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Background: Heated tobacco product (HTP) considered to be a novel tobacco product which was reported safer than traditional
cigarettes evidenced by lower potential harmful components released. Liver is an important detoxification organ of the body, the
chemical components in aerosols are metabolized in the liver after absorbed, so it is necessary to explore the effect of HTP on the liver.
Materials and Methods: The potential effect of HTP and cigarette smoke (CS) on SD rats was explored according to OECD 413 subchronic
inhalation. The rats were randomly divided into Sham (air), different dosage of HTP groups (HTP_10, 23 and 50 pg nicotine/L aerosol)
and Cig_23 (23 pg nicotine/L aerosol) group. After exposure, the clinical pathology, inflammation and oxidative stress were measured.
Results: The clinical pathology results showed that both HTP_50 and Cig 23 led to abnormality of ALT for male rats. CS and HTP
exposure reduced the expression of IL-18, IL-6 and TNF-a and mitochondrial medicated oxidative stress. In addition, the ATP
production was reduced in Cig 23 group. Although inflammation and oxidative stress were displayed, no apoptosis were observed
by TUNEL assay and these existed obvious pathological changes only in HTP_50 group, while in CS group with equivalent nicotine,
hepatocytes swelling were observed in liver.

Conclusion: CS exposure induced liver damage through mitochondrial mediated oxidative stress and inflammation, which was also
observed in high concentration of HTP exposure group. For the same equivalent nicotine, HTP may show lower toxic effect on liver

than CS.
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Introduction

Cigarette smoke (CS) is one of the main preventable causes of liver
diseases and the proportion of people with liver disease associ-
ated with CS was approaches 40%. Harmful substances inhaled
from CS, such as beta-naphthylamines and polycyclic aromatic
hydrocarbons, are mainly metabolized in the liver, and several
carcinogens including tobacco-specific nitrosamines (e.g. NNN
and NNK) effect P450 enzyme activity in the liver.! It is reported CS
is not cause directly hepatotoxicity, but a large number of studies
suggests that it may exacerbate preexisting chronic liver disease.
Studier showed that CS exacerbate alcohol-related liver disease,
suggesting that chemicals in CS may accelerate alcohol-related
liver damages.? Moreover, the exposure of CS showed profibrotic
effect by promoting liver inflammation and necrosis,>* which
suggested that CS may exert potential harmful effect on liver
health.

Heated tobacco product (HTP) is a new category of tobacco
product that produces smoke by heating rather than burning.®
The incomplete combustion of tobacco lead to the production of
many harmful and potentially harmful chemicals in CS, while
the heating without burning tobacco of HTP lead to significant
reduction of potential harmful components in aerosol.® Recently,
Choukrallah et al. explored the effects of CS and a candidate
modified risk tobacco product (Tobacco Heating System 2.2, THS
2.2) aerosol exposure on DNA methylation in liver of apolipopro-
tein E-deficient mice and showed that DNA methylation in liver

was largely insensitive to CS and THS 2.2.” Another animal study
compared the effects of CS and HTP aerosol exposure and the
results showed that CS induced in a higher number of necrotic
cells, increased the production of reactive oxygen species and
inflammatory cytokines than that of HTP aerosol exposure®?
which indicated that HTP aerosol may exert lower risk than
CS. Now the U.S. Food and Drug Administration had listed HTP
as a modified risk tobacco product and clearly required that
permission of modified risk tobacco products such as HTP must
provide scientific evidence to demonstrate that the product will
or is expected to benefit the health of the population as a whole.
However, up to now there are few studies on its potential health
risks, especially on the liver.

