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Abstract

Aims—To evaluate the pathobiologic effects of long-term treatment with nicotine of A/J mice
susceptible to tobacco-induced lung carcinogenesis.

Main methods—Experimental group of mice received subcutaneous injections of the LDsgq dose
of (—)nicotine hydrogen tartrate of 3 mg/kg/day, 5 days per week for 24 months, and control group
received the vehicle phosphate-buffered saline.

Key findings—Nicotine treated mice, 78.6%, but none of control of mice, developed neoplasms
originating from uterus or skeletal muscle. Examination of the uterine neoplasms revealed
leiomyosarcomas, composed of whorled bundles of smooth-muscle like cells with large and
hyperchromatic nuclei. Sections of the thigh neoplasms revealed densely cellular tumors
composed of plump spindle cells, with occasional formation of ‘strap’ cells, containing distorted
striations. Both neoplasms were positive for desmin staining. A solitary pulmonary adenoma with
papillary architecture also occurred in one nicotine treated mouse. Experimental mice also
developed transient balding starting as small patches of alopecia that progressed to distinct
circumscribed areas of complete hair loss or large areas of diffuse hair loss.

Significance—We demonstrate for the first time that chronic nicotine treatment can induce the
development of muscle sarcomas as well as transient hair loss. These findings may help explain
the association of childhood rhabdomyosarcoma with parental smoking and earlier onset of
balding in smokers. It remains to be determined whether the pathobiologic effects of nicotine
result from its receptor mediated action and/or its tissue metabolites cotinine and N'-
nitrosonornicotine, or toxic effects of reactive oxygen species activated due to possible
intracellular accumulation of nicotine.
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Introduction

Although consumption of tobacco products can lead to several types of cancer, the direct
contribution of nicotine itself is unknown, and the safety of long-term usage of nicotine
replacement products remains to be elucidated. Nicotine is metabolized in the liver by
cytochrome P450 enzymes yielding its major metabolite cotinine. N'-nitrosonornicotine
(NNN) is formed from nicotine by nitrosation in human organism (Stepanov et al., 2009).
While NNN is believed to play an important role in the induction of tobacco-related cancers
and classified by the International Agency for Research on Cancer (IRAC) as carcinogenic
to humans, there is no direct evidence that nicotine and cotinine are oncogenic per se. The
carcinogenic properties of pure nicotine have not been evaluated by the IARC, and it has not
been assigned to an official carcinogen group.

The purpose of this pilot study was to evaluate the pathobiologic effects of long-term, high
dose nicotine treatment of A/J mice susceptible to tobacco product-induced lung
carcinogenesis. This mouse strain is widely used for assessing the carcinogenic potential of
nitrosamines, such as NNN (Hecht, 1998). A/J mice carry the pulmonary adenoma
susceptibility (PasZ) locus, a major locus affecting predisposition to lung cancer in mice
(Manenti et al., 1997), and produce the E£coRl1-generated 0.55 kb K-ras fragment associated
with high susceptibility to lung tumor development (Malkinson, 1992).

The obtained results demonstrated for the first time that A/J mice chronically treated with
nicotine can develop soft tissue sarcomas and reversible hair loss. These findings open novel
avenues for studying tobacco-related morbidity and toxicity of nicotine replacement
products.

Materials and Methods

Treatment of mice with nicotine

Female strain A/J mice, 6-8 weeks old, were purchased from Jackson Laboratories (Bar
Harbor, ME). The animals were housed in polypropylene boxes with ad /ibitum access to
food and water, and conventional bedding material. (=)-Nicotine hydrogen tartrate salt was
obtained from Sigma-Aldrich Co. (St. Louis, MO; catalog number N-5260). The mice were
randomized into two groups: experimental group (n = 15) and control group (n = 5).
Experimental group mice received nicotine in phosphate buffered saline (PBS) by
subcutaneous injection of 50 pl in the upper back of 3 mg/kg/day, 5 days per week for 24
months, and control group received the vehicle PBS.

Tumor analysis

Mice were euthanized at the first visible signs of tumor development, so that the tumor size
never exceeded 1.5 cm in diameter, thus avoiding an excessive tumor burden. All internal
organs of sacrificed animals underwent a thorough gross examination. The tumor masses
were excised, embedded in paraffin, cut, stained by hematoxylin-and-eosin and subjected to
microscopic examination. For desmin staining, we used paraffin embedded 7 um thick
sections, goat anti-desmin ('Y-20) antibody from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA) and FITC-conjugated anti-goat secondary antibody (Vector Labs, Burlingame, CA).
Sections were counterstained with DAPI.

