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Background: Cardiovascular disease is an important cause of morbidity and mortality among
tobacco users. Varenicline is widely used worldwide to help smoking cessation, but some
published studies have reported associated cardiovascular events.

Objective: To determine the cardiovascular toxicity induced by varenicline in rats.
Materials and methods: We randomly separated 34 rats into two groups: 1) the control group
(given only distilled water orally, n=10) and the varenicline group (given 9 pg/kg/day varenicline
on days 1-3, 9 pg/kg twice daily on days 4-7, and 18 pg/kg twice daily on days 8-90 [total
83 days], n=24). Each group was then subdivided equally into acute and chronic subgroups, and
all rats in these groups were euthanized with anesthesia overdose on days 45 and 90, respectively.
Body and heart weights, hemodynamic (mean oxygen saturation, mean blood pressure, and heart
rate, electrocardiographic (PR, QRS, and QT intervals) biochemical (oxidants and antioxidants),
and histopathological analyses (including immunostaining) were performed.

Results: Acute varenicline exposure resulted in loss of body weight, while chronic varenicline
exposure caused heart weight loss and decreased mean blood pressure, induced lipid peroxidation,
and reduced antioxidant activity. Both acute and chronic varenicline exposure caused impairment
of mean oxygen saturation. QT interval was prolonged in the chronic varenicline group, while
PR interval prolongation was statistically significant in both the control and acute varenicline
groups. Caspase-9 activity was also significantly increased by chronic exposure. Moreover,
histopathological observations revealed severe morphological heart damage in both groups.
Conclusion: Adverse effects of chronic varenicline exposure on cardiovascular tissue were con-
firmed by our electrocardiographic, biochemical, and histopathological analyses. This issue needs
to be investigated with new experimental and clinical studies to evaluate the exact mechanism(s)
of the detrimental effects of varenicline. Physicians should bear in mind the toxic effects of
varenicline on the cardiovascular system when prescribing it for smoking cessation.
Keywords: varenicline, smoking, cardiovascular, rat, electrocardiogram, histopathological
evaluation

Introduction

Varenicline is a first-line and widely used medication for smoking cessation. It is a partial
agonist of the 0432 nicotinic acetylcholine receptor (nAChR) and a full agonist of the o7
nAChR.!? The efficacy of varenicline has been demonstrated previously in clinical trials.>*
It has superior short-term efficacy compared with other smoking cessation therapies such
as bupropion and nicotine replacement therapy,’ and a long-term study showed that vareni-
cline produced fewer withdrawal symptoms and had a longer continuous abstinence rate
compared with nicotine replacement therapy.® The most common adverse effects (AEs) of
varenicline therapy are headache, nausea, nightmares, and insomnia.>* Other psychiatric
effects have also been identified from post-marketing surveillance of varenicline, and the
product information includes warnings about the risk of neuropsychiatric effects.
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In 2011, the US Food and Drug Administration (FDA)
communicated findings from its review of a clinical trial that
included approximately 700 patients with cardiovascular
disease (CVD), and reported an increased risk of cardiovas-
cular events (CEs) in patients taking varenicline compared
with placebo.”® Following this, a systematic review and
meta-analysis of the risk of serious CEs associated with
varenicline was published.” A follow-up meta-analysis
found the difference between varenicline and placebo to be
statistically and clinically insignificant.'®!" At the request of
the FDA, the drug manufacturer (Pfizer, Inc, New York, NY,
USA) recently conducted a meta-analysis based on major
adverse cardiovascular events, defined as cardiovascular
death, non-fatal myocardial infarction, and non-fatal stroke.'?
Using individual patient data from industry-sponsored ran-
domized controlled trials, the study found the hazard ratio
(HR) was not significant (HR, 1.95; 95% confidence interval
[CI], 0.79—4.82). The most recent FDA safety communica-
tion on varenicline,'? from December 2012, indicated that
the events were uncommon in both active and placebo drug
conditions, and that the increased risk was not statistically
significant. Similarly, an FDA mini-sentinel evaluation
assessing CEs among 89,519 varenicline users and 113,378
bupropion users found no difference in CE risk between
varenicline and bupropion (incidence rate ratio, 1.02; 95%
CL 0.71-1.47).5

To date, there have been limited preclinical studies inves-
tigating the cardiovascular effects of varenicline, and the
results have been inconsistent.”*'! Therefore, in the current
study, we focused on the cardiac effects of varenicline on
animal models in an attempt to resolve this inconsistency.
In the present study, we aimed to determine the acute and
chronic toxic effects of varenicline on the heart and aortic
tissue of rats, so we investigated the oxidative stress of heart
and aortic tissue, hemodynamic parameters, mean oxygen
saturation (SO, %), systemic BP, heart rate (HR [including
electrocardiogram {ECG} analysis]), and organ weights, as
well as the histopathological changes and apoptotic events
in rat cells.

