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ARTICLE INFO ABSTRACT

Handling Editor: Lawrence Lash Multiple sclerosis (MS) is an inflammatory autoimmune disease associated with genetic and environmental
factors. Cigarette smoking is harmful to health and may be one of the risk factors for MS. However, there have
been no systematic investigations under controlled experimental conditions linking cigarette smoke (CS) and MS.
The present study is the first inhalation study to correlate the pre-clinical and pathological manifestations
affected by different doses of CS exposure in a mouse experimental autoimmune encephalomyelitis (EAE) model.
Female C57BL/6 mice were whole-body exposed to either fresh air (sham) or three concentrations of CS from a
reference cigarette (3R4F) for 2 weeks before and 4 weeks after EAE induction. The effects of exposure on body
weight, clinical symptoms, spinal cord pathology, and serum biochemicals were then assessed. Exposure to low
and medium concentrations of CS exacerbated the severity of symptoms and spinal cord pathology, while the
high concentration had no effect relative to sham exposure in mice with EAE. Interestingly, the clinical chemistry
parameters for metabolic profile as well as liver and renal function (e.g. triglycerides and creatinine levels,
alkaline phosphatase activity) were lower in these mice than in naive controls. Although the mouse EAE model
does not fully recapitulate the pathology or symptoms of MS in humans, these findings largely corroborate
previous epidemiological findings that exposure to CS can worsen the symptoms and pathology of MS.
Furthermore, the study newly highlights the possible correlation of clinical chemistry findings such as meta-
bolism and liver and renal function between MS patients and EAE mice.
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since 1975. The full economic cost of managing MS is substantial. In the
United States (US) alone, the charges associated with MS care have been

1. Introduction

Multiple sclerosis (MS) is the most widespread neurological condi-
tion among young adults, with an average age of onset around 30 years.
Common neurological manifestations of MS include optic neuritis,
diplopia, sensory loss, limb weakness, gait ataxia, spasms, fatigue, pain,
loss of bladder control, and cognitive dysfunction. Paralysis, vision loss,
and deteriorating respiratory function can occur in rare, severe cases. In
2016, approximately 2.2million people worldwide were estimated to
have MS, corresponding to a prevalence of 30.1 cases per 100,000
population [110]. This is more than double the number of reported cases

reported to increase at rates of US$ 40 million and US$ 8 million a year,
respectively [14]. Overall, a good understanding of the disease pathol-
ogy and risk factors associated with MS is crucial for effectively battling
this debilitating neurodegenerative disease.

MS is a chronic and progressive autoimmune disorder in which the
body’s immune system attacks myelin and oligodendrocytes, damaging
the brain and spinal cord [63]. The exact etiology of the disease is un-
known but it is thought to involve various genetic and environmental
factors as well as viral infection (e.g., Epstein-Barr virus, human
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herpesvirus, and nonspecific viral infections involving the upper respi-
ratory or gastrointestinal system) and hormonal changes associated
with, for example, pregnancy [15]. Among the environmental risk fac-
tors, cigarette smoking has emerged as a potentially important risk
factor associated with MS [32,42,73,118]. Indeed, smoking causes
serious diseases, and smokers have been reported to be approximately
1.5 times more likely to be diagnosed with MS than nonsmokers [32].
The risk of MS increases with cigarette smoking in a dose-dependent
manner, with the risk increasing 2-fold for individuals exposed to a
cumulative dose of >16 pack-years [31]. This smoking-related increase
in risk reportedly remains unchanged for up to 5 years after smoking
cessation; but, by 10 years post-cessation, the MS risk decreases to the
same level as that of the general population, regardless of the prior
cumulative dose [31]. The mechanism of the harmful effect of smoking
on MS is unknown but might include direct toxicity in neural tissues and
immunomodulation [97]. CS contains high concentrations of free radi-
cals, such as hydrogen cyanide, nitric oxide, and carbon monoxide,
which can induce demyelination lesions [30]. Furthermore, smokers
have increased expression of Fas, a membrane receptor on B cells and
CD4+ T cells, that signals for apoptosis in activated lymphocytes, which
could overwhelm the scavenging capacity of the immune system and
initiate immune responses preceding autoimmunity in susceptible in-
dividuals [30]. Taken together, published studies indicate that there
might be significant advantages in stopping smoking even after onset of
MS.