The liver is an important detoxification organ of the human
body. During the use of tobacco product, the aerosol can enter
the blood directly through inhalation and then were metabolized
in the liver. It is reported that CS exacerbated oxidative damage
through oxidative stress and caused production of inflammatory
cytokines, and leads to the accumulation of cellular damages
and apoptosis in the liver.!® CS exposure induced the redox
imbalance evidenced by up-regulation of malondialdehyde (MDA)
and decrease of superoxide dismutase (SOD) and glutathione
(GSH).™ In addition, after exposure with CS, the liver was showed
with the recruitment of inflammatory cells such as neutrophils
and monocytes and subsequent increase of interleukin (IL-1),
IL-6 and tumor necrosis factor (TNF-«), which would lead to
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smoking-induced fibrosis.’? Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) are important indicators of
liver function, and when the mice were exposed with CS, the
content of ALT and AST in blood were increased significantly,* 3
which indicated that oxidative stress and inflammation are
important indicators of liver injury.

Given the importance of the liver as an organ of metabolism,
the 90-day inhalation toxicological evaluation experiment were
preformed according to OECD TG 413 and the potential toxic-
ity of HTP on liver were explored.’ In our study, HTP and CS
were used for aerosol inhalation exposure, and the liver enzyme
activity, inflammatory factors, biomarkers of oxidative stress and
mitochondrial function were observed, which will reveal multiple
toxicant exposure profiles on the liver. This study will provide a
scientific evaluation of the HTP and the toxicological data will
further support the health risks of tobacco products.

Materials and methods
Animals

Sprague Dawley (SD) rats of 7-8 weeks old were housed under
controlled conditions (12 h light/dark, 23 °C + 2 °C, 50% =+ 10%
humidity), with food and water provided ad libitum. The study
was approved by the Laboratory Animal Management and Ethics
Committee of China Tobacco Quality Supervision and Test Center
(Approval number: CTQTC-SYXK-2021003). Rats were exposure
with fresh air (Sham, Sham PLUS groups), HTP aerosols (HTP_10,
HTP_23, HTP_50, HTP_50 PLUS groups, HTP groups of aerosol
dosages with nominal nicotine concentration of 10, 23, and 50 ug
nicotine/L aerosol for each group) and CS (Cig_23, Cig 23 PLUS,
23 pgnicotine/L smoke). All the groups contained twenty rats, half
male and female. According to the OECD 413, the PLUS groups
were employed to observe the toxic effects in the recovery period
(28-day).

Aerosol/smoke generation and exposure

CS and HTP aerosols were produced with the HCI puff regime
using a rotary smoking machine (Beijing HuiRongHe Technology,
China) and a high-through put smoking machine (Qingdao Etsong
Bioengineering, China), respectively. The puffing parameters were
55 £+ 0.5 mL puff volume, 2 + 0.5 s puff duration, and one
puff every 30 + 0.5 s. The aerosol produced was diluted with
filtered and conditioned air to obtain the target nicotine exposure
concentrations. The rats inhaled CS and HTP aerosols through
the nose-only exposure system (Beijing HuiRongHe Technology,
China) for 90 days (6 h/day, 5 days a week).

Biochemical measurements

After the exposure, the rats (except the recovery period) were
anesthetized and blood were collected and centrifuged to obtain
serum, which was tested for clinical chemistry biomarkers by
using an automatic biochemical analyzer BS-830 (Mindray Bio-
Medical Electronics, China), including AST, ALT and total protein
(TP).

Detection of antioxidant and oxidative stress
biomarkers

Tissue homogenate samples were prepared with normal saline
using a tissue homogenizer and the supernatant was collected
for BCA protein quantitative analysis (Beyotime Biotechnol-
ogy, China). Then the liver homogenates were measured for
interleukins (IL-18, IL-6, and TNF-a by an enzyme-linked

immunosorbent assay (Shanghai Enzyme-linked Biotechnology,
China) according to the manufacturer’s instructions.

Immunohistochemistry

Prepared liver paraffinized sections were incubated with primary
antibodies (IL-18, IL-6 and TNF-a, Proteintech, USA), secondary
antibodies (Abcam, UK) and 3,3’-diaminobenzidine (DAB) chro-
mogenic solution and sections were sealed with neutral resin
(Solarbio, China) and observed under a microscope (COIC, China).
Finally, IPP (Media Cybernetics, USA) software was used for image
analysis.