Materials and methods

Animals

For this study, Wistar albino rats, aged 10-12 weeks and
weighing 250-300 g, were housed in an air-conditioned
room with 12-hour light/dark cycles, with temperature
(22°C+2°C) and relative humidity (65%—70%) kept constant.
The rats were fed standard commercial pellets and water ad
libitum. All experimental protocols were approved by the

Inonu University School of Medicine Animal Care and Use
Committee (2209/A-2012), Malatya, Turkey.

Experimental protocol

In total, 34 rats were studied, which were randomly divided
into two groups: 1) the control group (C; n=10) and the
2) varenicline group (V; n=24). The rats in each group were
then subdivided equally into acute and chronic control and
varenicline treatment groups. The control rats were orally
administered distilled water only. The duration and doses
of varenicline (Champix® 1 mg tablets; Pfizer, Inc) were
based on the varenicline treatment scheme for humans, by
converting human doses to equivalent animal doses by means
of dose-equivalence tables.! Varenicline was administered
orally as follows: 9 pug/kg/day on days 1-3, 9 ug/kg twice
daily on days 4-7, and 18 pg/kg twice daily on days 8-90
(the latter treatment being a total of 83 days). Overdose of
ketamine and xylazine anesthesia was used to euthanize the
rats in the acute groups (C1 [n=5] and V1 [n=12]) on day 45,
and the rats in the chronic groups (C2 [n=5] and V2 [n=12])
on day 90. The duration of the experiment was chosen
according to the varenicline human-treatment program of the
Turkish Ministry of Health.!* The heart and vessel (thoracic
aorta) tissues were quickly removed for biochemical and
histopathological analysis.

Biochemical analysis

Determination of tissue thiobarbituric acid reactive
substances as a marker of malondialdehyde content
The thiobarbituric acid reactive substances (TBARS) level
was used as a marker of malondialdehyde (MDA). The
TBARS content of the homogenates was determined spec-
trophotometrically using the thiobarbituric acid reaction."
For this reaction, 3 mL of 1% phosphoric acid and 1 mL
0.6% thiobarbituric acid solution were added to 0.5 mL of
plasma in a tube. The mixture was heated in boiling water
for 45 minutes. After the mixture had cooled, the color
was extracted with 4 mL of n-butanol. The absorbance was
measured using a spectrophotometer (UV-1601; Shimadzu,
Kyoto, Japan) at 532 nm. The amount of lipid peroxide per
TBARS of lipid peroxidation was calculated, and results were
expressed in nanomoles per gram (nmol/g) of tissue according
to a standard graph, which was prepared using measurements
of standard solutions of 1,1,3,3-tetramethoxypropane.

Determination of superoxide dismutase
Total (Cu-Zn and Mn) superoxide dismutase (SOD) (enzyme
nomenclature [EC] 1.15.1.1) activity was determined based
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on the method of Sun et al.'® The principle of this method
is the inhibition of nitroblue tetrazolium (NBT) reduction
by the xanthine—xanthine oxidase system as a superoxide
(O,") generator. One unit of SOD was defined as the enzyme
amount causing 50% inhibition in the NBT reduction rate.
SOD activity was expressed as units per milligram protein
(U/mg protein).

Determination of glutathione peroxidase
Determination of glutathione peroxidase (GPx) activity
(EC 1.6.4.2) was measured using the method of Paglia and
Valentine."” An enzymatic reaction was initiated by adding
H,0, to a tube containing nicotinamide adenine dinucleotide
phosphate (NADPH), reduced glutathione (GSH), sodium
azide, and glutathione reductase, and the change in absorbance
at 340 nm was monitored by a spectrophotometer. Activity
was expressed in units per gram protein (U/g protein).

Determination of myeloperoxidase activity

Myeloperoxidase (MPO) (EC 1.11.1.7) activity was deter-
mined by using a 4-aminoantipyrine/phenol solution as the
substrate for MPO-mediated oxidation by H,O,, and the
change in absorbance at 510 nm was recorded.'® One unit of
MPO activity was defined as the amount causing degradation
of 1 umol H,0,/min at 25°C. The results were expressed as

mU/g protein.