Although the epidemiological data on the effect of cigarette smoking
on MS are important, there have been limited systematic investigations
under controlled laboratory conditions to study a direct cause-and-effect
relationship between CS exposure and MS development and prognosis.
Among several animal models for MS, EAE is the most commonly used
experimental model for studying pathogenesis and discovering phar-
macological therapies for MS, and it has been used to test a number of
compounds [16,20,23,78,96,117]. In addition, all the current US Food
and Drug Administration (FDA)-approved immunomodulatory drugs are
found effective to some degree in treating EAE, therefore it is a strong
indicator that EAE is the preferred model to study autoimmune response
aspects of MS and develop effective treatments for the human disease.
Although animal models do not fully recapitulate all aspects of human
MS conditions, animal models are still essential in understanding the
complex interaction between a variety of immunopathological and
neuropathological mechanisms, and lead to development of therapeutic
strategies [62,86]. Induction of EAE has been successfully achieved in
mouse and rat strains by using intact myelin protein or peptides [64,
107]. Therefore, in the present study, we evaluated the effect of CS
exposure on the progression and severity of clinical symptoms, clinical
pathology, and histopathology at different stages of disease progression
in an EAE mouse model to assess the potential impact of CS exposure on
MS.

2. Materials and methods
2.1. Animals

Female C57BL/6 mice (Murine Pathogen free™; InVivos Pte. Ltd.,
Singapore) aged 7-9 weeks were individually identified by subcutane-
ously implanted transponders and group-housed in an open-top cage (up
to 8 mice per cage) with environmental enrichments (e.g., igloo and
nesting materials) at 22 + 2 °C and 30-70% relative humidity. Auto-
claved softwood granulates (Lignocel® BK 8-15; Rettenmaier & Sohne,
Rosenberg, Germany) were used as bedding. Gamma-irradiated pellet
diet (2914C irradiated rodent diet; Envigo, Indianapolis, IN, USA) and
sterilized drinking water were provided ad libitum except during CS
exposure, when mice had access to water but not food. The light/dark
cycle was 12 h/12 h, with the light period starting at 07:00 h. The mice
were allowed to acclimatize to this home environment for at least 12
days before the experiment. The general condition and health of the
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mice were assessed throughout the study, which included body weight
measurement and group and individual observations. All animal ex-
periments were approved by the Philip Morris International (PMI)
Research Laboratories Institutional Animal Care and Use Committee
(IACUC) under protocol no. 15051. The care and use of mice were
conducted in accordance with National Advisory Committee for Labo-
ratory Research guidelines and Assessment and Accreditation of Labo-
ratory Animal Care requirements [1,67].

2.2. CS exposure

3R4F reference cigarettes (Center for Tobacco Reference Products,
College of Agriculture, Food and Environment, University of Kentucky,
Kentucky, USA) were used as a representative of the “full flavor”
segment of the American market. Detailed 3R4F CS analytics can be
found in Roemer et al. [87]. 3R4F reference cigarettes were smoked in
accordance with the Health Canada Intense smoking protocol [29],
which is based on International Organization for Standardization (ISO)
standard 3308, with some modifications [41]. The CS was generated by
using commercially available 30-port rotary (15 ports blocked) smoking
machines (SM2000, Burghart Messtechnik GmbH, Wedel, Germany)
equipped with a programmable dual-port syringe pump with active
side-stream exhaust. The CS generated from the smoking machines was
diluted with filtered conditioned air to obtain the respective target total
particulate matter (TPM) concentrations.

To achieve a similar mean baseline body weight across the groups at
the start of the study, 8-10 mice were allocated to each treatment group
(Supplemental Table 1) on the basis of body weight using system
generated randomization sequence. Mice immunized with myelin
oligodendrocyte glycoprotein amino acids 35-55 (MOGss_s5) (EAE
mice) and those not immunized (naive control mice) were both exposed
to fresh air or CS (Fig. 1a and Supplemental Table 1). During the first
week, the mice were exposed to fresh air (sham) or a low, medium
(med), or high concentration (150, 350, or 600 ug TPM/L, respectively)
CS for incremental durations by following a 7-day time-adaptation
regimen (Fig. 1b). The three concentrations were chosen on the basis
of prior in-house studies that examined the tolerability and potential
biological effects of CS in the same strain of mice. After the adaptation
period, all mice were exposed to either fresh air or respective concen-
trations of CS for 4 h per day, 5 days a week, by following an interrupted
exposure regimen with fresh air breaks (Fig. 1b). During the week pre-
ceding necropsy, the mice were exposed for 7 days a week (instead of 5
days a week) to ensure that they were exposed to CS for at least 2 days
prior to necropsy. The mice were exposed in a 24-cage whole-body
exposure chamber (WBEC, 800 L, manufactured in-house by Philip
Morris Research Laboratories Leuven, Belgium), and up to 8 mice were
housed and exposed per cage during exposure.

To characterize the test atmosphere and verify the reproducibility of
smoke generation, the concentrations of TPM, nicotine, and aldehydes,
flow rate through the exposure chamber, and particle size distribution
were tested in samples from the breathing zone of the exposure cham-
bers (Supplemental Tables 2-4). TPM concentrations were determined
four times daily for all exposure chambers and maintained within
+ 10% of the target concentrations. Nicotine and CO concentrations
were also measured (Fig. 1c).