Terminal Deoxynucleotidyl transferase mediated
dUTP nick-end labeling (TUNEL) assay

TUNEL staining of apoptotic nuclei was performed using an in-
situ cell apoptosis detection kit (Roche, Switzerland) according
to the manufacturer’s instructions. Briefly, paraffin sections were
deparaffinized, rehydrated, and incubated with proteinase K for
25 min at 37 °C. After incubated with DAB and re-stained with
hematoxylin, and the positive apoptotic cell nuclei were observed
with an optical microscope.

Mitochondrial measurement

Fresh liver tissue was cut into tissue blocks less than 1 mm?,
and quickly placed in 2.5% glutaraldehyde solution, fixed for 6 h
followed washing with PBS for three times. The samples were then
fixed in 1% osmic acid for 1.5 h and rinsed with PBS for three times.
After dehydrated, embedded, sliced, and stained, the liver tissue
was observed using microscopy, and the data were analyzed by
Image] software.

ATP detection

About 20 mg tissue were lysed with pyrolysis liquid, and then
homogenized to obtain the supernatant after centrifuged at 4 °C
12,000 g for 5 min. ATP detection kit (Beyotime Biotechnology,
China) was used according to the instructions and the samples
were measured by a multifunctional microplate reader.

Determination of ROS

The fresh liver was obtained and embedded with OTC to prepare
tissue slices. Then ROS staining (Dihydroethidium, DHE; sigma,
D7008) solution was added to the slices, and incubated at 37 °C
in dark for 30 min. The slices were washed with PBS and then
incubated with DAPI staining solution at room temperature for
10 min. At last, anti-fluorescent quenching agent were added and
the slices were observed with the fluorescence microscope. The
statistical analysis of fluorescence intensity was performed with
of Image] software.

Liver histopathology

After fixed with 4% neutral formalin (Solarbio, China), the liver
was dehydrated by gradient, embedded in paraffin for sections.
Sections were then stained with hematoxylin and eosin (H&E) dye
or the Masson’s trichrome reagent following standard procedures.
Pathological changes of ratliver were observed with optical micro-
scope.

Statistical analysis

The data are expressed as means + SD (standard deviation).
Significance of the differences was statistically analyzed using
Student’s t-test with the SPSS 24.0 software (IBM, USA) and
P < 0.05 was considered to be statistically significant.
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Table 1. Serum biochemical parameters of rats after 90-day inhalation.

Parameter Sham (air) HTP _10 HTP_23 HTP_50 Cig 23
Female

ALT (U/L) 43.03 &+ 8.05 51.79 & 10.57 47.45 + 8.59 46.61 £+ 10.28 36.25 £ 5.02
AST (U/L) 104.92 4+ 43.04 102.06 £ 33.44 126.98 £+ 41.45 112.64 £+ 25.56 111.29 +£39.96
TP (g/L) 65.36 £ 5.15 61.58 +£5.59 62.28 +7.00 61.48 &+ 3.32 69.36 £+ 1.65*
Male

ALT (U/L) 65.48 +19.27 53.58 + 17.55 77.10 &£ 7.93* 86.33 & 8.43* 82.78 + 6.34*
AST (U/L) 141.05 % 36.90 116.84 £ 26.68 108.38 £ 30.15 133.32+£33.18 80.75 + 16.68*
TP (g/L) 54.45 + 4.32 57.72 +£2.59 57.30 £3.35 55.17 £2.45 52.48 £ 4.54

All data were represented as the mean + SD (N = 10), *P < 0.05, compared with Sham group. ALT, alanine aminotransferase; AST, aspartate aminotransferase;

TP, total protein.
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Fig. 1. The expression of inflammatory cytokines in liver. A) IL-18 in female rats. B) IL-6 in female rats. C) TNF-« in female rats. D) IL-18 in male rats. E)
IL-6 in male rats. F) TNF-« in male rats. All data were represented as the mean =+ SD (N = 5), *P < 0.05 compared with the sham group.