Determination of catalase

Catalase (CAT) (EC 1.11.1.6) activity was determined as
previously described by Aebi.' The principle of the assay
is based on the determination of the rate constant (k, per
second) or the H,O, decomposition rate at 240 nm. Results
were expressed in & per gram protein (k/g protein).

Determination of GSH content

The GSH content in the heart tissue, existing as non-protein
sulfhydryls, was analyzed following a previously described
method.?® Aliquots of tissue homogenate were mixed with
distilled water and 50% trichloroacetic acid in glass tubes,
and spun in a centrifuge at 3,000 rpm for 15 minutes. The
supernatants were mixed with Tris buffer (0.4 M, pH 8.9),
and 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB, 0.01 M) was
added. After the reaction mixture was shaken, its absorbance
was measured at 412 nm within 5 minutes by the addition of
DTNB against blank with no homogenate. The absorbance
values were extrapolated from the standard curve (12, 24, 36,
48, 60, and 72 pg/mL) and were expressed as micromoles of
GSH per gram (umol/g) of tissue.

Histological examination

For histological evaluation, the samples of heart and aortic
tissue were fixed in 10% formalin. Sections of the heart tis-
sue were cut at 5 um, mounted on slides, and were stained
with hematoxylin and eosin (HE). An overall score of cardiac
damage severity was semiquantitively assessed by count-
ing cells with eosinophilic cytoplasm and darker nuclei,
cytoplasmic vacuolization, infiltration, and congestion.
The microscopic score of each tissue was calculated as the
sum of the scores given to each criterion (0, none; 1, mild;
2, moderate; 3, severe).

For immunohistochemical analysis, thick sections of heart
were taken and were placed onto polylysine-coated slides.
After rehydrating, the samples were transferred to citrate buffer
(pH 7.6) and were heated in a microwave oven for 20 minutes.
After cooling for 20 minutes at room temperature, the sec-
tions were washed with phosphate-buffered saline (PBS),
then transferred to 0.3% H,O, for 7 minutes, and were then
washed again with PBS. Sections were incubated with primary
rabbit-monoclonal cysteine aspartate-specific proteinases-3
(caspase-3) (Thermo Fisher Scientific, Waltham, MA, USA)
and caspase-9 (Thermo Fisher Scientific) antibody for 30 min-
utes, then rinsed in PBS, and were incubated with biotinylated
goat anti-polyvalent antibody for 10 minutes, followed by
streptavidin peroxidase for 10 minutes at room temperature.
This staining procedure was completed with chromogen plus
substrate for 15 minutes, then slides were counterstained with
Mayer’s hematoxylin for 1 minute, rinsed in tap water, and
were dehydrated. Caspase-3 and caspase-9 kits were used in
accordance with the manufacturer’s instructions, except for
minor revision. Caspase-3- and caspase-9-positive cells stained
abrown color. Stained caspase-3 and caspase-9 (positive) cells
were counted under x40 magnification.

Sections of aortic tissue were cut at 5 um and were
mounted on slides stained with HE and orsein, and then
the thickness of the tunica media was measured. For this
morphometric analysis, each slide was observed under x40
magnification, and five points of maximum medial thicken-
ing were selected randomly. Tissues were examined using a
Leica DFC280 light microscope and a Leica Q Win Image
Analysis system (Leica Microsystems, Wetzlar, Germany).

Hemodynamic parameters

SO, %, systemic mean blood pressure (MBP), and HR mea-
sured at the cannulated carotid artery were monitored and
recorded by an MP-100 A-CE recorder (BIOPAC, Goleta,
CA, USA). In addition, ECG signal activity was recorded
for at least 3 minutes with a sampling frequency of 500 Hz
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under anesthesia, using disposable electrodes attached to the
thorax of the rat. After the recordings were completed suc-
cessfully, the ECG traces were analyzed visually to assess
HR and major ECG anomalies according to the diagnostic
criteria described in the Lambeth Conventions.?! In addition,
the analysis also evaluated the high-precision measurements
of the duration and fluctuations in PR, QRS, and QT waves,
and variability between the groups.

Statistical analysis

For detecting even minor effects, the required sample sizes
used in this experiment were identified using statistical power
analysis. The sample sizes necessary for a power of 0.80
were estimated using NCSS software. Statistical analyses
were performed with the SPSS for Winversion 16.0 program
(SPSS Inc, Chicago, IL, USA).