2.3. CS uptake

Dosing dosimetry was calculated in accordance with a previously
defined equation and parameters, assuming an inhalation fraction of 1
and average body weight of 20 g [8]. On the basis of this calculation, the
estimated inhaled nicotine doses were determined to be approximately
2.25, 5.69, and 10.06 mg per kg per day for CS Low, Med, and High,
respectively. To demonstrate CS uptake by the mice, nicotine and five
major nicotine metabolites were analyzed in 24-h urine samples, which
were collected from mice placed in metabolic cages during CS exposure
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a) EAE induction Fig. 1. CS exposure design. (a) Mice were
exposed for 2 weeks before EAE induction and
Exposure TPM in test atmosphere sacrlﬁc'ed at d1ffer.ent time points for tissue
! ! collection. n = 8 mice per group, except n = 10
Fresh air NA i E for CS Low, Med, and High at 6 weeks (Sup-
i ! plemental Table 1). (b) A schematic diagram of
CS Low 150 pg/L i i the time-adaptation regimen during the first
; ! week of exposure and the interrupted exposure
CS Med 350 pg/L i : regimen are shown. Mice were exposed to 1-h
. : blocks of CS exposure, separated by 30-min or
cs High coopor.
"9 ot | | I 1-h fresh air breaks. Black boxes represent CS
2 4 6 weeks exposures. White boxes represent} fresh air ex-
W Terminal dissection posures. (c) Average concentrations of TPM,
nterim dissections CO, and nicotine in the test atmospheres are
i . . i indicated as mean + SD. Numbers in brackets
b) Time adaptation and interrupted exposure regimen represent the number of means for values
collected daily (N). CS: cigarette smoke; EAE:
Days 1 -2 n Air CS experimental autoimmune encephalomyelitis;
1h i TPM: total particulate matter; CO: carbon
Days 3 -4 Air CsS monoxide; SD: standard deviation.
Days 5 -7 1h Air cs
Day 8 onwards | m
c)
Exposure
Test atmosphere TPM (pgiL) Nicotine (pg/L)
chamber
Fresh air (sham) 1 -54 1.7(36) 0.1 0.1(36) 0.1 0.0(8)
CS Low 2 1457 4.0(36) 1921 7.3(36) 89 0.7(21)
CS Med 3 346.1 12.5(36) 3596 24.7 (36) 226 1.5 (20)
CS High 4 576.4 17.9(36) 5744 445 (36) 39.9 3.0(20)

and overnight on study days 9 and 12. Further details of urine sample
collection and analyzes are available in the Supplemental material. The
recovery of total urinary nicotine  metabolites  was
concentration-dependent and consistent with the target exposure con-
centrations in the test atmospheres (Supplemental Fig. 1a). The relative
levels of the five major nicotine metabolites were similar across all
groups; therefore, there were no differences in nicotine metabolic rate or
uptake among the different CS groups (Supplemental Fig. 1b).

2.4. EAE induction and health monitoring

EAE was induced by using a commercially available kit in accor-
dance with the manufacturer’s instructions (EK-2110, Hooke Labora-
tories Inc., Lawrence, MA, USA). In brief, after a 2-week adaptation
period to CS exposure, mice were immunized at the start of the 3rd week
by a single subcutaneous (s.c.) injection of 100 uL. MOGss_s5/Freund’s
complete adjuvant (CFA) emulsion into each flank (100 pg/100 pL
MOGss_55 per site; i.e., 200 pg total MOGss 55 per mouse), and an
intraperitoneal (i.p.) injection of 100 uL pertussis toxin (PTX) (80 ng/
100 pL per mouse). The emulsion contained 5 mg killed Mycobacterium
tuberculosis H37Ra in each mL of emulsion prepared using a propriety
method and checked for quality by the manufacturer. On the following
day, the mice were injected again with the same dose of PTX. The
adaptation period was included in this study to reduce the stress asso-
ciated with the initial CS exposure and to better understand the phar-
macological effects of CS exposure on EAE. The mice were not exposed
on the day of EAE induction; the exposure resumed the next day, and the
time loss was compensated for on a weekend. The mice were sacrificed
at different time points to understand the disease progression (Fig. 1a).

After EAE induction, the mice were weighed and observed daily for
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signs of EAE development. Naive control groups (non-immunized mice)
were weighed twice a week and examined at least once a week for
clinical symptoms. EAE clinical signs were scored daily on a scale of 0-5
with 0.5 increments (Supplemental Table 5) [38,116]. Mice with clinical
scores above 1 were transferred to another cage to prevent them from
being injured by the unaffected cage mates and group-housed with other
affected mice whenever possible. Enrichment and special care were
provided as indicated in Supplemental Table 5. A weight loss of 25% or
more from baseline (measured on day 0 of EAE induction; study day 15)
was considered a humane endpoint for the affected mice. Mice declared
moribund were immediately euthanized, and blood and tissue samples
were collected. During the study, three EAE mice (two from the CS Low
and one from the CS High groups) lost > 25% of their baseline weight by
study days 32 (post-immunization day 17) and 36 (post-immunization
day 21) and were terminated. All immunized mice were included for
study endpoint analyses, except the ones declared moribund. None of
the EAE mice reached the maximum score for a humane endpoint (i.e., a
score of 4 for approximately 24 h).

