mice. These changes were validated by quantitative RT-PCR. Taken
together, these results indicate that ENDS can alter lipid metabolism through different
mechanisms independent of AMPK signaling that favor ectopic lipid accumulation in the
liver.

Intriguingly, our RNA seq analysis of hepatic transcriptome showed that expression of three
prominent genes of the hepatic circadian core system, including BMALL, neuronal PAS
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domain protein 2 (NPAS2), and nuclear receptor subfamily 0 group B member 2 (NROB2)
were down-regulated in ENDS-treated livers compared with saline-exposed livers (Fig. 6 A).
Quantitative RT-PCR analysis also clearly showed that expression of these three genes were
significantly down-regulated (Fig. 6 B) in the liver of mice exposed to ENDS. Hepatic
downregulation of BMALI was further substantiated by western blot analysis (Fig.6 C and
D).

Discussion

In earlier studies using a model of diet-induced obesity, we demonstrated that nicotine
(administered intraperitoneally) when combined with a HFD triggers greater oxidative
stress, activates hepatocyte apoptosis, and exacerbates HFD-induced hepatic steatosis in
C57BL6J mice compared to saline-treated mice. In this study, using a mouse model of
NAFLD (13, 14), we elucidated some of the molecular mechanisms by which e-cigarettes or
ENDS cause hepatic steatosis. The results of the present study provide evidence that: 1)
nicotine delivered though ENDS causes hepatic steatosis, 2) AMPK-SREBP1c signaling is
not required for ENDS-induced hepatic steatosis, and 3) ENDS-induced hepatic steatosis is
mediated by increased oxidative stress and hepatocellular apoptosis together with
perturbation of cholesterol and lipid metabolism and hepatic circadian system networks.

Oxidative stress coupled with hepatocyte apoptosis plays a pivotal role in the pathogenesis
of NAFLD (27, 28). This study showed that compared to saline, ENDS generated greater
oxidative stress. This is consistent with previous data showing that nicotine is capable of
generating oxidative stress in various tissues including liver (29). Oxidative stress has also
been implicated in apoptotic signaling in various cell types, including hepatocytes (30, 31).
Thus, it is likely that generation of oxidative stress by ENDS triggers hepatocyte apoptosis
and aggravate liver lesions through formation of the reactive and biologically active lipid
peroxidation products such as 4-HNE. The observed increase in hepatic 4-HNE levels in
ENDS exposed mice is consistent with this view. It is worth noting that a recent cross-
sectional case control study showed increased cardiac sympathetic activity and oxidative
stress in habitual e-cigarette users compared to non-user control individuals (10).

AMPK is a central regulator of lipid homeostasis and mediates suppression of lipogenic
gene expression such as ACC and FAS through inhibition of SREBP1-c (37). Indeed in
earlier studies (11, 12), we reported that inactivation of AMPK is critical for nicotine-
induced hepatic steatosis in diet-induced obese C57BL/6 mice. However, unlike our earlier
studies, here we found that AMPK-SREBP1c signaling is not required for ENDS-induced
hepatic steatosis in ApoE—/— mice. The possible explanation of this difference is uncertain
and cannot be explained by differences in animal models, but could depend on the duration
of treatment or to the delivery of nicotine via ENDS. For example, ApoE—/— mice fed WD
for 16 weeks do develop hepatic steatosis through inhibition of AMPK (13). There have also
been studies showing that ApoB100 transgenic mice exposed to second-hand smoke for 19
weeks develop hepatic steatosis through inactivation of AMPK and activation of ACC (32).
This clearly merits further investigation.
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Steatosis, the hallmark feature of NAFLD, can occur as a result of excess free fatty acid
(FAA) delivery from lipolysis of adipose tissue, increased de novo lipogenesis, and reduced
fat oxidation and export in the form of very low-density lipoprotein (VLDL) (22, 33). We
and others previously found that FFA derived from adipose tissue lipolysis plays a major
role for hepatic triglycerides accumulation (27, 34). It is worth noting that nicotine has a
direct effect on stimulating lipolysis in adipocytes (35, 36) which express nicotinic
acetylcholine receptors (36, 37). These results, together with our previous findings that
nicotine induces hepatic triglyceride accumulation through adipose tissue lipolysis in mice
and that can be prevented by acipimox, an inhibitor of lipolysis (11), suggest that a similar
mechanism is also responsible for ENDS-induced hepatic steatosis. However, we cannot rule
out the possibility that in addition to increased FFA influx, other factors may have
contributed to hepatic steatosis caused by ENDS exposure.