The normality of the distribution was confirmed using the
Kolmogorov—Smirnov test. Based on the results obtained from
the normality test, one-way analysis of variance (ANOVA)
or the Kruskal-Wallis H-test were used, as appropriate, for
the statistical analysis. Multiple comparisons were carried
out using Tamhane’s test (for non-homogeneous variances)
after the ANOVA test. The results were expressed as mean *
standard deviation (SD) for biochemical analysis and cardiac
rhythms. If the Kruskal-Wallis H-test was significant, a
Conover test was also carried out for body weight (BW), heart
weight (HW), SO, %, and histopathological results. For this
test, the values were expressed as medians (ranges). Values
of P<<0.05 were regarded as statistically significant.

Results

Neither varenicline exposure nor anesthesia treatment caused
any animal mortality. All rats in the groups survived to the
end of the experiment.

Biochemical results and organ weight assessment
BW and HW, oxidant/antioxidant parameters (MDA, SOD,
CAT, GPx, GSH, and MPO), and SO, % are presented in

Tables 1 and 2. In the experiment to assess acute varenicline
exposure, varenicline led to a significant decrease in SO, %
and BW compared with the control group. In addition, there
was a numerical increase in CAT levels and MPO activities
and a numerical decrease in MDA, SOD, GSH, and GPx
activities and HW, but these alterations did not reach sig-
nificant levels. In the chronic exposure group, varenicline
caused significant changes in MDA, MPO, CAT, GSH, and
GPx levels, causing an increase in MDA and MPO, and a
decrease in CAT, GSH, and GPx levels compared with the
control rats. There were significant differences between
chronic and acute varenicline treatment with regard to MDA,
CAT, GPx, GSH, and MPO levels. For heart tissue, MDA
and MPO levels were significantly higher, and CAT, GPx,
and GSH levels were significantly lower in the chronic than
in the V1 group.

Assessment of ECG traces

Parameters of cardiac rhythms derived from ECG traces
of rat groups are presented in Table 3. In brief, PR interval
prolongation in the V2 group was statistically significant
compared with both the control and the V1 groups. For
QRS interval, there was no statistically significant difference
between the acute and V2 groups (P>0.05), while QT inter-
val was significantly prolonged in the V2 group compared
with the C2 group.

Histopathological results

The hearts of rats in the C1 and C2 groups showed normal
heart structure, and there were no lesions (Figure 1A, B),
whereas in the V1 and V2 groups, the hearts showed severe
morphological damage. Cells with eosinophilic cytoplasm
and darker nuclei were also seen in the V1 and V2 groups
(Figure 2A, B), and some of the cardiomyocytes showed
intracytoplasmic vacuoles (Figure 2C, D). Moreover, hem-
orrhage (Figure 2E, F) and inflammatory cell infiltration
(Figure 2G, H) were apparent in the V1 and V2 groups.
Histopathological score was found to be significantly

Table | Summary of body and heart weight, mean oxygen saturation (SO, %), heart rate (HR), and mean arterial blood pressure

(MBP)

Groups Body weight (kg) Heart weight (mg) SO, (%) HR (beats/min) MBP (mmHg)
Cl 344 (320-360) 1.13 (1.05-1.28) 96 (94-98) 307.2£73.3 94.6x5.77

\ 281.5 (260-290)° 0.99 (0.89-1.94) 93 (90-97) 285.63+31.8 101.63+12.77
2 330 (260-380) 0.86 (0.72—1.21) 96 (91-98) 272.8+42.29 121.6+5.08

V2 291 (247-315) 0.92 (0.77-1.02)¢ 82 (75-92)°< 324.92+135.8 96.25+11.55°

Notes: Data are expressed as mean £ SD or median (range). *Significant P-values (P<<0.05) vs acute control group; ®significant P-values (P<<0.05) vs chronic control group;

<significant P-values (P<<0.05) vs acute varenicline group.

Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2, control group for chronic varenicline treatment (n=5); V|, acute varenicline treatment group
(n=12); V2, chronic varenicline treatment group (n=12); SD, standard deviation; vs, versus; min, minutes.
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Table 2 Levels of malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), reduced

glutathione (GSH), and myeloperoxidase (MPO) in heart tissue

Groups MDA SOD CAT GPx GSH MPO
(nmol/g tissue) (U/mg protein) (kU/mg protein) (IU/mg protein) (nmol/mL) (U/mg protein)
Cl 7.43+2.05 63.9612.46 23.48+2.32 7.65+1.74 0.56+0.09 24.2115.22
VI 5.56+1.47 57.51+8.78 28.30£7.39 7.23+£2.57 0.46+0.08 26.70+9.10
C2 7.23+1.53 59.95+7.16 22.48+3.03 7.84+1.87 0.62+0.06 24.21£5.35
V2 14.95+3.80%° 58.19+17.77 10.2243. 140 4.0940.97>° 0.34+0.072° 46.21+7.83°

