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Cotinine Effects on Peripheral Nerve Injuries: An Experimental Study
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ABSTRACT

Aim: Cigarette smoking is a common addictive manner and one of the greatest threats to
health. Nicotine is one of the main components of cigarette. The aim of this study was to reveal
the effect of cotinine which is an active metabolite of nicotine, on peripheral nerve injury in
rats.

Material and Methods: We studied 42 male adult albino-Wistar rats that were divided into
three groups with simple randomization method. Group 1 were given Cotinine® (C-5923-
sigma) intraperitoneally, at a dose of 0.3 mg/kg/day for 21 days. Group 2 were given ethyl
alcohol, the solvent of Cotinine in the same way, dose and period. Group 3 were subjected to
sciatic nerve compression injury by a clip, which has a closing pressure of 50 gr/cm?. Group 1
and 2 were subjected to the same type of injury at the end of 21 days. Four weeks later after
trauma, both three groups were sacrificed and injured sciatic nerve sections are taken for
histopathological analysis.

Results: It was observed that cotinine aggravated the traumatic degeneration and as privileged
caused to fibrosis. In the Schwann cells of thick-myelinated fibers exhibited higher grades of
degeneration and mitochondrial augmentation. According to the multiple comparison results,
the number of Wallerian degenerations in the trauma group was significantly lower than in
both the drug-control (p=0.016) and drug (p<0.001) groups. This situation was estimated as a
response to oxidative stress.

Conclusion: This study reveals that peripheral nerve regeneration after traumatic injury may
be affected negatively in smokers.

Keywords: Cigarette; nicotine; cotinine; peripheral nerve; trauma.
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Amag: Sigara icmek yaygin bir bagimlilik bigimidir ve saglik i¢in en biiyiik tehditlerden
biridir. Nikotin, sigaranin ana bilesenlerinden biridir. Bu ¢alismanin amaci, nikotinin aktif bir
metaboliti olan kotininin si¢anlarda periferik sinir hasarina etkisini ortaya koymaktir.

Gere¢ ve Yontemler: Basit randomizasyon metoduyla ii¢ gruba ayrilan 42 erkek yetiskin
albino-Wistar sigan tizerinde calistik. Grup 1'e 21 giin boyunca 0,3 mg/kg/giin dozunda
intraperitoneal olarak Cotinine® (C-5923-sigma) verildi. Grup 2'ye ayni sekilde Cotinine
¢oziiciisii olan etil alkol, ayn1 doz ve siirede verildi. Grup 3, kapanma basinci 50 gr/cm? olan
klips ile siyatik sinir kompresyonu yaralanmasma maruz birakildi. Grup 1 ve 2 ise 21 giin
sonunda ayni tipte yaralanmaya maruz birakildi. Travmadan dort hafta sonra biitiin gruplar
sakrifiye edildi ve hasarli siyatik sinir kesitleri histopatolojik analiz i¢in alindu.

Bulgular: Kotininin travmatik dejenerasyonu siddetlendirdigi gozlenmistir ve ayrica kotininin
ozellikle fibrozun artigina neden oldugu goriilmiistiir. Kalin miyelinli fiberlerdeki Schwann
hiicrelerinde daha yiiksek derecelerde dejenerasyona sebep oldugu ve ek olarak, bu hiicrelerde
mitokondriyal artis oldugu goriildii. Coklu karsilastirma sonuglarina gore travma grubunda
Wallerian dejenerasyon sayisi hem ilag kontrol (p=0,016) grubu hem de ilag grubuna (p<0,001)
gore anlamli derecede daha disiiktii. Bu durumun oksidatif strese bir yanit olarak gelistigi
tahmin edilmektedir.

Sonu¢: Bu calisma, sigara icenlerde travmatik yaralanma sonrasi periferik sinir
yenilenmesinin olumsuz sekilde etkilenebilecegini ortaya koymaktadir.

