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Abstract

Early epidemiologic studies have reported that tobacco smoking, which is causally associated with
liver cancer, is an independent risk factor for non-alcoholic fatty liver diseases (NAFLD).
Lycopene from tomatoes has been shown to be a potential preventive agent against NAFLD and
hepatocellular carcinoma (HCC). In the present study, we investigated whether the tobacco
carcinogen 4-(A-methyl- Afnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) induces lesions in both
lungs and livers of ferrets with or without lycopene intervention. Male ferrets (6 groups, /7= 8-10)
were treated either with NNK (50 mg/kg BW, i.p., once a month for four consecutive months) or
saline with or without dietary lycopene supplementation (2.2 and 6.6 mg/kg BW/day, respectively)
for 26 weeks. Results demonstrate that NNK exposure results in higher incidences of lung tumors,
HCC and steatohepatitis (which is characterized by severe inflammatory cell infiltration with
concurrent fat accumulation in liver, hepatocellular ballooning degeneration and increased NF-xB
expression), as well as elevations in bilirubin and AST levels in ferrets. Lycopene supplementation
at two doses prevented NNK-induced expressions of a7 nicotinic acetylcholine receptor in the
lung and NF-xB and CYP2EL1 in the liver and attenuated the NNK-induced mortality and
pathological lesions in both the lungs and livers of ferrets. The present study provided strong
experimental evidence that the tobacco carcinogen NNK can induce both HCC and steatohepatitis
in the ferrets and can be a useful model for studying tobacco carcinogen-associated NAFLD and
liver cancer. Furthermore, lycopene could provide potential benefits against smoke carcinogen-
induced pulmonary and hepatic injury.
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Introduction

Cigarette smoking is recognized to be a strong risk factor for carcinogenesis! and has been
shown to induce lung carcinogenesis /n vivc?. Cigarette smoke contains more than 73
carcinogens with the tobacco-specific nitrosamines, such as 4-(A-methyl- A-nitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) and its derivatives, being the most prevalent carcinogens in
tobacco products®. NNK is a potent carcinogen that requires activation by the cytochrome
p450 (CYP) enzyme system for its tumorigenic activity3 with the production of DNA
adducts and single strand breaks of DNA in the lung and liver®. It has been demonstrated
that NNK predominantly induces pulmonary carcinogenesis but NNK at high doses (e.g.,
200-1800 mg/kg body weight) induces hepatic damage and hepatocellular carcinomas
(HCC) in rats® 6. Tobacco smoking has been shown to be associated with liver diseases’ and
is an independent risk factor for non-alcoholic fatty liver disease (NAFLD)S8. The risk for
liver cancer increases with the duration or the number of cigarettes a person has smoked®. A
meta-analysis reported that the pooled relative risk for liver cancer is 1.56 (95% CI =
1.29-1.87) comparing current-smokers to those who have never-smoked, and 1.49 (95% CI =
1.06-2.10) comparing former-smokers to non-smokers, respectively’?. In addition, NNK is
shown to be a high-affinity ligand for the a.7 nicotinic acetylcholine receptor (a7

nAChR)L . The activation of a7 nAChR modulates the development and progression of
lung cancerl: 12, and the pharmacologic or genetic disruption of a7 nAChR significantly
reduces angiogenesis and tumor growth!3. Indeed, we have demonstrated that ferrets
(Mustela putorius furo) exposed to NNK develop pulmonary preneoplastic and plastic
lesions, involving high expression of a7 nAChR in the bronchial epithelial cells and
pulmonary carcinogenesis!4.