Notes: Data are expressed as mean + SD. *Significant P-values (P<0.05) vs chronic control group; "significant P-values (P<<0.05) vs acute varenicline group.
Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2, control group for chronic varenicline treatment (n=5); V|, acute varenicline treatment group
(n=12); V2, chronic varenicline treatment group (n=12); SD, standard deviation; vs, versus.

increased in the V1 and V2 groups compared with the control
groups (P<<0.05). In addition, histopathological score was
significantly increased in the V2 group compared with the
V1 group (P<<0.05). The scores for semiquantitative analysis
of the heart tissue are presented in Table 4.

Caspase-3 and caspase-9 activity assay

There was no caspase-3 immunoreactivity seen in any of the
heart cells in any of the groups (Figure 3A—D). In addition,
caspase-9-positive cells were not seen in the C1 and C2
groups (Figure 4A, B), but a few caspase-9-positive heart
cells were seen in the experimental (V1 and V2) groups
(Figure 4C, D). Caspase-9 activity was significantly increased
in the V2 group compared with the V1 group. Human tonsil
was used as positive control tissue (Figure 5A, B). The results
of staining with caspase-9 are given in Table 5.

Aorta

The tunica intima, media, and adventitia of the control group’s
aortic specimens showed normal histology. The intima of the
aorta was composed of a continuous layer of endothelial cells
in these groups (Figure 6A, B). The mean thickening of the
tunica media was measured as 88.08+3.00 um in the V1 and
92.88+2.85 um in the V2 groups. Tunica media thickness was
found to be significantly increased in the V1 and V2 groups

Table 3 Parameters of cardiac rhythms derived from ECG traces
of rat groups

Groups PR (ms) QRS (ms) QT (ms)
Cl 43.61£3.58 34.8+1.1 72.8+2.68
\ 42.242.44 35.3+1.01 71.5+2.38
2 42.8%1.79 34.8+1.1 74.812.68
V2 47.812.48* 35.2+1.59 79.816.9°

Notes: Data are expressed as mean * SD. *Significant P-values (P<<0.05) vs chronic
control group; ®significant P-values (P<<0.05) vs acute varenicline group. PR, QRS,
and QT values are expressed as the gross mean + SD.

Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2,
control group for chronic varenicline treatment (n=5); VI, acute varenicline
treatment group (n=I1); V2, chronic varenicline treatment group (n=12); ECG,
electrocardiogram; SD, standard deviation; vs, versus; ms, milliseconds.

compared with the control groups (P<<0.05) (Figure 6C, D).
However, the difference between the V1 and V2 groups was
not statistically significant (P>0.05).

The tunica media was characterized by numerous dis-
tinct elastic laminae, which were found to be wavy and
were arranged concentrically in sections stained with orsein
(Figure 7A, B). By contrast, in the media of the aorta of
varenicline-administered rats, the elastic lamellae were
smooth and fragmented (Figure 7C, D). The results of the
semiquantitative morphometric analysis of the aorta are
reported in Table 6.

Discussion

Smoking is a common public health problem, and various
medical therapies have been developed to reduce smoking
addiction. Varenicline is the most recently developed and
most widely used drug for smoking cessation. It is a partial
agonist of the nicotinic acetylcholine receptor 0432 Karlape.?
Varenicline has some AEs; however, reports of cardiovascular
AEs are still very controversial. Cahill et al' found varenicline
to be twice as effective as unassisted smoking cessation, and
reported that the estimated number of patients that needed
to be treated with varenicline for one additional person to
successfully quit was ten patients (95% CI, 8-13). It is well
known that the risk of serious CEs in people with stable CVD
i8 5.57% per year among smokers.” Svanstrom et al reported no
increased risk of major CEs associated with varenicline com-
pared with bupropion.!! However, these studies have attracted
some criticism.”?* Recently, in the EUROACTION PLUS
study, no CEs attributable to varenicline were reported.® In
the current study, we found toxic effects of varenicline on
heart and aortic tissue by measuring biochemical, histopatho-
logical, and hemodynamic parameters.

Cigarette smoking is one of the strongest contributors to
the risks of CVD, including coronary heart disease, stroke,
sudden death, peripheral artery disease, and aortic aneurysm. It
is well established that smoking induces sympathetic activity,
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Figure | Appearance of heart tissue in control groups.