Anahtar kelimeler: Sigara; nikotin; kotinin; periferik sinir; travma.
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INTRODUCTION

Precise estimation of smoking status is important for
detection of smoking-attributable diseases and the effect of
smoking on diseases. Also, it is crucial to authenticating
the dimensions of the tobacco use, anticipating population
risk, smoking-related disease burden, and interpreting the
improvement of smoking cessation programs all along the
world (1,2). The most commonly used tool is a
standardized questionnaire. It is used to determine
smoking prevalence and exposure to passive smoke.
However, a standardized questionnaire might not always
indicate a subject’s real smoking status because of
limitations. These limitations are a problem in recall the
details of past smoking and having a desire to hide
smoking because of social embarrassment. The
questionnaire bias may increase over time. While social
norms are altering, smoking has become less admissible.
Moreover, a questionnaire may not be completely evaluate
the passive smoke exposure of nonsmokers. The
nonsmoker people who are exposed to smoke do not
realize how much they are exposed to smoke. In this case,
it is not possible to determine the level of exposure by a
questionnaire. Also, this situation is valid for
determination of smoking status of recent former
smokers (3). For all these reasons, biological markers of
cigarette smoking and passive exposure have been used to
determinate smoking status, to monitor and track
population exposure to cigarette smoke with respect to
people, place, and time (4). Particularly, it has been
preferred in prevalence surveys and epidemiologic studies
for many years (5,6). Although the concentrations of
tobacco-related components and their metabolites are used
as biomarker mainly, the interaction between smoke-
related chemical products and target molecules in
biological materials also can be used (7). One of the most
important biomarkers is nicotine and its metabolites (8,9).
In humans, more than 80% of nicotine is metabolized to
cotinine (10,11). Generally, nicotine is absorbed as
particle-bounded or vapor phase by the body. First,
nicotine is mostly metabolized by cytochrome P450 2A5
(CYP2AD5) and cytochrome P450 2A6 (CYP2A6) enzymes
to cotinine (10,12). Nicotine’s half-time in the body is
approximately 2-3 hours (13). Second, cotinine is mostly
metabolized to its major metabolites, trans-3’-
hydroxycotinine and its glucuronide by the liver (10,14).
Only 10-15% of the total cotinine is excreted in the urine.
Half-time of cotinine in the body is approximately 12-20
hours (15). This physiologically active form of cotinine
tends to accumulate in the body as a result of smoking and
exposure to tobacco smoke. The metabolic rate of cotinine
synthesis is determined by a person’s genetic background.
Therefore, the rate of cotinine synthesis and accumulation
in the body varies according to ethnicity (16). The studies
show that body clearance of cotinine has a higher average
for Caucasians than African Americans (15,16). Food
consumption is also important for nicotine metabolization
besides genetic factors (16). For example, grapefruit juice
has been shown to prevent the production of cotinine by
inhibiting the activity of CYP2A6 (17). De Leon et al. (18)
showed that cotinine, the major metabolite of nicotine, is
an appropriate determinant in revealing the effects of
tobacco products due to its long half-life and metabolic
changes.

Cotinine Effects on Peripheral Nerve Injuries

Tissue damage by applying local compression or incision
on the peripheral nerve results in increased regenerative
capacity in the peripheral nervous system, which continues
with the Wallerian degeneration process, in contrast to
insufficient axonal regeneration in the central nervous
system (Table 1). These findings have been demonstrated
by the experiments conducted by Cajal (19). Similarly, this
process can be detected by electron microscopic analysis.
Parameters evaluated in neural tissue after trauma in
electron microscope; intracytoplasmic edema, nucleus
changes, mitochondrion formation, axonal changes and
myelin sheath changes (19).

According to these findings, smoking habit has a negative
effect on oxidative stress in addition to many harms it
causes in the body. Evaluation of local oxidative stress
after peripheral nerve injury is necessary to understand and
improve the healing process of the nerve. In this study, we
aimed to show the effect of smoking habit on peripheral
nerve damage via cotinine, a metabolite of nicotine.