Epidemiological studies have suggested an inverse association between the higher intake of
lycopene, a major carotenoid from tomatoes and/or tomato products, and the risk of various
types of cancer3: 1516, Previous /n vitro studies suggest that lycopene prevents cell
proliferation!’, DNA damagel8, inhibits neoplastic transformation of normal mouse and
human cells and inhibits invasion in hepatoma cell lines'9-21, We found that lycopene
supplementation inhibited smoke-induced lung squamous metaplasia and induced apoptosis
through the up-regulation of insulin-like growth factor-binding protein 3 and the down-
regulation of phosphorylation of BAD?2. In addition, metabolites of lycopene (apo-10'-
lycopenoic acid) induced phase Il detoxifying/antioxidant enzymes in human bronchial
epithelial cells?3, and suppressed NNK-induced lung tumorigenesis?4. Lycopene
supplementation has been demonstrated to prevent fat accumulation, inflammation,
generation of oxidative stress, and regulate hepatic lipid metabolism in animal studies?®.
Recently, we demonstrated that lycopene and its metabolite apo-10'-lycopenoic acid can
inhibit both NAFLD?2 26 and HCC development in mouse models27-2%. However, there are
very few reports to indicate the efficacy of lycopene on carcinogen-induced lung cancer3°
and some researchers have reported no association between lycopene supplementation and
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lung cancer incidence in vivodl: 32, Unfortunately, these studies are not comparable because
of differences in study design regarding species, strains of animals, forms of lycopene
(purified lycopene, tomato oleoresin and tomato products), dose ranges, and, importantly,
none reported plasma or tissue concentrations of lycopene.

The ferret has been shown to be an excellent non-rodent animal model for studying the
effects of micronutrients such as the carotenoids because of the similarities of ferrets and
humans in absorption and accumulation33. Further, the ferret is a useful model for
pulmonary research studies since the pulmonary structure and airways of ferrets are similar
to humans34. Of note, ferrets exposed to NNK alone developed both preneoplastic lesions
and pulmonary tumors which are common lesions in humans!4. By using this ferret model in
the present study, we examined whether the ferrets would develop NAFLD and liver cancer
after exposure to NNK, and we investigated the efficacy of different levels of lycopene
supplementation against NNK-induced carcinogenesis in both the lungs and livers of the
ferrets.

Materials and Methods

Animals, diet, and study groups

Male ferrets (1.1 — 1.7 kg) were obtained from Marshall Farms (North Rose, NY) and
maintenance and husbandry of the ferrets was performed as previously described 1422, The
animals were fed a semi-purified ferret diet (D90001 Research Diets, New Brunswick, NJ:
Casein, 34.5%; L-Arginine, 0.5%; L-Methionine, 0.3%; Maltodextrin, 7.5%; Corn starch,
26.5%; Cellulose, 5.0%; Corn oil, 10.5%; Lard, 10.5%; Salt mix (S90002), 3.5%; Vitamin
mix (V90002), 1.0%; Choline bitartrate, 0.2%; and lycopene, 0%), with ad /ibitum access to
food and water provided throughout all experiment phases. This diet is suitable for ferret
growth 22, and has been used for previous ferret studies® 22, After a 2 week acclimation,
fifty-four ferrets were randomly assigned to one of 6 experimental groups for 26 weeks as
follows: (/) control (sham) + placebo (C+P), n=8; (/i) control + low dose lycopene (C+LL),
n=8; (iii) control + high dose lycopene (C+HL), n=8; (i) NNK + placebo (N+P), n=10;
(¥) NNK + low dose lycopene (N+LL), 7= 10; (v/)) NNK + high dose lycopene (N+HL), n=
10. The ferrets were hand-fed lycopene or placebo mixed with peanut butter for 3 weeks
(preloading) prior to the NNK or sham injections which continued through the entire study.
At the end of the experimental period, ferrets were euthanized by terminal exsanguination
under deep isoflurane (Isothesia, Butler Schein, Dublin, OH) anesthesia. The right upper
lobe of each lung was inflated and fixed by intratracheal instillation of 10% formalin. Small
pieces of liver were collected and fixed in 10% buffered formalin for histological
examinations while the remaining lungs and livers were snap frozen in liquid nitrogen and
stored at —80°C for later analysis. Plasma was collected and stored at —80°C until analyzed.
This study protocol was approved by the Institutional Animal Care and Use Committee at
the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University.

NNK treatment

The treatment of NNK in the ferrets was performed as previously described 14, Briefly, each
experimental ferret was given an intraperitoneal (i.p.) injection of NNK (Toronto Research
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Chemicals, Ontario, Canada) at a dose of 50 mg/kg BW, once a month for four consecutive
months (total dose of 200 mg/kg BW); control animals were given a sham injection of 0.9%
NaCl solution utilizing the same injection schedule.