Notes: Cl (A) and C2 (B) groups. Both had normal heart structure and there were no lesions. H&E staining; magnification x40.
Abbreviations: Cl, control group for acute varenicline treatment; C2, control group for chronic varenicline treatment; H&E, hematoxylin and eosin.

increasing HR and BP.?*2*Nicotine activates nicotinic acetyl-
choline receptors in both the sympathetic and parasympathetic
ganglia, so it has dual effects and can both increase and reduce
HR and MBP values. Considerable reductions in the risk of
CVD occur immediately after the discontinuation of cigarette
smoking. Alterations in BP, HR, and autonomic nervous func-
tion are thought to be responsible for the rapid reduction in
the risk of CVD after quitting.”” Central nicotinic receptors
located in the brainstem are also involved in cardiovascular
control.’**2 Hence, HR and MBP may be determined by mul-
tiple mechanisms. Although these nicotinic agonists have been
reported to differ in efficacy,’*=° all agonists were capable
of producing similar pressor responses with approximately
similar increases in MBP (30%—40% increase over resting
baseline) at the doses evaluated in the present study.

Studies have reported that varenicline has high efficacy in
its agonist activity at o7 receptor subtypes, and may mediate
nicotinic agonist-induced increases in sympathetic activity.?>#
Jutkiewicz et al reported that although varenicline significantly
decreased HR, it could engender all cardiovascular responses.*
Our results showed no significant change in HR for both the
acute and chronic groups, whereas there was a significant
decrease in MBP values in the V2 treatment group compared
with the C2 group. Although the change in BP was statistically
significant, we believe that this result should be disregarded
because of the relatively high measurements in the C2 group.
Thus, we consider that in our current study, there was no change
in BP, consistent with the results of other studies.?04°

In the current study, we determined that varenicline expo-
sure induced lipid peroxidation by an increase in MDA levels
and reduced the antioxidant defense system via decreases
in SOD, CAT, and GPx activity, and reduced GSH levels.

MDA, an indicator of lipid peroxidation, is generated by
peroxidation of fatty acids by reactive oxygen species (ROS),
and leads to irreversible cell damage.*! However, under nor-
mal physiological conditions, the antioxidant defense systems
containing SOD, CAT, GPx, and GSH protect cells against
oxidative damage.* Oxidative stress is a condition of imbal-
ance between TBARS and the antioxidant defense system.
The deterioration of the balance between the formation rate
of oxidant molecules and the antioxidant defense molecules
leads to oxidative stress. Membrane lipids, proteins, nucleic
acids, and deoxyribonucleic acid (DNA) molecules are the
most sensitive cellular components to ROS formation. These
free radicals lead to cell injury, resulting in membrane dam-
age, DNA destruction, protease activation, and lipid and
protein peroxidation, and thereby the apoptotic and necrotic
cell damage that occurs in the heart.®

Our data indicated that acute administration of vareni-
cline did not exert oxidative effects on the heart, but chronic
administration of varenicline produced AEs on the heart and
aortic tissue compared with the C1, C2, and the V1 groups.
MPO, implicated in the pathogenesis of various inflammatory
diseases, is a known inflammation marker.** Previous stud-
ies have shown an association between high MPO levels and
adverse cardiovascular outcomes.*#” In the present study, we
observed that chronic varenicline exposure caused a signifi-
cant increase in the levels of MPO in the heart tissue. MPO
activity is known to be related to tissue neutrophil accumula-
tion, and Allegra et al*® reported that MPO is a sensitive index
of tissue neutrophil sequestration. Thus, it seems likely that
chronic varenicline exposure can cause inflammation in the
heart tissue. However, Kato et al*® showed that varenicline-
assisted smoking cessation restores endothelial function, and
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Figure 2 Effect of varenicline treatment.
Notes: VI (A) and V2 (B) groups: appearance of the cytoplasm of cardiomyocytes was eosinophilic and with darker nuclei (arrows); H&E staining; magnification x40.

V1 (C) and V2 (D) groups: some of the cardiomyocytes showed intracytoplasmic vacuoles (arrows). H&E staining; magnification x100. VI (E) and V2 (F) groups: notice
the interstitial congestion (stars). H&E staining; magnification x40. VI (G) and V2 (H) groups: visible inflammatory cell infiltration between cardiomyocytes (arrows).