2.5. Biological sample collection

To understand the pathological progression in the spinal cord, mice
were terminated before EAE induction (week 2), at the onset of EAE
symptoms (week 4), and at the end of the study (week 6) (Fig. 1a). The
mice were anesthetized with an intraperitoneal injection of pentobar-
bital solution (Valabarb, Jurox Animal Health, NZ) and terminal serum
samples were collected for clinical chemistry analyses. Following blood
collection, the mice were transcardially perfused with cold saline (0.9%
sodium chloride, B. Braun, Melsungen, Germany). Tissue collection was
performed on a cold surface decontaminated with RNaseZap® wipes
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(Invitrogen™, Thermo Fisher Scientific, MA, USA). Once dissected, the
brain was cut longitudinally into two halves along the midline. The right
hemisphere was immersion-fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) (Santa Cruz Biotechnology, Dallas, TX,
USA) at room temperature for approximately 3 h and then subsequently
transferred to and stored in 15% sucrose at room temperature for his-
tological analyses. The spinal cord was flushed from the spine with cold
PBS by using a syringe and divided into three segments (cervical,
thoracic, and lumbar). The cervical and lumbar portions were
immersion-fixed in 4% PFA in PBS at room temperature for approxi-
mately 3 h and subsequently transferred to and stored in 15% sucrose at
room temperature for immunohistochemistry analyses. The thoracic
region of the spinal cord was snap-frozen in liquid nitrogen and stored at
< — 70 °C for Luminex analysis (refer to Supplemental material).

2.6. Brain and spinal cord pathology evaluation

Brain samples were processed and analyzed by QPS GmbH (Gram-
bach, Austria). Spinal cord samples were processed and analyzed by
PsychoGenics, Inc. (Paramus, NJ, USA). In brief, fixed brain and spinal
cord samples were embedded in optimal cutting temperature (OCT)
medium (Thermo Fisher Scientific Inc., Waltham, MA, USA) in cry-
omolds and snap-frozen in dry-ice-cooled liquid isopentane. Brain
samples were cut into 10-um sagittal sections and spinal cord (cervical
and lumbar regions) samples into 10-um transverse sections with a Leica
CM1950 cryotome (Leica Biosystems AG, Wetzlar, Germany) by
following a uniform systemic random protocol. Six levels of brain sec-
tions and three levels each of cervical and lumbar spinal cord sections
were analyzed. Initial assessment of the brain sections by hematoxylin
and eosin staining revealed a limited number of noticeable lesions in
some sections, and the differences between the treatment groups were
not observable (data not shown); thus, no further analyzes were con-
ducted for the brain. This observation is in agreement with those from
previous studies showing limited central nervous system (CNS) in-
filtrates and no evidence of brain lesions in MS mouse models [20,54].
We have also observed that EAE induction, which induces more severe
clinical symptoms, does not necessarily induce brain pathology and
primarily affects spinal cord pathology, particularly in the lumbar re-
gion (unpublished data). Spinal cord sections were stained with 4/,
6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and FluoroMyelin™ Green Fluorescent Myelin
Stain (Thermo Fisher Scientific Inc., Massachusetts). The stained sec-
tions were imaged on a Zeiss AxioScan Z1 slide scanner microscope
equipped with Colibri II LED illumination (Carl Zeiss AG, Oberkochen,
Germany) and an Orca Flash 4.0 B&W camera (Hamamatsu Photonics,
Hamamatsu City, Shizuoka, Japan).

The number, density, and size of lesions were quantified within the
ventral white matter of the spinal cord. A lesion in this study is defined
as an area with increased cell density, which is indicative of increased
inflammatory infiltrates, as demonstrated in previous studies [2,3]. A
stepwise, automated approach using Image Pro Premier v9.3 (Media
Cybernetics, Inc., Rockville, MD, USA) was developed to more accu-
rately and objectively determine the extent of the spinal cord lesions
(Supplemental Fig. 2). The left and right sides were delineated sepa-
rately. Any changes in DAPI stain clustering were assumed to represent
local cell infiltrations forming spinal cord lesions as reported previously
[66]. Among the various parameters for determining spinal cord pa-
thology by automated quantification, the total number of lesions was the
most robust endpoint for determining the treatment-dependent effects
and is reported in the Results section. We have also assessed myelination
differences using a manual scoring method based on the following
scoring criteria: 0 = 0%; 1 =0-20%; 2 = 20-40%; 3 = 40-60%;
4 = 60-80%; and 5= 100% demyelination (summarized in Supple-
mental Fig. 3). The entire white matter area of the spinal cord was taken
into consideration for the manual scoring. To ensure the integrity of the
sections and quality of staining, quality control (QC) checks of sections
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and images were performed in a blinded (to the treatment conditions)
manner before statistical analyses. The sections were scored for right
and left sides separately, and only sections that passed the QC check
were included in the statistical analyses. Thus, for each mouse, there are
a maximum of 12 data points each for the lumbar and cervical sections
(i.e., 2 sides x 6 sections per spinal cord region).