Lycopene supplementation

Water soluble lycopene beadlets containing 10% w/w lycopene or placebo beadlets (BASF
Inc., Basel, Germany) were mixed under red light with 0.5 gram peanut butter (Skippy
cream peanut butter, NJ) at two doses to provide lycopene at a dose of 2.2 mg/kg BW /day
or 6.6 mg/kg BW/day. Since ferrets spontaneously eat peanut butter, gavaging was not
necessary. The amount of lycopene added to the peanut butter was calculated each week and
varied with the body weight of ferret so that 0.5 gram peanut butter would provide lycopene
at the required dose. Lycopene supplemented peanut butter was mixed once a week and was
stored at 4 °C in opaque containers to prevent degradation of lycopene. The lower dose (2.2
mg/kg BW/day) is equivalent to a 30 mg/day intake in a 70 kg man and the higher dose (6.6
mg/kg BW/day) is equivalent to a 90 mg/day intake in a 70 kg man, based on our previous
ferret studies?2 33. Although both doses are much higher than the average of intake of
lycopene in the United States (9.4 + 0.3 mg/day)3°, these doses are achievable by the use of
lycopene supplements and have been verified in prostate cancer trials3®.

Histopathological examinations

Preparation of samples for both lung and liver tissues was performed as previously
described 14. Four-micrometer sections of formalin-fixed, paraffin-embedded lung and liver
tissues were stained with hematoxylin (H) and eosin (E) for histopathologic examination.
The sections were examined under light microscopy at 100x and 400x magnification by 2
independent investigators who were blinded to the treatment groups. Lung histopathology of
neoplastic lesions was evaluated and classified as preneoplastic lesions (atypical
adenomatous hyperplasia and squamous metaplasia) and neoplastic lesions (including
dysplasia, adenocarcinoma, and SCC). Liver histopathology of the tumor areas was
classified as HCC and SCC. Liver histopathology of non-tumor areas was graded according
to the magnitude of steatosis and inflammation as described previouslyZ> 37-39, Briefly, the
degree of steatosis was graded 0-4 based on the average percent of H&E stained fat-
accumulating hepatocytes per field at 100x magnification in 20 random fields (Grading 0 =
<5%, 1 = 5-25%, 2 = 26-50%, 3 = 51-75%, 4 = >75%). The degree of inflammation was
graded 0-4 based on the amount of ongoing inflammation (amount/location of inflammatory
cells infiltrates) and the degree of hepatic fibrosis and necrosis (Grading 0: No activity, 1:
Minimal, 2: Mild, 3: Moderate, 4: Severe).

Immunohistochemical assays

Four-micrometer sections of formalin-fixed, paraffin-embedded lung and liver tissues were
immunostained for cytokeratin 19 (A53-B/A2, mouse monoclonal antibody, Santa Cruz
Biotechnology, Santa Cruz, CA) using the standard avidin-biotin complex
immunoperoxidase method (Vectastain ABC-Elite; Vector Laboratories, Burlingame, CA) as
described previously??. Briefly, the sections were incubated with a primary antibody at a
dilution of 1:50. Subsequently, the sections were incubated with biotinylated anti-mouse
antibody (Vector Laboratories, Inc., Burlingame, CA) diluted 1:250 and further incubated
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with VECTASTAIN Elite ABC reagent. The sections were subsequently processed with
peroxidase substrate solution. The sections were then counterstained with hematoxylin. The
sections were examined under light microscopy. The cells were considered to be positive for
cytokeratin 19 expression in the cytoplasm if tumor cell cytoplasm stained a brown color
above the cytoplasmic background.

Western blots analysis

Western blotting was performed with the lung and liver tissues, as previously described!?.
Antibodies against a7 nAChR, cyclin D1 and matrix metalloproteinase-2 (MMP-2) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA); antibodies against nuclear
factor-kappa B (NF-xB) were purchased from Cell Signaling (Beverly, MA); antibodies
against cytochrome P450 (CYP) 2E1 and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were purchased from Millipore (Milford, MA). GAPDH was used as a loading
control. Results were quantified using a densitometer and expressed as a fold change in the
treatment group as compared to the control group.