Results

Hepatic function markers

The content of biomarkers in the blood were detected such as
ALT, AST, and TP following 90-day inhalation exposure. As were
shown in Table 1, the content of TP in female rats and ALT in male
rats increased significantly in Cig 23 group, while HTP exposure
induced higher ALT in blood for female rats in the Cig 23 and
Cig 50 groups compared with Sham group, which suggested HTP
aerosols and CS showed potential toxic effect on liver function.

The expression of inflammatory cytokines

Inflammatory markers IL-18, IL-6 and TNF-« were measured to
assess the potential inflammation in liver. The results were shown
in Fig. 1, the levels of proinflammatory cytokines including IL-18,
IL-6 and TNF-« in liver of the Cig_23 group were obviously changed
than those of the Sham group (P < 0.05). For HTP groups, after
exposure with high dose of aerosols, the inflammation was exac-
erbated significantly evidenced by the increase of IL-18, IL-6 and
TNF-a (P < 0.05). Under equal nicotine dosage levels (the HTP_23

vs Cig_23), the inflammation induced by HTP were significantly
lower than the CS.*°

Immunohistochemical markers

Immunohistochemical microscopic images of the livers from
exposed male and female rats were shown in Figs2 and 3.
The expressions of IL-18, IL-6 and TNF-a were showed very
similar between the Sham and HTP_10 group. The number of
IL-18 immune-positive cells in the HTP_23/50 groups and Cig 23
group were significantly greater than the Sham group. Compared
with the Sham group, the expression of pro-inflammatory
cytokines including IL-18 and TNF-« were significantly observed
in the hepatocytes of the HTP_23 and HTP_50 groups, while the
expression of IL-6 displayed by the brown marker in HTP_23
group was lower the expression of IL-18 and TNF-«. The TNF-
o iImmunoreactivity in the HTP_10 group was not significantly
different from that in the Sham group, while the numbers
of positive cells in the HTP_50 and Cig 23 groups increased
significantly. In total, the medium and high dose exposure to
HTP aerosol caused inflammatory response was similar to CS.
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Fig. 3. Expression of IL-18, IL-6 and TNF-a by immunohistochemistry in liver of male rats. All slides were showed at a final magnification of x200.

Effects of HTP and CS on liver mitochondrial, ATP
and ROS production

The effects of different doses of HTP and CS exposure on liver
mitochondrial, ATP and ROS in SD rats are shown in Figs 4-6. The
results showed that compared with the Sham group, the mito-
chondrial of the Cig 23 group was significantly reduced (P < 0.05),
and when exposure with the same concentration of nicotine
with HTP (HTP_23 group), no significant changes were observed.
Mitochondria serve as the main organelles of ATP production,
which is associated with the ATP production. In our study, Fig. 4
showed that both CS and HTP exerted certain effect on ATP
production, and the effect of CS reduced obviously the content

of ATP, which was much lower than that of HTP group. When
mitochondrial function is impaired, a decrease in ATP is accom-
panied by an increase in ROS production, which was displayed in
Figs 5 and 6. Both CS and HTP_50 group induced ROS production,
which indicated that high dose of HTP and CS exposure could
induce mitochondrial mediated ATP and ROS damage.

Antioxidant defense and oxidative stress
biomarkers

CS exposure can cause lipid peroxidation damage. In our study,
the imbalance of oxidative and redox were measured and the
results showed that CS induced the excessive MDA, and the
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Fig. 4. The mitochondrial and ATP production in liver. A) The mitochondrial for male rats. B) The ATP content for male rats. C) The mitochondrial for
female rats. D) The ATP content for female rats. All data were represented as the mean + SD (N = 3), *P < 0.05, **P < 0.01, ***P < 0.001, compared with

the sham group.

decrease of SOD and GSH, which were consisted with the previ-
ous study.’® Compared with the Sham group, the lipid peroxida-
tion of MDA in the HTP_50 group was significantly up-regulated
(P < 0.05).SOD is a free radical scavenger, and the decrease of SOD
content in the body means a decrease in the ability to scavenge
harmful free radicals. As shown in Fig. 7, the SOD activities of
the HTP groups (except the HTP_10 group) were significantly
reduced (P < 0.05) and no obvious changes were observed after
HTP exposure, which indicated that both HTP and CS could lead to
oxidative stress in the liver, and may cause some damaging effects
subsequently.