MATERIAL AND METHODS

Animal experiment protocol and guidelines of study was
ratified by Ethical Committee of Ankara Training and
Research Hospital (Decision no: 0291/2155). Animal
Laboratory of the same hospital was used for all
experimental procedure. 42 male adult albino-Wistar rats
with body weight 180-220 gr were used. All rats had been
4-6 months old. Standardized conditions were prepared for
rats. They were put in a standard laboratory cage, sufficient
food and water, at 18-21 °C. The light and dark cycle was
divided equally 12 hours of light and dark (20).
Anesthesia and Surgical Procedure

The rats were divided into 3 groups as drug, drug-control
and trauma with simple randomization method. It was
arranged as 14 rats in each group. Cotinine® (C5923-
Sigma) was administered intraperitoneally to the first
group at a dose of 0.3 mg/kg/day for 21 days. Ethyl
alcohol, which is the solvent of Cotinine®, was applied to
the second group. Ethyl alcohol was administered
intraperitoneally for 21 days in a volume equal to the
amount of Cotinine given to the first group. The third
group is the trauma group and only compression damage
was done with the clip that was closed with a pressure of
50 gr/cm?. Similarly, compression injury was applied to
the first and second groups at the end of 21 days.

Four weeks later after trauma, both three groups were
sacrificed and injured sciatic nerve sections are taken for
histopathological examination. Subjects were fasted 12
hours before the surgical procedure. All subjects were
weighed before the procedure. Surgical procedures were
performed under general anesthesia. For this purpose,
Ketamine Hydrochloride (Ketalar®, 5% solution, with
Parke Davis License and Eczacibasi Ilag Sanayi) 50 mg/kg
and Xylocaine (Rhompun®, 2% solution Bayer) 10 mg/kg
were added. The mixture was given intraperitoneally
(20,21). Under general anesthesia, the skin was shaved in
the prone position, including the sacrum and both lower
extremities, and superficial sterilization was achieved with
polyvinylpyrolidone iodine (Batticon®, 10% solution,
Genesis Ilag Sanayi). A longitudinal skin incision was
made at the trochanter level in the proximal right lower
extremity, and the skin and subcutaneous tissue were
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passed through. The gluteus maximus muscle was incised
vertically at the trochanter level with its fascia and
dissected, and the sciatic nerve just below it was explored.
The sciatic nerve was carefully dissected from the
surrounding tissues, preserving it with its epineurium.
Nerve damage was created using a clip (Yasargil FE 693
temporary aneurysm clip - Aesculap) with a compression
force of 50 g/cm? (mean compression time 1 minute) in
each rat sciatic nerve (21,22). The incision was closed
anatomically after the sciatic nerve injury was created. The
incision was reopened by giving general anesthesia to the
rats 4 weeks after the trauma. The damaged sciatic nerve
segment was exposed and samples were taken including
the proximal and distal parts for histopathological
examination. At the end of the experiment, the rats were
sacrificed with pentobarbital.

Examination by Light and Electron Microscope
Tissue samples were divided into 1 mm? pieces and the
tissue samples were fixed in 0.1 M phosphate buffered
2.5% glutaraldehyde (pH 7.4) for 2 hours. At the end of
the fixation period, the tissues were washed 3 times with a
tampon for 1 hour. And after washing, post-fixation was
performed by 1% tic osmium tetraoxide active. At the end
of the period, the tissues passed through graded alcohol
series for dehydration. Finally, tissues that were activated
by propylene oxide were blocked with the embedding
material prepared with Araldite CY212 kit. Semi-thin
sections were taken from the blocks polymerized for 48
hours in a 56 °C oven and dyed with toluidine blue and
examined under a light microscope. Thin sections taken
from the marked areas were stained with uranyl acetate-
lead citrate, evaluated by Carl Zeiss EVO LS 10+ ED
transmission electron microscope (TEM) and illustrated at
appropriate magnifications reflecting the findings.