HPLC analysis

Plasma and liver concentrations of all-#rans and cisisomers (5-cis, 9-cis and13-cis) of
lycopene were determined by HPLC analysis according methods described in our previous
report2L, Briefly, a separation system (Waters Corporate, Milford, MA) fitted with a C30
column was used to separate lycopene. Liver tissue (100 mg) was homogenized in 2 mL of
saline and ethanol (1:1 ratio); 1.0 mL of saline and ethanol (1:1 ratio) was added to 1.0 mL
of plasma. Lycopene was then extracted separately from both types of samples using 5 mL
of hexane and ether (1:1 ratio) by: vortexing for 3 min, centrifuging at 20,000 g for 10 min
at 4°C, and collecting the upper layer. Samples were extracted 3 times and were evaporated
under nitrogen gas; samples were subsequently reconstituted with 100 pL of ethanol and
ether (1:1 ratio); a 50 pL aliquot of the reconstituted extract with ethanol and ether (1:1
ratio) was injected into the system to measure lycopene concentrations. Retinyl acetate and
echinenone were used as the internal control to determine the efficiency of extraction. All
procedures were conducted under red light.

Liver function analysis

Plasma levels of albumin, bilirubin, alanine aminotransferase (ALT) and aspartic
aminotransferase (AST) were analyzed using commercially available assay kits (Wako Pure
Chemical Industries, Ltd., Osaka, Japan).

Statistical analysis

Results are expressed as means = SEM or medians (range). Kaplan-Meier survival curves
were applied for determination of the survival rate. Differences in survival between
experimental groups were analyzed using the log-rank test. One-way ANOVA followed by a
Tukey-Kramer post-hoc analysis was performed for mean values of the multiple groups. The
incidences of mortality and lesions were evaluated using the Fisher exact test. The grading
of steatosis and inflammation was evaluated by a Kruskal-Wallis test for any differences in
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distribution among groups, followed by a Dunn's multiple comparison test for comparing
groups. Results were considered statistically significant at A<0.05.

Mortality, Body weights, liver weights

There was no mortality in any of the control groups (C+P, C+LL and C+ HL) prior to the
completion of the experiment. Four ferrets died at 11, 14, 24, and 25 weeks, respectively,
after the first injection of NNK in the N+P group, which had an overall 40% mortality rate.
Although the cause of death was inconclusive for each of these animals, multiple lung
tumors and nodules on the hepatic surface of the dead animals were detected at the time of
autopsy. We observed statistically significant differences in survival between the control
groups and the N+P group by log-rank analysis in the Kaplan-Meier survival curve (£<0.01).
Two ferrets died at 18 and 22 weeks in N+LL group (20%), and one ferret died at 24 weeks
in N+HL group (11%), respectively (Figure 1). There was no significant difference in
mortality when comparing the lycopene supplementation groups (N+LL and N+HL) with
the N+P group or controls. There were no significant differences in body weights or liver
weights at the end of the experiment between the groups, although NNK treated ferrets (N
+P) had non-significant reductions in body liver weights when compared to the control
ferrets (Table 1).

Lung lesions

No preneoplastic or neoplastic lesions were observed in the lungs of the control group
animals (including C+P, C+LL and C+HL groups, Table 1). Both preneoplastic lesions
(atypical adenomatous hyperplasia and squamous metaplasia) and neoplastic lesions
(including dysplasia, adenocarcinoma, and SCC) were observed in the lungs of NNK
treatment ferrets (Table 1, and Figure 2). The incidence of preneoplastic of lesions in the
lungs of all of the NNK treatment group animals was 80 - 100% and there were no
significant differences between the NNK treatment groups with or without lycopene
supplementation. The incidences of neoplastic lesions in the lungs were 90% in the N+P
group, 70% in the N+LL group and 44% in the N+HL group, respectively and there were
significant differences in the incidences of neoplastic lesions in the lungs between the
control groups and the N+P and the N+LL groups. Differences in the incidence of neoplastic
lesions between the control group and the N+HL group were not statistically significant.