In a search for lung tumors, the lungs were manually expanded to inspiratory volume by
intratracheal instillation of Tellyesniczky’s fluid and incubated for at least 24 h. This
fixative makes even small tumors stand out in a better contrast (Shimkin and Stoner, 1975).
The tumors are localized beneath the pleura, and there is no advantage to examining serial
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lung sections. This procedure gives an accurate total number of all macroscopically
discernible tumors in a mouse lung (Witschi, 2003).

Results

A/J mice treated with nicotine developed muscle sarcomas

During the 24 months period, 11 of 15 A/J treated with nicotine, but none of the control
animals, developed grossly apparent tumor masses originating from the uterus (Fig. 1A; n =
3) or skeletal muscle (Fig. 1C; n = 8). Three experimental mice did not develop any tumors
and one experimental mouse died from nicotine toxicity prior to completion of the studies.
Thus, 78.6% of A/J mice that survived nicotine toxicity developed tumors.

Light microscopic examination of H&E-stained uterine masses revealed spindle cell
neoplasms composed of whorled bundles of pleomorphic smooth-muscle like cells with
enlarged, hyperchromatic nuclei (Fig. 1B). More than 10 mitotic figures per 10 high power
fields and areas of necrosis were present.

Sections of the quadriceps masses revealed a densely cellular neoplasm composed of plump
spindle cells, with occasional formation of “strap’ cells, containing distorted striations (Fig.
1D). Scattered multinucleated giant cells and many mitotic figures were seen. Many areas of
confluent tumor necrosis were present, with palisading tumor cells around their periphery.

Both neoplasms were positive for desmin staining (Fig. 1E). Immunofluorescent analysis
showed intense punctate cytoplasmic staining in the neoplastic cells and diffuse
subsarcolemmal staining in the adjacent normal striated muscle.

Based on these clinicopathological features, the uterine tumors were diagnosed as
leiomyosarcoma, and those in quadriceps—as rhabdomyosarcoma.

A/J mice treated with nicotine developed transient hair loss

Experimental, but not control, A/J mice started to lose their hair after 8-9 months of
treatment with nicotine. Any anatomical area of mouse skin could be affected. The balding
started as small patches of alopecia (Fig. 2A) that progressed into distinct circumscribed
areas of complete hair loss (Fig. 2B) or large areas of diffuse hair loss (Fig. 2C). The
number of hair follicles in the areas of diffuse alopecia decreased by approximately 30% on
average (Fig. 2D).

The hair loss spontaneously reversed within 7-8 months, so that by the end of additional 15—
16 months of nicotine treatment all animals re-grew their hair.

Discussion

We demonstrated for the first time that chronic treatment of A/J mice with an LDsg dose of
nicotine cause carcinogenic transformation of both smooth and striated muscles as well as
transient hair loss. These findings help explain previous reports of association of childhood
rhabdomyosarcoma with parental smoking (Grufferman et al., 1982) and earlier onset of hair
loss in smokers (reviewed in (Ortiz and Grando, 2012)). Our results, therefore, should add
nicotine to the list of potential carcinogens present in tobacco products and raise concern
about the safety of long term usage of nicotine replacement products.

One of the key trends is creating novel smokeless tobacco products is to use alternative
technologies of nicotine delivery. Some of new smokeless tobacco products also deliver
higher than usual doses of nicotine. For example, each 8-ounce bottle of NICLite® contains
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4 mg of nicotine. Therefore, the daily dose of nicotine received by experimental A/J mice
approximates that consumed by a nicotine addict. Indeed, there are certain limitations of the
rapid kinetics of daily nicotine injection compared the slower kinetics of nicotine
administration by minipump or water. Although experimental A/J mice received the entire
daily dose of nicotine viaa single subcutaneous injection, we did not observe any behavioral
abnormalities or changes in skin appearance at the injection sites.