Intriguingly, our RNA seq analysis of hepatic transcriptome as well as quantitative RTPCR
analysis showed that expression of three prominent genes of hepatic circadian core system
such as BMAL1, NPAS2, and NROB2 were down-regulated in ENDS-treated livers
compared with saline-exposed livers. Hepatic down-regulation of BMALL in ENDS-treated
mice was also substantiated by western blot analysis. Liver-specific knockout of BMAL1
increases hepatic oxidative stress and causes hepatic steatosis and insulin resistance (38, 39).
It has been reported that primary dysregulated pathways in Npas2 —/— mice uniformly
converge on hepatic lipid metabolism (40). NPAS2 and its small heterodimer partner (SHP
or NROB2) make a feedback loop controlling the expression of each other and their interplay
controls hepatic lipid homeostasis (41). Dysregulation of NPAS2 has been noted in alcohol-
induced hepatic steatosis (42).

One potential limitation of our study is that we used an ENDS delivery protocol that led to
high (but still seen in human smokers) serum cotinine levels. Thus, it is possible that the
observed detrimental effects of ENDS that are so obvious in this high delivery model might
not be so obvious if given in lower dosages. In this context, it is worth noting here that in an
ongoing study (Hasan K, unpublished data), we tested the detrimental effects of medium
doses, generated form a dose-response study, of ENDS on the liver of C57BL6 male mice on
a HFD, a commonly used model of diet-induced obesity. After 12 weeks of treatment, the
concentrations of plasma nicotine and cotinine were 23.4 + 3.3 and 254.1 £ 42.1 (mean %
SEM; ng/ml), respectively. These values are similar to the clinically relevant concentrations
found in habitual smokers with nicotine levels ranging from 10-40 ng/ml and cotinine levels
ranging from 100-300 ng/ml (43, 44). Intriguingly, HFD-fed mice exposed to a medium
doses of ENDS also caused oxidative stress and hepatic steatosis compared to mice on a
similar diet exposed to saline aerosol or ENDS with no nicotine.

In summary, we provided insights into the molecular mechanisms by which ENDS cause
hepatic steatosis in a mouse model of NAFLD. Our findings question the popular belief that
ENDS are safe and highlight multiple detrimental effects of ENDS on the liver. ENDS-
induced hepatic steatosis is mediated by multiple mechanisms involving generation of
oxidative stress and hepatocyte apoptosis, excess FFA delivery (possibly through adipose
tissue lipolysis) and perturbations of cholesterol and lipid metabolism and hepatic circadian
system networks.
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Abbreviations:

ACC Acetyl-COA-carboxylase

AMPK Adenosine-5-monophosphate (AMP)-activated protein kinase
ApoE Apolipoprotein E

BMAL1 B cell specific brain and muscle aryl hydrocarbon receptor

translocator-like protein 1

CYP450 Cytochrome P450 family of protein

ENDS Electronic nicotine delivery systems

FAS Fatty acid synthase

4-HNE 4-hydroxy-trans-2-nonenal

NAFLD Nonalcoholic fatty liver disease

SREBP1c Sterol regulatory element binding protein 1c
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FIG. 1.
H&E stained liver sections show increased lipid accumulation (black arrow) in ApoE-/-