H&E staining; magnification x40.
Abbreviations: V1, acute varenicline treatment group; V2, chronic varenicline treatment group; H&E, hematoxylin and eosin.
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Table 4 Results of semiquantitative histological assessment in
all groups

Parameters Cl \4 C2 V2
Eosinophilic cytoplasmand 0 (0-0) | (0-1)* 0(0-0) 1.5 (1-2)*c
pyknotic nuclei

Intracytoplasmic vacuoles 0(0-0) 1(0-2)* 0(0-0) I (I-2)*
Interstitial congestion 0(0-1) 1(0-2)* 0(0-1) I (0-2)<
Inflammatory cell infiltration 0 (0-0) | (0-2)* 0 (0-0) | (1-2)"¢

Notes: Data are presented as score median (range). *Significant increase (P=0.0001)
vs CI; bsignificant increase (P=0.0001) vs C2; Ssignificant increase (P=0.0001) vs VI;
dnon-significant increase (P>0.05) vs V1.

Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2, control
group for chronic varenicline treatment (n=5); V|, acute varenicline treatment group
(n=12); V2, chronic varenicline treatment group (n=12); vs, versus.

this restoration is associated with decreased oxidative stress;
thus, it might be also reduce cardiovascular risk. However,
that study had some limitations, including small sample size
and lack of a control group.

In the ECG traces in the present study, there was a prolon-
gation of PR interval, resembling decreased atrioventricular
conduction velocity, in both the V1 and V2 groups. It is well
known that prolongation of the PR interval is associated with

an adverse outcome in structural heart disease, whereas it
is a benign ECG change in the absence of structural heart
disease.’**? Findings from the Framingham Heart Study
population have shown that prolonged PR interval is associ-
ated with an increased risk of atrial fibrillation and pacemaker
implantation.’*** Taking the PR prolongation together with
the histopathological findings in both varenicline-treated
groups, it appears that the morphological damage charac-
terized by eosinophilic cytoplasm, darker nuclei, intracy-
toplasmic vacuole generation, hemorrhage (Figure 2E, F)
and inflammatory cell infiltration seen in both varenicline
groups in the current study adversely affects atrioventricular
conduction. Another important finding of the ECG result
was the prolonged QT interval noted in the V2 group but
not in the V1 group. Acquired QT prolongation on ECG is a
well-known repolarization abnormality indicating increased
risk for malignant arrhythmia generation and sudden cardiac
death (torsade de pointes).™7 Although rat studies have
shown good agreement between QT interval prolongation
assessments based on rat ECG data and clinical findings in

Figure 3 Assessment of caspase-3 immunoreactivity.

Notes: Cl (A), C2 (B), VI (C), and V2 (D) groups; no caspase-3 immunoreactivity was seen in the heart cells in any of the groups. Magnification x40.
Abbreviations: Cl, control group for acute varenicline treatment; C2, control group for chronic varenicline treatment; V1, acute varenicline treatment group; V2, chronic

varenicline treatment group.
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Figure 4 Assessment of caspase-9 immunoreactivity.

Notes: C| (A) and C2 (B) groups: caspase-9-positive cells were not seen. VI (C) and V2 (D) groups: a few caspase-9-positive cells were observed (arrows). Magnification x40.
Abbreviations: Cl, control group for acute varenicline treatment; C2, control group for chronic varenicline treatment; V1, acute varenicline treatment group; V2, chronic
varenicline treatment group.

Figure 5 Immunohistochemical staining of human tonsil.
Notes: Anti-caspase-3 antibody (A); anti-caspase-9 antibody (B).
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Table 5 Mean staining intensity of caspase-9 in heart tissue

Parameter Cl Vi C2 V2
0 (0-0) 0 (0-1) 0 (0-0) 0 (0-2)°

Notes: *Significant increase (P<<0.0001) vs C| group; bsignificant increase (P<<0.0001)
vs C2 group; Ssignificant increase (P<<0.0001) vs VI group.

Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2,
control group for chronic varenicline treatment (n=5); VI, acute varenicline
treatment group (n=12); V2, chronic varenicline treatment group (n=12); vs, versus;
+, positive.

Caspase-9 (+)

humans, these results should be carefully assessed and the
existence of differences between rats and humans should be
kept in mind.>®

To our knowledge, there have been no clinical studies
about the impact of varenicline on oxygen saturation. Some
studies on the neurological effects of varenicline have shown
blood oxygenation level-dependent signals pinpointing the
oxyhemoglobin and deoxyhemoglobin levels in the blood
by functional magnetic resonance imaging.**® These results
suggest detrimental cognitive effects of varenicline treatment.
When a smoker is treated with varenicline for smoking ces-
sation, improvement in partial oxygen pressure is expected,

especially in the long term. In our present study, we observed
a significant decrease in partial pressure of SO,%.