Hepatic lesions

Only mild steatosis was observed in the livers of ferrets not receiving the NNK treatment
(Figure 3-A) but NNK treatment resulted in significant steatohepatitis with typical features
of steatosis, inflammatory cell infiltration and ballooning degeneration of the livers (Table 1,
Figures 3-B and 3-C). There were no significant differences between the control groups and
lycopene supplementation groups (N+LL and N+HL) regarding the grades (severity) of
steatosis and inflammation. There were significant differences in the incidence of the most
severe steatohepatitis (Score: 4 for steatosis and inflammation) between the N+P group and
the N+LL, N+HL groups (£ < 0.05). The most severe grading (Score: 4) for both steatosis
and inflammation in the N+P groups was observed in five ferrets, however, there was only
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one ferret with severe steatohepatitis in each of the N+LL and N+HL groups. In the N+HL
groups, there was only one ferret without any steatosis and inflammation (both scores: 0).

There were no neoplastic lesions observed in the livers of any of the control groups. We
found both HCC and SCC (Figures 3-E, 3-F, 3-G, 3-1, 3-J and 3-K) in the livers of ferrets
treated with NNK (40% incidence) which was lower in the lycopene supplemented groups
(30% in the N+LL group and 11% in the N+HL group). There was a significant difference in
the incidences of hepatic neoplastic lesions between N+P groups and all control groups
(P<0.01) but the difference was diminished in the N+HL group.

All of the hepatic tumors induced by NNK injection were HCC except for one tumor with
the feature of SCC (similar to that observed in lung) (Figures 2-D and 2-E) in the livers of
ferrets in the N+P group (Figures 3-1, 3-J and 3-K). Cytokeratin 19, a member of the Type |
acidic subfamily of intermediate filaments, is expressed in various tissues including
pulmonary carcinomas (but not hepatic) and has been used to differentiate hepatic metastasis
from lung cancer. We found that the SCCs that developed in lungs but observed in liver
stained for cytokeratin 19 (Figure 2-F and Figure 3-L) and hepatic non-cancerous tissue and
HCCs similarly were not stained for cytokeratin 19 (Figures 3-D and 3-H), suggesting that
the hepatic SCCs were metastasized from lung.

We found that the plasma bilirubin and AST levels in ferrets injected with NNK were
significantly increased (Table 1). The significant differences in plasma bilirubin and AST
level were dramatically reduced in animals treated with lycopene supplementation, as
compared to the N+P group (Table 1). There were tendencies of decreased plasma albumin
level and increased plasma ALT in ferrets treated with NNK (Table 1).

Molecular biomarkers

We observed that a7 nAChR protein levels in the lungs of ferrets were significantly
increased by NNK treatment, as previously reported’®. In addition, we observed that NNK
treatment significantly increased the protein levels of cyclin D1, NF-xB and MMP-2
(Figures 4-B, 4-C and 4-D). In contrast, lycopene supplementation decreased NNK-induced
a7 nAChR protein levels in a dose-dependent manner (Figure 4-A). Lycopene
supplementation tended to decrease NNK-induced NF-xB, cyclin D1 and MMP-2 protein
levels (Figures 4-B, 4-C and 4-D).

While there was no significant difference in CYP 2E1 protein levels in the lungs between
groups (data not shown), we observed that hepatic CYP 2E1 protein levels were significantly
increased in the N+P group when compared to the other experimental groups (Figure 4E);
lycopene supplementation at both doses significantly decreased CYP 2E1 protein levels
(Figure 4-E). In addition, we observed a significant increase of NF-xB protein levels in the
N+P group and lycopene supplementation decreased NNK-induced NF-«xB protein levels in
a dose-dependent manner (Figure 4-F). We did not detect a7 nAChR protein in the livers of
any of the experimental groups (data not shown).
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Lycopene isomer concentrations in plasma and liver

All-trans, 5-cis, 9-cis and 13-cis isomers of lycopene were detected in the plasma and livers
of lycopene supplemented ferrets (Table 2). Although there were no significant differences,
high plasma concentrations of total lycopene were observed in the high lycopene
supplemented groups (C+HL) compared to the low dose groups (C+LL) without NNK
treatment, however, NNK treatments significantly decreased plasma lycopene concentrations
(C+LL, C+HL vs. N+LL, N+HL). Hepatic lycopene concentrations tended to be increased
by NNK treatment in the liver. The ratio of #ansand c/s-isomers in both plasma and liver
were not affected by NNK treatment.