2.7. Statistical analyses

Valid statistical analysis requires both proper statistical methodolo-
gies and sound statistical design. The former ensures correct estimation
and proper interpretation of the statistical results, while the latter is
critical to validate the statistical results, ensure statistical power, and
remove bias at all levels. In our study, the experimental units (mice)
were randomly allocated to the experimental treatments (study groups)
on the basis of similar initial/baseline body weight distribution across
groups. Randomization removed bias while ensuring that any observed
differences among the experimental groups were not due to body weight
differences. Furthermore, the sample size of 8-10 mice per group is
sufficiently large to expect a reasonable statistical power for group
comparisons [5]. The sample size also allowed us to use a panel of
standard and innovative statistical methods for analysis of study
endpoints.

For body weight and clinical scores, descriptive statistics were
calculated for all treatment groups and all indicated time points. All
mice were analyzed up to study day 44 (post-immunization day 29),
when the terminal necropsy started. Mice declared moribund were not
included in the statistical analysis for the days after death. Body weight
and clinical scores from only the 6-week groups were used for the
analysis to ensure a complete longitudinal dataset. Intrasubject vari-
ability in both body weight and clinical scores occurred naturally be-
tween consecutive days and was taken into consideration for
investigating intergroup differences. To ensure more reliable and robust
analysis, a semi-parametric generalized additive model (GAM) with
smooth curves adjusted over time and fixed effects for exposure groups
and random effects for intrasubject variation was applied [90]. The
semi-parametric GAM was used to optimize the benefits while miti-
gating the drawbacks of running parametric or non-parametric analyses.
The model takes advantage of the flexibility of non-parametric analysis
while enhancing statistical power, which is often criticized in a
non-parametric model [59,102]. Clinical scores were analyzed by the
same procedure, with the exception that a GAM with zero-inflated
gamma response was used to fit the high number of zero responses
observed (particularly prior to EAE induction). The estimated curves
over time obtained from the GAM model were used for overall com-
parison. This statistical model provided two different types of estimates
for the clinical scores: (1) the probability of “good clinical results” and
(2) the clinical severity or evolution over time. “Good clinical results”
refer to the estimates of the effect of CS exposure on the probability of
the clinical scores being higher than zero over time and pairwise com-
parisons between exposure groups. The second estimate included the
evolution of clinical severity over time for the EAE groups. In addition,
survival time was analyzed by the Kaplan-Meier non-parametric
method for estimating the survival curves for each group, and the
log-rank test was used for testing differences between the groups.

For spinal cord pathology analysis, raw data were aggregated so that
one observation was reported per animal per spinal cord region (lumbar
or cervical). Negative binomial regression was used instead of Poisson
regression [108], because the numbers of lesions were highly variable
despite the data aggregation. Because of the skewed data distribution,
clinical chemistry data were transformed to a logarithmic scale to cor-
rect for heteroscedasticity (data variability dependent on data aver-
ages). For both spinal cord pathology and clinical chemistry data,
two-way analysis of variance for equal means across all treatment
groups was performed at the 5% significant level. Once the null hy-
pothesis of equal means was rejected, the main effects and interactions
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were assessed. The post-hoc paired student t-test was then used to test
the group differences.

To determine a possible correlation between clinical symptoms and
spinal cord pathology, the clinical score profiles across days were
studied for each study subject. The highest clinical score (reflecting
disease severity) was then recorded together with the total number of
lesions for each experimental subject. The recorded data pairs (disease
severity and histopathology) were then used to estimate the Spearman’s
rank correlation coefficient and test the hypothesis of being equal to
zero. For all statistical analysis, p < 0.05 was considered significant.

3. Results
3.1. General health

There was no CS exposure-related mortality throughout the study,
and the frequent in-life observations performed shortly after each
exposure day revealed no abnormality, where the mice were observed to
exhibit typical behaviors (e.g., exploration in home cages and normal
righting reflex). Abnormal touch responses (e.g., high-pitched vocali-
zation or aggression upon handling) were observed in some mice
regardless of exposure. All immunized mice developed clear reddish
bumps at the injection site 2-4 days after the injection, which was a sign
of local immune response to MOGss_s5/CFA. Approximately 50-55% of
the cohort developed skin ulcers at the site of injection within 1-6 days
of immunization; the ulcers eventually resolved in the majority of the
mice (reduced to ~ 23% in week 6) without veterinary intervention.
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However, one mouse was declared moribund on study day 39 (post-
immunization day 24) because of a worsening wound and was excluded
from the final analysis of the study.