For assessment of histological scoring and changes of
myelinated fibers, specimens were examined by light
microscopy (Table 1). More than 12 microscopic fields
were selected randomly from injured nerve specimens of
each rat. Then, a protocol used for counting degenerated
axons. The protocol consisted of starting from the first

Cotinine Effects on Peripheral Nerve Injuries

right corner of the rectangular field to the last left corner.
All  samples evaluation were performed by two
independent histopathologists blind to the present study.
Statistical Analysis

Statistical analyses were performed by the SPSS v.26
statistical package. Normality assumption was examined
using Shapiro-Wilk test. Kruskall-Wallis test was used to
compare groups and Mann-Whitney U test with
Bonferroni adjustment was performed for post hoc
comparisons. Descriptive statistics were presented as
median (interquartile range) [min-max], and a p value of
0.05 was considered statistically significant.

RESULTS

Semi Thin Section Analysis Results

In the sciatic nerve semi-thin sections that belong to the
drug-control group, the epineurium and perineurium
structures were observed to be normal. Schwann’s cells
and axonem were normal in myelinated and
unmyelinated nerve fibers. While sporadic separations in
the myelin sheath were determined in thick myelinated
fibers, this finding was evaluated due to the physical
compression that occurred during dissection. Thin fibers
had normal texture (Figure 1).

In the semi-thin section evaluation of the trauma group, the
epineurium and perineurium were observed with normal
structure. Unlike the other groups, separation of myelin
sheaths and myelin sheath duplication were noted. In
addition to axon withdrawal and local thickening of myelin

Table 1. Histological grading score of nerve injury
Histology Score Grade
0 Normal
Duplication of the myelin sheath
Undulation of the myelin sheath
Axonal degenerations (axonal withdrawal)
Nerve fibers with severe degeneration

A W NP

Figure 1. The epineurium (*) and perineurium (=>) structures were observed normally in the sciatic nerve semi-thin
sections belonging to the drug-control group (1A, x100). Myelinated nerve fibers and unmyelinated fibers, Schwann cells
and axonem were normal. Partial separations (>) due to physical compression of the myelin sheath were detected in some
thick myelinated fibers (1B, x1000, Toluidine Blue).

159



Akdag et al.

sheath, also Schwann cell hypertrophy were prominent in
the trauma group. Another striking degenerative change
was Schwann cells’ pyknotic nucleus structure. It was
noted that Schwann cells with pyknotic nuclei were
commonly observed at unmyelinated fibers. This finding
was accepted as an indicator of the cells’ apoptosis
process. Endoneural edema was another distinguishing
feature in this group.

In the drug-control group which applied trauma + ethyl
alcohol (solvent of cotinine), the findings were generally
similar to the trauma group. In the drug-control group,
mast cell infiltration was observed in the connective tissue
of the nerve. These findings were interpreted as the
subjects’ response to alcohol.

In the drug group which cotinine was administered, intense
degenerative changes were observed in the sciatic nerve.
While detachment and duplication in the myelin sheath
were clearly observed, the most typical finding of this
group was myelin sheath hypertrophy. It was observed that
the axonemic structure disappeared in some nerve fibers.
It was noteworthy that the myelin sheath ondulations and
the pyknotic nucleus appearance in Schwann cells became
common in this group. Nerve loss was also observed in
some areas due to intense degeneration in the myelin
sheath. Fibrosis and edema in endoneurium was another
distinguishing feature of this group. Mast cell infiltration
was evident in the nerve sheaths in this group as well
(Figure 2). Distribution of Wallerian degenerations
measurement in all groups was illustrated at Table 2. There
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was a statistically significant difference between the
groups in terms of axon numbers with Wallerian
degeneration (p<0.001). According to the multiple
comparison  results, the number of Wallerian
degenerations in the trauma group was significantly lower
than in both the drug-control (p=0.016) and drug (p<0.001)
groups. Also, the difference between the drug-control and
drug group was also significant (p=0.005). Comparison of
the number of axons with Wallerian degeneration between
the trauma, drug-control and drug groups was shown in
Figure 3a and 3b.