Discussion

NNK treatment resulted in both lung and liver tumors including HCC and metastasized

tumor

Although it is known that NNK is a relatively specific lung carcinogen, in the present study
we demonstrated that the ferrets developed both pulmonary tumors (9 out of 10 ferrets) and
liver tumors (4 out of 10) with pathologic features of HCC. In addition, the total dose of
NNK injected into the ferrets (200 mg/Kg) was much less than that previously (~1800
mg/Kg) used in rats® 8. Interestingly, we observed one SCC in the liver of a NNK treated
ferret, suggesting the possibility that it had metastasized from the lung to the liver. This
observation was supported by both pathological analyses (Figures 2-E and 3-K) and positive
immunohistochemistry staining using cytokeratin 19 (Figures 2-F and 3-L). Cytokeratin 19
is known to be strongly expressed in bronchial and respiratory epithelium®!, not in
hepatocytes*2, and has been used as a marker for the identification of liver metastasis. As
anticipated, the HCCs did not stain for cytokeratin 19 (Figure 2-H) in these ferrets indicating
that these HCCs originated from the ferret livers. In addition, pulmonary MMP-2 protein
levels were increased by NNK treatment (Figure 4-D), which is consistent with metastasis
associated with specific types of carcinomas*3. Since lung cancer metastasis is frequent in
humans and lung tumors from carcinogen treatment in mice rarely metastasize*4, these
observations suggest that the ferret may be a relevant model for the study of lung
carcinogenesis and tumor metastasis.

NNK treatment resulted in hepatic lesions which closely resembles NAFLD and NASH in

humans

It has been reported that cigarette smoking is an independent risk factor for NAFLDS8 and
cigarette smoking increases lipid accumulation in the hepatocytes of mice®®. The interesting
aspect of the present study was that NNK treatment resulted not only in steatosis but also
NASH (characterized by severe inflammatory cell infiltration with concurrent fat
accumulation in liver, hepatocellular ballooning degeneration and increased NF-xB
expression and increases to bilirubin and AST levels. Therefore, the development of hepatic
lesions (including NASH and HCC) in the ferrets, which closely resembles NAFLD, NASH
and HCC in humans, may provide an excellent animal model for dietary intervention studies
for hepatic disease. However, the exact mechanism(s) regarding how NNK exposure
promoted these hepatic lesions remains unclear. Ferrets are obligate carnivores (meat eaters)
and need to obtain a majority of their calories from high fat (~40%), high protein (~38%)
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and simple carbohydrates diets. While we observed that feeding this high fat diet (40.2% of
total calorie from fat) resulted in the development of mild steatosis in the livers of ferrets
without NNK exposure, NNK exposure resulted in significant steatosis, NASH and HCC
development in the ferrets. Since we did not observe any significant hepatic lesions (e.g.,
steatosis, NASH and HCC) with the same dose of NNK injection in our previous animal
studies fed with chow diet, we believe that the steatosis induced by this high fat diet may
prime the liver for the development of more aggressive lesions (such as NASH and HCC) in
response to NNK exposure as a “second-hit” in the ferrets. The findings from the current
study are consistent with a previous study that reported that nicotine, a precursor of NNK
and well known to be a strong agonist of nAChR, can interfere with normal lipid metabolism
and has been shown to result in hepatic steatosis in mice fed a high-fat diet*’. Our study also
confirms the finding of a recent study that found that NNK can alter normal lipid
metabolism in the livers of alcohol fed rats*. Unlike lungs, we were not able to detect a.7
nAChR protein in the livers of ferrets, possibly due to the low expression levels of hepatic
a7 nAChR. Interestingly, NNK exposure resulted in significantly increased hepatic CYP2E1
protein levels which has been shown to play a role in oxidative stress, inflammation, and
tumorigenesis®3. Since NNK was metabolized by Phase | enzymes (such as CYPs including
CYP2E1) which activated its mutagenicity® 52, it is reasonable to conclude that the
induction of hepatic CYP2EL1 protein levels promoted a carcinogen-initiated, high fat diet-
promoted hepatic oxidative stress, inflammation and carcinogenesis37-3%; the induction of
CYP2E1 by NNK exposure would contribute to the development of NASH and HCC in the
present study.