3.2. Body weight

On the day of EAE induction (study day 15), the body weights of the
mice were measured and recorded as baseline values (Fig. 2a). Subse-
quently, the body weights were normalized against baseline values to
monitor any changes (Fig. 2b and ¢). There were main and interaction
effects of EAE and CS exposure on body weight. The main effect of EAE
indicated that the EAE mice had lower body weight than naive control
mice. The interaction effect indicated that the effect of CS also depended
on whether or not the mice had EAE. The body weights of fresh air-
exposed naive control mice steadily increased over time so that the
body weights of naive control mice exposed to medium and high con-
centrations of CS were significantly lower from approximately study day
30 onwards in comparison (p < 0.05; Fig. 2b and d). Such CS-dependent
retardation of body weight gain indicated a direct relationship between
body weight and CS exposure. In contrast, the body weights of EAE mice
fluctuated over time, unlike those of naive control mice, reflecting the
effect of a complex interaction between EAE and CS on body weight. All
EAE mice exhibited approximately 5% transient weight loss 1 day after
EAE induction. The body weights then stabilized or increased to above
baseline levels (Fig. 2¢). This was followed by a downward trend
(varying between 5% and 10%) approximately 10 days after EAE in-
duction. Subsequently, fresh air-exposed EAE mice gained body weight
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Fig. 2. Effects of EAE and CS on body weight. (a) Average body weights of the EAE and naive control mice in all exposure groups are shown. The body weights of the
mice were normalized to their respective weights on study day 15 and presented as percent change for the (b) naive control mice and (c) EAE mice. Study day 15
corresponds to the first day of EAE induction (equivalent to day O post-immunization). Data presented as mean + SEM. For naive control mice, sham = blue lines
with blue open circles (o), CS Low = pink lines with open squares ([J), CS Med = red lines with open triangles (A\), and CS High = brown lines with open diamonds
(o). For EAE mice, sham = blue lines with solid circles (@), CS Low = pink lines with solid squares (), CS Med = red lines with solid triangles (a), and CS
High = brown lines with solid diamonds (4). GAM analyses of the body weights of (d) naive control mice and (e) EAE mice exposed to fresh air (sham) or three
concentrations of CS (Low, Med, High) are shown. The black lines are average differences in body weight from pairwise comparison between the groups indicated in
the headers. Grey bands represent 95% confidence intervals. The red dotted lines are set at zero to represent the body weight of the second group in each comparison
(e.g., for CS Low vs. sham analysis, sham is set at zero). Note: Data from similarly exposed subgroups (e.g. 2-week, 4-week, and 6-week) were combined for pre-
sentation in (a), (b), and (c), while only 6-week groups were included in (d) and (e), as described in the Materials & Methods. n = 8 mice per group, except n = 7 in
the 6-week CS Low, n =10 in the 6-week CS Med, and n =9 in the 6-week CS High groups (Supplemental Table 1). CS: cigarette smoke; EAE: experimental
autoimmune encephalomyelitis; SEM: standard error of mean; GAM: generalized additive model.
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faster than any of the CS-treated EAE mice. The body weight of all CS-
treated EAE mice fluctuated below the baseline levels (Fig. 2¢ and e).

3.3. Clinical symptoms and prevalence

Mice affected by EAE showed clinical symptoms that commonly
started from the tail and progressed to the hindlimbs and forelimbs.
Owing to the fact that there was a minimal clinical score reported in the
EAE groups during week 4, which approximately corresponded to dis-
ease onset, disease severity was statistically analyzed for the 6-week
subgroups only. The survival probability was the same in all treatment
groups (p = 0.180). The median disease onset of clinical symptoms in
the sham and CS Low, Med, and High groups were days 19, 15, 18, and
25 post-immunization as analyzed by using non-parametric
Kaplan-Meier estimator and log-rank tests, respectively (Fig. 3b). The
onset difference was statistically significant only between the CS High
and Low groups (p = 0.022). The highest daily average clinical score
was 1.5 on post-immunization day 17 in the CS Low group, followed by
1.4 on post-immunization day 24 in the CS Med group and 1.1 and 0.75
on post-immunization day 21 in the sham and CS High groups, respec-
tively (Fig. 3a). Similarly, the mean maximum clinical score was simi-
larly higher in the CS Low (1.9) and CS Med (1.8) groups than in the
sham (1.25) and CS High (1.1) groups (Fig. 3a insert). Statistically, both
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CS Low and Med groups had significantly higher disease severity scores
than the sham and CS High groups (Table 1). In terms of disease severity,
EAE mice exposed to the low and medium concentrations of CS were
indistinguishable (p = 0.773). Exposure to CS at the high concentration
did not affect the overall disease severity relative to sham exposure
(p = 0.880). The four animals that were declared moribund because of
weight loss or severe wounds (three in the CS Low and one in the CS
High groups) were excluded from the analysis for the days after death.
Exclusion of these data was responsible for a sudden drop in clinical
scores on post-immunization days 18 and 25 in the CS Low group and
days 22 and 25 in the CS High group. The disease progression was
similar in all EAE groups, as indicated by the parallel GAM curves
(Fig. 3¢). In addition, the clinical score correlated well with body weight
changes over time (Fig. 3d).