Electron Microscopic Examination Results

In the electron microscopic examination of the trauma
group, although small myelinated nerve fibers were
observed in normal structure, various degenerative
changes were observed in large fibers. Local dilatations
were observed in the myelin sheaths in a group of fibers.
In a group of nerve fibers, it was observed that dilatations
caused myelin duplication. Myelin ondulation was
detected in large fibers in patches. It was remarkable that

Table 2. Wallerian degenerations measurement in all groups
Number of Axons with Wallerian

Groups Degenerations
Trauma 21 (2.5) [18-23]
Drug-Control 25 (2.3) [22-29]
Drug (0.3 mg/kg/day) 32 (2.0) [30-35]
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Figure 2. In the group in which cotinine was applied with trauma, epineurium (m ) and perineurium (concealed, 2A x100)
in the semi-thin section evaluation with small magnification of the sciatic nerve. It is observed that the axonem (0) structure
disappears in some fibers (2B, x1000) with thickening (*) to form corrugations in places (2C, x1000). (A) (2D, x1000),
hypertrophic Schwann cells (Sch), Schwann cells with locally picnotic nucleus (N) (2E, x1000, Toluidine Blue).
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the Schwann cells surrounding these fibers had an increase
in mitochondria and their matrix was electron-dense.
Nuclear degradation was observed in Schwann cells
surrounding the unmyelinated fibers.

The general appearance of the sciatic nerve was observed
to be normal in the electron microscopic examination of
the drug-control group. It was determined that the findings
were generally identical with the trauma group.
Degenerative changes at different levels in the myelin
sheath, mitochondrial density in Schwann cells of
myelinated fibers where ondulation was observed. Also,
hypertrophy in most Schwann cells were similar to the
trauma group (Figure 4).

In the electron microscopic examination of the cotinine
administered drug group, irregularities in the course of
myelin were evident, especially in large fibers. The most
prominent change in this group was axon recession,
especially observed in myelinated nerve fibers. In addition,
fibrosis caused by the increase in collagen fiber in the
endoneurium was another distinctive finding (Figure 5).
As a result, it was observed that cotinine administration
increased the degeneration caused by trauma. Also, it was
shown that cotinine administration caused fibrosis
exclusively. The myelinated fibers were the most affected
fiber type in the sciatic nerve by trauma. The
mitochondrial increase in Schwann cells observed with
trauma was evaluated as the response of the cells to
oxidative stress. Moreover, it was concluded that myelin
sheath degeneration was the result of oxidative stress.

| -
a7

Number of Axons with Wallerian Degeneration

Trauma Drug-Control Drug

Pairwise Comparisons of Groups

Drug
3550
'S

Trauma
3,04

Each node shows the sample average rank of Groups.
Figure 3. Number of axons with Wallerian degeneration
in groups (3A) and multiple comparison of groups (3B)
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Figure 4. Drug-control group electron microscopic picture.
M1: myelinated nerve fiber, M2: Unmyelinated nerve fiber, S1:
Hypertrophic Schwann cell, *: axonem, ith: Duplicate
separations in the myelin sheath of myelinated nerve fibers, 'f:
Decrease in electron density in the inner part of myelinated nerve
fibers before separation, : Undulation in myelin sheath, >:
Electron-dense matrix mitochondria, Top: endoneurium where
edema is observed locally (Uranyl acetate - lead citrate).

Figure 5. Electron microscopic picture of the Cotinine
administered drug group. M1: myelinated nerve fiber, M2:
Unmyelinated nerve fiber, S2: Schwann cell belonging to the
unmyelinated nerve, *: axonem, iT: Separations in the myelin
sheath of myelinated nerve fibers, +: Irregular course in myelin
sheath, ¢: Ondulation in myelin sheath, >: Electron dense matrix
mitochondria, » »: Axon withdrawal, ¢: Fibrosis in the
endonorium (Uranyl acetate - lead citrate).