mice exposed to ENDS (B) compared to ApoE-/- mice exposed to saline (A). Light
microscopic images of glutaraldehyde-fixed, osmium tetroxide-post-fixed, epoxy embedded,
and toluidine blue stained liver sections form saline (C) and ENDS-treated mice (D) show a
striking increase in lipid accumulation (yellow asterisks) of varying sizes in ENDS-treated
mice (D). Representative TEM images from control (E) and ENDS exposed livers (F-H)
show a striking increase in lipid accumulation of varying sizes (yellow asterisks) along with
a decrease in the intracellular organelles in hepatocytes in ENDS exposed livers. Also shown
in Fig. 1H, is an apoptotic hepatocyte nucleus (AP) and many vacuolated mitochondria
(black arrow). (1) Hepatic triglyceride levels in saline (SAL) and ENDS exposed mice. *
P<0.05. (J) Western blot analysis shows increased hepatic 4-HNE levels in ENDS exposed
mice. GAPDH in the immunoblot is shown as a loading control. (K) Changes in the in vivo
patters of 4-HNE expression between saline and ENDS treated livers. Scale bar=25 pum for
A-D and 1 pm for E-H.
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FIG. 2.

In situ detection of hepatocyte apoptosis by TUNEL (A). (B) Quantitation of apoptosis. *
P<0.05. (C) Western blot analysis shows increased expression of both cleaved (active)
caspase 9 and 3 in ENDS-treated liver. (D, E) Quantitation of band intensities. Data for
active caspase 9 and 3 were normalized to GAPDH. * P<0.05.
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FIG. 3.
(A) Western blot analysis of hepatic expression of phospho-AMPK (p-AMPK), total AMPK,

phospho-ACC (p-ACC), total ACC, SREBP1c, and FAS between saline and ENDS exposed
mice. (B) Quantitative RT-PCR analysis of hepatic expression of SREBP1c, FAS, PPARS,
and INSIG1 between saline and ENDS exposed livers.
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FIG. 4.

(A) Two-dimensional hierarchical clustering of 433 differentially (P<0.05) expressed genes.
(B) The columns of the heat map represent 34 differentially expressed genes. The RNA-seq
analysis using IPA software reveals canonical pathways (C) and diseases (D) are most
strongly associated with the differentially expressed genes. The P value is assigned based on
the likelihood of obtaining the observed number of signaling pathway or disease-related
gene in a given data set by chance alone. (Grey bar= either activated or inhibited not
predicated due to lack of enough information in IPA knowledge base, Blue bar= the
pathways are downregulated)
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(A) Quantitative RT-PCR data reveal significant up-regulation of Cyp4A10, Cyp2A4, and
Cyp46 Al and a significant down-regulation of LCN2 with no change in the expression of
ACSL3. Values are means + SEM (n=6). (B) Western blot analysis validates the results

obtained by g-RT-PCR. (C-E) Quantitation of band intensities. Values are normalized to

GAPDH. * P < 0.05, **P<0.01, ***p<001.
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FIG. 6.
(A) The columns of the heat map represent 10 differentially expressed genes. (B)

Quantitative RT-PCR analysis shows down regulation of three prominent genes of the
hepatic circadian core system, including BMAL1, NPAS2, and NROB2 in ENDS-treated
livers compared with saline-exposed livers. P < 0.05. Hepatic down-regulation of BMALL1 is
further substantiated by western blot analysis (C). (D) Quantitation of band intensities. *P <
0.05.

Hepatology. Author manuscript; available in PMC 2019 July 17.

C saL

Page 19

ENDS

—

=~ |BMmAL1

= == == == = == = =|GAPDH

D BMALA1
=15
=)
<
3 T
2 *
=
o
0.0 .
» &
) Q,Q



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Hasan et al.

Table-1:

Changes in the expression of genes associated with lipid storage, droplet formation and inflammation.
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RNA seq RT-PCR
Genes Name
Fold chanes | P-value | Fold chanes | P-value

CIDEA it‘ell death-inducing DNA fragmentation factor, alpha subunit-like effector 161 1000507 3.077 0169

CIDEC cell death-inducing DFFA-like effector ¢ 2.45 .000068 2.572 .0656
MOGAT1 | monoacylglycerol O-acltransferase 1 2.05 .000754 2.175 .0666

EMRL :E_GF-Iike module-containing mucin-like hormone receptor-like 1 F4/80 115 392357 0.961 4551

ike protein
EMR4 Fil?eF;;Irloliiirr?)OdUIe-comalmng mucin-like hormone receptor-like 4 (F4/80 176 1001402 1.729 0071
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