Apoptosis

Compared with the normal liver of rats in the Sham group, no
apoptosis of rat hepatocytes was observed in the HTP group
(Fig. 8), which indicated that HTP aerosols induced no apoptosis
in the liver. Moreover, in the CS_23 group, the sporadic brown
markers were observed and the results showed that CS exposure
led to slight apoptosis by oxidative stress and inflammation.
Although oxidative stress and inflammation were also observed
in HTP groups, there existed no apoptosis.

Histopathological analysis

The pathological of the liver were shown in Fig. 9. For female
rats, pathological of the liver in CS group induced swelling of

hepatocyte when compared to the Sham group. Lesser vacuolar
degeneration was also observed in the HTP_10 group. For male
rats, liver pathological analysis of the HTP_50 revealed the same
hepatocyte swelling as with the CS group (Fig. 9A), which sug-
gested that the CS and high dose of HTP may induce the liver
damage. In addition, liver fibrosis was also detected by Masson
staining. The results showed in Fig. 9B, which indicated that nei-
ther CS nor HTP had any effect on liver fibrosis.

Discussion

Tobacco products in the process of use mainly rely on the genera-
tion of aerosols, which contain different types of chemical compo-
nents. After aerosols is absorbed by the human, itis mainly detox-
icated through liver metabolism. Therefore, understanding the
mechanisms and pathophysiological processes of liver diseases is
critical in metabolism of tobacco product and it is very necessary
to the tobacco products that claimed reduced exposure or risk to
perform their inhalation toxicity burden on the liver. In this study,
the serum levels of ALT and AST (just for male rats) were higher
in the subchronic smoked or aerosol-inhaled animals compared
to the Sham group (Table 1). Clinical research results showed
that increased activities of the liver enzymes are typically found
in healthy patients following cigarette smoking,'” which demon-
strated that these markers could be used to assess the acute to
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Fig. 5. The expression of ROS in liver for male rats. The nucleus was stained with DAPI and ROS were stained with dihydroethidium (DHE). All data
were represented as the mean + SD (N = 3), **P < 0.01, ***P < 0.001, compared with the sham group.

subchronic effects of tobacco products. For the animals subjected
to subchronic exposure protocol, their biochemical markers were
improved after a 28-day recovery period. However, for chronical
or habitual tobacco users in the previous studies, this may not be
the case.

Long-term exposure to CS causes hepatic inflammation, and
even irreversible apoptosis and tissue damages.'®’” From a
subchronic level, this study therefore evaluated the antioxidant
defense and oxidative stress biomarkers as an early indication
of potential differences and/or similarities between the HTP
aerosol and CS exposures. The results showed that CS (Cig 23
group) significantly reduced SOD and GSH activities, while
MDA significantly increased (Fig. 7). We observed a clear redox
imbalance at the tissue level induced by the CS exposure,
in agreement with previous studies.’® The extensive influx
of inflammatory cells in the Cig 23 group released ROS,
which led to the activation of macrophages, the release of
pro-inflammatory cytokines, and the significant formation of
inflammatory cells. Further, our results indicated that pro-
inflammatory cytokines (IL-18, IL-6 and TNF-«) were significantly
up-regulated in both the Cig 23 and HTP_50 groups (P < 0.05),
perhaps in response to the combined effects of increased
nicotine and other tobacco toxicants released in the HTP aerosol

(Fig. 1).