Lycopene supplementation suppressed NNK-induced pulmonary a7 nAChR and hepatic
CYP2EL, which were associated with lower mortality and incidences of both pulmonary
and hepatic lesions

We have previously reported that lycopene supplementation prevents cigarette smoke-
induced cell proliferation and over-expression of cyclin D1 in both the lungs and gastric
mucosa of ferrets?0: 48, In the present study, we observed that a7 nAChR and its down-
stream protein (cyclin D1, NF-xB and MMP-2) levels were notably decreased by lycopene
supplementation, suggesting that lycopene could prevent the activation of proliferation,
inflammation and angiogenesis of pulmonary cancerous cells via suppression of pulmonary
a7 nAChR. This notion was supported by previous studies that demonstrated that lycopene
could inhibit MMPs expression, regulate pathways converging at the NF-xB-binding sites4°,
and inhibit experimental metastasis involved with the suppression of MMP-2 and other
tumor activating markers20. We have recently observed that carotenoid beta-cryptoxanthin
supplementation inhibited lung tumorigenesis and was associated with significant reductions
of both mRNA and protein levels of a7 nAChR, and mRNA of early growth response-1, an
activator to stimulate the promoter activity of a7 nAChR (Anita R. Iskandar AR & Wang
XD, Manuscript in preparation). The present study shows that lycopene supplementation
decreases both mortality and incidence of pulmonary carcinomas induced by NNK
treatment, but statistically significant differences between the N+P, N+LL, and N+HL
groups were not reached due to the relatively small sample size for the experimental groups.
Regardless, the significant differences on mortality and incidence of pulmonary carcinomas
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between the N+P group and the control groups were reduced by lycopene supplementation
in the NNK-treated ferrets, suggesting potential benefits of lycopene supplementation.

It should be noted that the lycopene concentrations in both plasma (142.0 — 230.0 nmol/L)
and liver (1.42 — 1.69 nmol/g) in the ferrets without NNK treatment groups were
comparatively lower than the lycopene concentrations reported in humans (260 — 900
nmol/L in plasma and 0.1 — 20.7 nmol/g in liver, respectively)®C, suggesting that lycopene's
effects in this model took place at low and physiologically relevant concentrations. In
addition, the NNK exposure decreased plasma lycopene concentrations in a dose-dependent
manner. This is consistent with our previous data using ferrets, in which cigarette smoke
exposure decreased plasma lycopene concentrations in both the low-dose and high-dose
lycopene groups22. The National Health and Nutrition Examination Survey 11 reported that
smokers have lower serum concentrations of lycopene compared with nonsmokers®l. Why
cigarette smoking decreases plasma lycopene levels remains unclear. Since the ratio of cis/
all-trans lycopene isomers (sum of 5-¢is, 9-cisand 13-c/s of lycopene isomers vs. all-trans
lycopene) in the plasma and livers (46-57% and 64-71%, respectively) of the ferrets was
similar to that found in human blood and liver (58-73%)°Y, one of the possible explanations
was that cigarette smoke or its components may increase decomposition of carotenoids by
chemical and/or enzymatic reactions, as we previously reported 22. Another possible
explanation related to NNK-induced steatohepatitis is that the fat-soluble lycopene might not
be transported into circulating blood by the lipoproteins. This possibility was supported by
the finding of a slight increase of hepatic lycopene in the NNK-treated ferrets. Further
studies are certainly required to investigate the interactive effect of the NNK and lycopene
metabolism and dosage and will potentially provide valuable insights into the mechanisms
underlying the beneficial effect of lycopene against SCC and HCC development.