DISCUSSION

The effects of nicotine on oxidative stress and neural
protection differ in terms of applied dose and mechanism.
This two-way effect is thought to be due to the nicotine
dose exposed and the mechanism of action. Nicotine at
very high doses (1/10 microM) increases lipid
peroxidation, while at very low doses (10 pM) it acts as an
antioxidant. It probably inhibits the Fenton reaction by
binding excess iron in the environment at low doses. On
the other hand, it may also reduce the formation of
superoxide anions by binding NADH and disrupting the
mitochondrial electrotransfer chain (22,23).
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The effect of cotinine, the main metabolite of nicotine, on
human metabolism has not been studied sufficiently. In
humans, about 70-80% of nicotine is converted into
cotinine. The half-life of cotinine is longer than nicotine
and its residence time in the bloodstream is 48-96 hours.
Since blood cotinine level is proportional to exposure to
cigarette, cotinine levels are evaluated as an indicator of
nicotine exposure (10,23).

In studies conducted to investigate the adverse effects of
smoking, it has been reported that pyridine and pyrazine
content cause toxic effects by inhibiting angiogenesis
(24,25). Therefore, although there is information that
smoking has a teratological effect by causing
developmental malfunctions of various organs by
inhibiting angiogenesis, no statistical information has been
revealed (26,27). However, it has been reported that it
affects the vascular endothelial structure in adults and so
causes coronary artery disease and cerebrovascular
strokes (28). On the other hand, in studies on nicotine
intake during pregnancy has been reported that causes
damage to brain neuron cells during the neurulation phase
of embryogenesis (29).

Peripheral nerve damage is begun with compression
pressure and capillary pressure's encounter. When the
compression pressure on peripheral nerves is exceeded
capillary perfusion pressure limits, ischemia occurs.
Ischemia and injury to peripheral nerves cause
microvascular damage. This vascular damage and
impairment of perfusion can cause to endoneural edema
and promote the increase of endoneural fluid pressure.
Moreover, oxidative stress-induced cell impairment
follows the ischemia (20). After the ischemia, if
reperfusion is achieved, blood flow provide oxygen, but
also increases the formation of free oxygen radicals and
lipid peroxidation, and this process is called reperfusion
injury (20,30). The greatest effects of free oxygen radicals
on ischemia-reperfusion injury are on lipid peroxidation.
Lipid peroxidation is a very toxic chain reaction. It is
important because it is a self-progressing and
destructive (30,31). Far worse than, the central and
peripheral nervous systems are rich in myelin, a substance
rich in lipids. This situation makes the nervous system
susceptible to lipid peroxidation.

In this study, sciatic nerve trauma was performed after the
administration of cotinine (0.3 mg/kg/day) at a dose
equivalent to a mild smoker’s blood level of cotinine for
21 days. As a result of histopathological examination, it
was observed that the most affected fiber type of sciatic
nerve was myelinated fibers. The mitochondrial increase
in Schwann cells observed after trauma. This increase was
evaluated as the response of the cells to oxidative stress.
Myelin sheath degeneration concluded that as a result of
the oxidative stress on these cells. It was observed that the
administration of cotinine increased the degeneration
caused by the trauma.

In our study, the histopathological degenerative changes
caused by cotinine has been shown, in the rat peripheral
nerve experimental trauma model. While small myelinated
nerve fibers were observed in normal structure,
degenerative changes were observed in large fibers. The
number of Wallerian degenerations in the trauma group
was significantly lower than in both the drug-control and
drug groups. Also, the difference between the drug-control

Cotinine Effects on Peripheral Nerve Injuries

and drug group was also significant. It showed that
cotinine administration increased the degeneration caused
by trauma, and it was also found to cause fibrosis.

CONCLUSION

According to these results, regular daily intake of cotinine
increases secondary damage related to peripheral nerve
injury. Nonetheless it might induce or reduce degenerative
process particularly which necessitates dose dependent
further investigations. Despite the absence of concrete
correlation of histological recovery and neurological
findings, the present study demonstrated that cotinine
might have additive effects on neurodegeneration and
potentially neurodestructive which might be a critical
guide to future studies in this field.
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