No significant effect of CS exposure was observed relative to sham
exposure in EAE or naive control mice in terms of overall probability or
global prevalence of disease, which was defined in this study as the
proportion of mice with disease symptoms on at least one day during the
study (Fig. 4 and Table 1). Relative to sham exposure, CS exposure had
no effect on the incidence rate, defined as the number of cases over the
total number of mice per day. Only the CS High group showed a sig-
nificant reduction in the daily incidence rate relative to the CS Low
group but not relative to the sham or CS Med groups (Table 1).
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Fig. 3. Clinical score development in EAE mice exposed to various concentrations of CS. (a) Mean daily clinical scores for EAE mice are shown as mean + SEM. Sham
= blue lines with solid circles (@), CS Low = pink lines with solid squares (), CS Med = red lines with solid triangles (a), and CS High = brown lines with solid
diamonds (¢p). The insert shows the mean maximum clinical scores of the EAE mice. The color coding is the same as that for the mean clinical scores. (b) Clinical
onset was analyzed by using non-parametric Kaplan-Meier estimator and log-rank tests. The shaded areas represent 95% confidence intervals for the survival
probability of the respective groups. The p value indicated in the graph is the overall statistical significance among all groups and was not significant. (c) Disease
progression and severity were analyzed by using a GAM. There were no differences in disease progression among any of the groups, as indicated by the non-crossing,
parallel slopes. (d) The clinical score progression correlated well with weight loss over time. Sham = blue lines, CS Low = pink lines, CS Med = red lines, and CS
High = brown lines. n = 8 mice per group, except n = 7 in the 6-week CS Low, n = 10 in the 6-week CS Med, and n = 9 in the 6-week CS High groups (Supplemental
Table 1). CS: cigarette smoke; EAE: experimental autoimmune encephalomyelitis; SEM: standard error of mean; GAM: generalized additive model.
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Table 1
Summary of statistical analyses of clinical scores.
Comparison Incidence rate” Global Onset® Severity®
(Risk of disease) prevalenceh/
incidence
CS Low vs. 1.241 3.003 Day 19 1.232%**
sham vs. 15
CS Med vs. 1.015 1.333 Day 19 1.248%**
sham vs. 18
CS High vs. 0.605 0.500 Day 19 0.991
sham vs. 25
CS Low vs. CS 1.222 2.250 Day 15 0.987
Med vs. 18
CS Low vs. CS 2.051* 6.000 Day 15 1.244%**
High vs. 25%
CS Med vs. CS 1.678 2.667 Day 18 1.259%**
High vs. 25
Remarks:

Statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.

# Number of cases over total number of mice per day; an incidence rate ratio
lower than 1 is interpreted as showing lower incidence in the first group than in
the second group, and the converse is true for values higher than 1.

b Number of mice that show the effect of the disease at least once throughout
the study.

¢ Time at which the mice show an effect of the disease for the first time as
analyzed by using non-parametric Kaplan-Meier estimator and log-rank tests.

d Degree of disease symptoms (expressed as clinical scores) over time; a value
smaller than 1 indicates that the clinical score in the first group is lower than that
in second group, and the converse is true for values higher than 1.