The histological results for heart tissue reported here
showed that the varenicline-treated rats developed extreme
cellular damage, eosinophilic cytoplasm, darker nuclei,
intracytoplasmic vacuoles, hemorrhage, and inflammatory
cell infiltration. Another histological finding of our current
study was aortic damage in the varenicline group. Tunica
media thickness was determined during the acute phase, and
was thicker in both the V1 and V2 groups.

Apoptosis was clearly seen in varenicline-treated heart
tissue by immunohistochemical evaluation. Apoptotic cell
death can be detected by a number of methods, both in situ
and in vitro, but a single specific marker is not sufficient to
detect apoptotic cells; therefore, a combination of param-
eters should always be used to detect apoptosis.®' In our
present study, both caspase-3 and caspase-9 were used for
determination of apoptosis. Detection of active components
of apoptotic pathways such as caspases can help to confirm

Figure 6 Assessment of aortic wall structure.

Notes: The CI (A) and C2 (B) groups showed the appearance of normal aortic wall structure (arrows). In the VI (C) and V2 (D) groups, medial thickening was prominent

(arrows). H&E staining; magnification x40.

Abbreviations: Cl, control group for acute varenicline treatment; C2, control group for chronic varenicline treatment; V|, acute varenicline treatment group; V2, chronic

varenicline treatment group; H&E, hematoxylin and eosin.
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Figure 7 Assessment of elastic lamella.

Notes: Cl (A) and C2 (B) groups: note the appearance of wavy and arranged concentrically elastic lamella. VI (C) and V2 (D) groups: note that elastic lamella are smooth

(arrowhead) and fragmented (arrow). Orsein staining; magnification x40.

Abbreviations: Cl, control group for acute varenicline treatment; C2, control group for chronic varenicline treatment; V1, acute varenicline treatment group; V2, chronic

varenicline treatment group.

findings.®! For this reason, we also determined caspase-3 and
caspase-9 activation. In our study, activation of caspase-3
probably occurred through the mitochondrial apoptotic
pathway, as indicated by the presence of caspase-9 activity
in heart sections.®? Activation of caspase-3, which in turn
cleaves multiple cellular proteins, results in cell death.®
Caspase-9 probably represents a direct downstream target
of apoptotic proteases activating factor-1 (Apaf-1), and its
activation appears critical for the propagation of cell death
signals.* In our present study, while there was no caspase-3
immunoreactivity in heart cells in any of the groups, heart

Table 6 Results of semiquantitative morphometric analysis

Parameter Cl Vi C2 V2

Mean thickening 76.96+2.75 88.08+3.00° 74.35+1.43 92.88+2.85"¢
of media (um)

Notes: *No significant increase (P>0.05) vs Cl; ®significant increase (P=0.01) vs C2;
‘no significant increase (P>0.05) vs VI.

Abbreviations: Cl, control group for acute varenicline treatment (n=5); C2, control
group for chronic varenicline treatment (n=5); V1, acute varenicline treatment group
(n=12); V2, chronic varenicline treatment group (n=12); vs, versus.

cells had positive staining for caspase-9 in the experimental
groups, and this was significantly higher in the V2 group
compared with the V1 group. Nevertheless, detection of
a single enzyme in the apoptotic cascade does not provide
strong evidence as caspase-3 did not stain, only caspase-9.
For strong evidence both of them must be stained, so detec-
tion of a single caspase staining does not provide strong
evidence for apoptosis but single staining may be indicative
because it showed statistically significant results versus the
control group.

Conclusion

In conclusion, in the present investigation, we found in vivo
acute and chronic cardiovascular findings of varenicline treat-
ment in rats. Chronic (3 months) varenicline treatment caused
significant impairment of SO, %, major ECG changes, and pro-
longation of PR and QT durations in varenicline-administered
rats. In the biochemical analyses, chronic varenicline treatment
significantly induced lipid peroxidation and MPO production,
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and reduced antioxidant content (CAT, GPX, and GSH).
Moreover, our histopathological observations were in accor-
dance with the biochemical results. However, further studies
are needed to elucidate the clinical implications of these
changes. Since varenicline is used for cessation of smoking,
which is harmful to the whole body, a risk—benefit analysis is
necessary, and the results should be compared with the AEs
of other smoking cessation drugs.
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