The expression of inflammatory cytokines performed in this
work showed that compared with the sham group, the number
of immunopositivity cell for the inflammatory cytokines in the
HTP_50 and the Cig 23 groups was significantly increased (Figs 2
and 3). In addition, the redox imbalance was also observed by
CS exposure, leading to the accumulation of macromolecules
in damaged cells (Fig. 8). In liver, a nicotine-related increase in
glycogen vacuoles was detected, but there were no signs of fibrosis
or lipid accumulation.® In our study, no fibrotic features were
observed in the liver. After exposure with high concentration of
tobacco extract, the blood analysis of clinical chemistry showed
that increased hepatic function indexes (AST, ALT) in male and
female animals were observed, as well as inflammation and
damaged liver cells.?®

By analyzing the content of reactive oxygen species (Figs 5
and 6), mitochondrial and ATP production (Fig. 4) in liver cells,
we found that both CS and HTP could cause oxidative stress in
liver cells, and the effect of CS was more obvious. Mitochondria,
one of the main sources of ROS generation, is influenced by ROS
evidenced by the decreased amount. Moreover, impaired mito-
chondrial function is closely related to ATP production. Therefore,
a significant decrease in mitochondrial and ATP content were
showed in the CS group compared with the Sham group, and the
similar phenomenon occurred in the HTP high-dose group.
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Fig. 6. The expression of ROS in liver for female rats. The nucleus was stained with DAPI and the reactive oxygen species (ROS) were stained by
dihydroethidium (DHE). All data were represented as the mean =+ SD (N = 3), *P < 0.05, ***P < 0.001, compared with the sham group.

A 10 B 100 B

Female Female Female
6 -
_ 8- . s0f n
£ 5 2 T g
14 -
= 6 60+ 26
= £ : . ER] ! 3
E = H < ~
a1 = g} -
- o
= a G,
a g 2
= 24 % 20f
0 0
& > - & - & o - S -
& &/ &7 Q4 e e R/ Q7 &4 et
G S A ) 5 ) A &
N N N @ N R N <
D E F
10 Male 100 Male Male
6F
_ 8t 80
H P =
] g I E
Sl & £ 60F 3 = 4
= - ® &
] = T » < o
4t = a0t -
- o
-~ 2t o 0k
0 0
Y LAY P O &7 T T S T 2T
2 & A O iad < A A & b < A A A o
& N < e N N N L N N N <
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During the inflammation and oxidative stress mediated by
mitochondrial, apoptosis was observed in CS induced rats, while
no significant apoptosis was observed in HTP group. At the same
time, liver cell damage was found by pathological analysis in
HTP_50 and CS groups. At equivalent nicotine concentrations, the
HTP aerosols with lower dosage was unable to induce hepato-
cyte injury, such as hyperemia, although associated with obvious
inflammation and oxidative stress. Previous studies have shown
that increased collagen fiber deposition may induce CS-related

liver fibrosis in animal models®' and it has been reported that
signs of sinusoidal dilation, vasodilation, areas of necrosis, and
connective tissue formation have been discovered in smoking
induced liver tissue damages, together with elevated ROS and
pro-inflammatory effects, which subsequently lead to fibrogene-
sis.?2:23 This phenomenon was not observed in this study. We spec-
ulated that the exposure period may not have been long enough,
and even though there were some changes in molecular after
exposure, some of the changes did not result in liver tissue lesions.
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Conclusion

This study investigated the potential toxicological effect of HTP on
liver following the OECD 90-day subchronic inhalation exposure
with fresh air, different concentrations of HTP aerosols and CS.
In our study, the HTP aerosol and CS exposure both negatively
induced liver inflammation and the imbalance of redox status.
The liver enzyme activity, together with the histopathology asso-
ciated with the liver function were also induced by CS, and HTP
showed a mild effect, namely, the liver toxicity in the Cig 23 group
was significantly higher than that in the HTP_23 group. On the
other hand, with the decrease of aerosol exposure concentration,
most of the biomarkers displayed a trend of reducing or disap-
peared toxicity. Meanwhile, Both CS and HTP can lead to slight
changes and oxidative stress at the molecular level mediated by
mitochondrial. In conclusion, the 90-day subchronic exposure in
this study demonstrated that the HTP aerosol caused an observ-
able degree of inflammation, oxidative stress, and limited levels of
tissue damages compared with CS. Under equal nicotine dosage,
the HTP aerosol generally displayed a reduced level of toxic effects
on liver.
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