Although there is no data published to date that nioctine can cause lung cancer per se
(Catassi et al., 2008), it is well accepted that it exhibits tumor promoting effects, facilitating
survival and proliferation of transformed cells (Minna, 2003, Paleari et al., 2008, Song et al.,
2008). The pathobiologic effects of nicotine observed in A/J mice might result from its
receptor-mediated and/or non-receptor actions, as well as from its endogenously produced
metabolites cotinine and NNN. It is well known that by activating cellular nicotinic
acetylcholine receptors (NnAChRS) nicotine can foster cancer by acting as tumor promoter
that facilitates the outgrowth of cells with genetic damage (epigenetic effect) (Ortiz and
Grando, 2012). Binding of nicotine to nAChRs modulates the expression of a diverse set of
genes that may be broadly categorized into four groups: transcription factors, protein
processing factors, RNA-binding proteins, and plasma membrane-associated proteins
(Dunckley and Lukas, 2003). In addition to activation of NAChRs, nicotine can render a
non-receptor action elicited due to its transport across the cell membrane directly into cell
without receptor-mediated interactions (Nair et al., 1997). Therefore, the mutagenic effect of
nicotine was most likely mediated by reactive oxygen species activated due to the possible
intracellular accumulation of nicotine (Fukada et al., 2002) that can cause DNA damage
(Argentin and Cicchetti, 2004).

While nicotine did not cause lung cancer in A/J mice, chronic tobacco smoke exposure did
(Witschi, 2003). The mechanism of tumorigenic action of tobacco smoke in lungs of A/J
mice apparently involves both gas and particulate phase carcinogens (Witschi et al., 1997).
The contribution of endogenously produced NNN to nicotine carcinogenicity is unlikely,
because among the experimental A/J, only one animal developed three small pulmonary
neoplasms. The largest was 3 mm in greatest dimension, and all had a pushing border, and
lacked significant pleomorphism, necrosis, or mitotic figures, consistent with a benign
pulmonary adenoma. No malignancy—a reliable marker of the carcinogenic action of NNN
—was seen. It has been documented that A/J mice exposed to NNN have 80 to 100% lung
tumor incidence (Amin et al., 1996). The absence of malignant lung tumors in experimental
AJJ mice is in keeping with a previous report that rats treated for 2 years with daily
inhalation of nicotine did not develop microscopic or macroscopic lung tumors (Waldum et
al., 1996). The rodent lung, therefore, may not be a preferable target for nicotine
carcinogenicity. Hence, an increased incidence of lung cancers in tobacco users may involve
additional mechanisms, such as genetic polymorphisms of NAChRs causing an aberrant
downstream signaling (Chikova and Grando, 2011).

Our findings of muscle sarcomas and balding in mice chronically treated with nicotine were
quite surprising, though not totally unexpected. In a case-control study of childhood
rhabdomyosarcoma, a significant relative risk was associated with fathers' cigarette smoking
(Grufferman et al., 1982). On the other hand, clinical observations of premature baldness in
smokers are supported by experimental studies showing that C57BL/6 mice exposed to
cigarette smoke for a prolonged period of time develop areas of alopecia and grey hair
(D'Agostini et al., 2007). Since smoking leads to DNA damage of the hair follicle (Adams et
al., 1997), the two separate pathologies related to nicotine/smoking —malignancy and
alopecia—have DNA damage as a common pathophysiologic mechanism. Alternatively or
additionally, nicotine might cause alopecia by accelerating senescence of hair follicles
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through chronic stimulation of the nAChR subtypes coupled to terminal differentiation and
programmed cell death of epidermal keratinocytes (Nguyen et al., 2001)

In conclusion, we recognize that our findings pose more questions than provide answers, and
hope that an in-depth analysis of the observed phenomena in future studies will ultimately
resolve the issue about the potential carcinogenic activities of nicotine replacement products.
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Figure 1. Nicotine-induced muscle sarcomasin A/J mice

A, B: Uterine leiomyosarcoma. C, D: Rhabdomyosarcoma of the quadriceps muscle. E.
Immunofluorescent analysis of rhabdomyosarcoma with anti-desmin antibody showing
intense punctate cytoplasmic staining in the neoplastic cells (at left) and diffuse
subsarcolemmal staining in the adjacent normal striated muscle (at right), serving as an
internal positive control.
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Figure 2. Hair lossin A/J mice

Patchy (A, B) and diffuse (C) areas of alopecia observed at 10 months of treatment with
nicotine. D: The representative differences of hair follicle numbers in the areas of diffuse
alopecia, compared to the same cutaneous region of control mouse. Results were computed
in 10 microscopic fields of horizontal sections of trunkal skin at magnification x4, and
presented as mean + SD per 1 mm? ; p=0.003.
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