An interesting observation from the present study was our demonstration that NNK
treatment significantly increased hepatic CYP2E1 protein levels, which was completely
inhibited by lycopene supplementation at both doses. This inhibition was associated with
decreased levels of hepatic steatosis, inflammation, bilirubin, and AST, as well as the finding
of a lower incidence of tumor in NNK-treated ferrets that received lycopene
supplementation. Therefore, the inhibition of NNK-induced CYP2EL1 contributed
significantly to the protective effects of lycopene against hepatic inflammation and
carcinogenesis. Our study was consistent with several reports which have reported that
lycopene and lycopene metabolites have various physiological functions, such as reduction
of hepatic fat accumulation, inhibition of hepatic inflammation, and suppression of both
lung and liver tumorigenesis?3-27. 29,39 Therefore, the prevention of NNK-induced CYP2E1
by lycopene supplementation may play a significant role in terms of lycopene protective
effects against liver injury.
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Abbreviations

a’7 nAChR a7 nicotinic acetylcholine receptor
ALT alanine aminotransferase

AST aspartic aminotransferase

BW body weight

CYP cytochrome P450

GAPDH glyceraldehyde 3-phosphate dehydrogenase

HCC hepatocellular carcinomas

MM P-2 matrix metalloproteinase-2

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

NF-xB nuclear factor-kappa B

NNK 4-(N-methyl- A-nitrosamino)-1-(3-pyridyl)-1-butanone

SCC squamous cell carcinoma
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Smoking tobacco is a risk factor for non-alcoholic fatty liver diseases (NAFLD) and
hepatocellular carcinoma (HCC). Using the ferret as a model, we have provided strong
experimental evidence that a tobacco carcinogen induces not only lung cancer but also
NAFLD, steatohepatitis and HCC. Furthermore, dietary lycopene supplementation
attenuated pathological lesions in both the lungs and livers of ferrets. The ferret can be a
useful non-rodent model for studying tobacco smoking for NAFLD, steatohepatitis and
HCC development.
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Figure 1.
Kaplan - Meier survival analysis in ferrets injected with either sham or NNK with or without

lycopene supplementation. **/P<0.01 (Long rank test). Abbreviations: C+P: control (sham) +
placebo group; C+LL: control + low-dose lycopene group; C+HL.: control + high-dose
lycopene group; N+P: NNK + placebo group; N+LL: NNK + low-dose lycopene group: N
+HL: NNK + high-dose lycopene group.
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Hepatocellular

Figure 2.
Representative image of histopathologic examination with hematoxylin and eosin staining:

normal lung tissue (Panel A), atypical adenomatous hyperplasia (Panel B), squamous
metaplasia (Panel C), dysplasia (Panel D), adenocarcinoma (Panel E) and squamous cell
carcinoma (Panel F) at 10x magnifications in the ferrets exposed to NNK for 26 weeks.
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Figure 3.

C+P C+LL C+HL N+P N+LL N+HL

Representative image of normal liver with very mild steatosis (Panel 4); hepatic steatosis
with inflammatory cell infiltration (Panel 5); steatohepatitis with severe fat accumulation,
inflammation and hepatocellular ballooning degeneration (Panel ¢, The red arrow indicated
the hepatocellular ballooning degeneration); hepatic non-cancerous tissue immunostained by
cytokeratin 19 (Panel d), HCC (Panels ¢, fand g), HCC immunostained by cytokeratin 19
(Panel £), hepatic SCC (Panels /, jand k) and hepatic SCC immunostained by cytokeratin 19
(Panel /. The black arrows indicated the border between the non-cancerous tissue and

cancerous tissue in Panels ¢, 7, 7and /.
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k3%

The expression of pulmonarya7 nAChR (&) ,NF-xB (6), Cyclin D1 (¢), MMP-2 (d) and
hepatic CYP2E1 (&), NF-xB (#) protein levels of ferrets exposed to NNK for 26 weeks with
or without lycopene supplementation, measured by western blotting. GAPDH was chosen as
internal control for protein equal loading. Values are expressed Mean + SEM. Different
letters for given bars indicate that those values are significantly different from each other

(P<0.05, ANOVA (Tukey)).
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