3.4. Histopathological findings

EAE mice had a greater number of spinal cord lesions in the lumbar
and cervical areas than naive control mice at week 4 (p < 0.01 for cer-
vical) and week 6 (p < 0.001 for both lumbar and cervical) (Fig. 5¢). CS
exposure, in general, did not affect the number of lesions in naive control
mice. In EAE mice, both low and medium concentrations of CS caused an
increase in the total number of lesions by nearly 3-fold in the cervical
spinal cord region relative to sham exposure at week 6 (p < 0.05 for both
concentrations). This effect was also observed in the lumbar part of the
spinal cord, although it was not significant for CS Low exposure.
Exposure to the high concentration of CS, on the other hand, did not
affect the total number of lesions in the cervical or lumbar spinal cord
region relative to fresh air exposure. The only exception was an increase
in the total number of lesions in the cervical spinal cord at week 4
relative to fresh air exposure (p < 0.05). Lastly, Spearman’s rank
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correlation analysis confirmed that there was a significant correlation
between the clinical score and total number of lesions in both lumbar
and cervical samples (p < 0.001). In line with the histopathological
findings, EAE mice showed increased levels of signal transducer and
activator of transcription 3 (STAT3), STAT5, and some cytokines
(interleukin 17 A, C-X-C motif chemokine ligand 1 [CXCL1], and
monocyte chemoattractant protein-1) in the thoracic spinal cord relative
to naive control mice (p < 0.05), suggesting increased inflammatory
response in the spinal cord of EAE mice (Supplemental Table 6). Inter-
estingly, the levels of CXCL1 (a chemokine which acts as a major
neutrophil chemoattractant in regulating inflammatory responses) were
first decreased in EAE mice before the onset of clinical symptoms when
they were exposed to medium and high concentrations of CS; this effect,
however, diminished afterwards. In general, chemokine CXCL1 levels
were significantly increased in the EAE mice at week 6, independent of
the stimulant used (CS). This observation emphasizes the functional role
of CXCL1 in stimulating neutrophil migration within the CNS and its
contribution to neuroinflammation and demyelination in EAE [26,113].
On the other hand, initial assessment of the brain sections by hema-
toxylin and eosin staining revealed a limited number of noticeable le-
sions in some sections, and the differences between the treatment groups
were not observable (data not shown); thus, no further analyzes were
conducted for the brain. Even though limited CNS infiltrates and brain
lesions similar to ours were reported in MS mouse models [20,54], some
recent advance analyses enabled further insights at the lesion formation
in the brain [27,74,109].

3.5. Clinical chemistry profile

Serum samples were collected during necropsy and analyzed for
various blood chemistry parameters, representing, for example, liver
and renal function and energy metabolism (Fig. 6 and Table 2). In
general, albumin levels were reduced by 8% and 4% at weeks 4 and 6,
respectively, in EAE mice relative to naive control mice (at equivalent
exposure). In contrast, globulin levels were elevated by 7% and 6% at
weeks 4 and 6, respectively, in EAE mice relative to naive control mice
exposed to the same CS concentrations. The major portion of total
protein is albumin (approximately 70%), and the change in total protein
was negligible (3%) at week 4 for the same comparison (EAE vs. naive
control). The enzymatic activity of alkaline phosphatase was reduced by
47% and 13% at weeks 4 and 6, respectively, in EAE mice relative to
naive control mice. A similar reduction in alanine aminotransferase
activity (by 32% at week 4) was seen for the same comparison.
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Fig. 4. Disease prevalence in EAE mice exposed to various concentrations of CS. (a) Descriptive data indicating the average daily probability of disease occurrence
are shown (n = 7-10). Sham = blue lines with solid circles (@), CS Low = pink lines with solid squares (ll), CS Med = red lines with solid triangles (a), and CS
High = brown lines with solid diamonds (). (b) GAM analysis was used to estimate the probability of disease curves over time. Disease prevalence was the lowest in
EAE mice exposed to the high concentration of CS. Sham = blue lines, CS Low = pink lines, CS Med = red lines, CS High = brown lines. n = 8 mice per group, except
n = 7 in the 6-week CS Low, n = 10 in the 6-week CS Med, and n = 9 in the 6-week CS High groups (Supplemental Table 1). CS: cigarette smoke; EAE: experimental

autoimmune encephalomyelitis; GAM: generalized additive model.
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Fig. 5. Spinal cord pathology in EAE mice
exposed to various concentrations of CS. (a)
Representative images of spinal cord sections
labeled with DAPI (white) and FluroMyelin
(red) from naive control (left) and EAE (right)
mice are presented. (b) Total number of lesions
are presented as the median + MAD for naive
control and EAE mice exposed to different
concentrations of CS. (c) Statistical analysis of
total number of lesions in the spinal cord,
indicating a general increase in the number of
lesions in EAE mice exposed to the low or me-
dium concentration of CS. Abbreviations:
S = sham, L = CS Low, M = CS Med, H=CS
High. Statistical significance: *p < 0.05,
**p <0.01, ***p<0.00l. n=8 mice per
group, except n=7 in the 6-week CS Low,
n = 10 in the 6-week CS Med, and n = 9 in the
6-week CS High groups (Supplemental Table 1).
CS: cigarette smoke; EAE: experimental auto-
immune encephalomyelitis; MAD: mean abso-
lute deviation; DAPL: 4/,6-diamidino-2-
phenylindole.
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The effect of CS exposure on liver function-related biochemical
endpoints (i.e., protein levels and alkaline phosphatase activity) was
also detected when the data from mice exposed to fresh air (sham) and
CS were analyzed together. For example, albumin levels were elevated
by 6% in the CS Med group and by 9% in the CS High group at week 4,
which was in line with the significantly higher total protein levels in
these groups at week 4 (Table 2). Although globulin levels were
decreased at week 6 in the CS High group, this decrease did not affect the
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total protein concentration, which supports the fact that globulin makes
up a smaller proportion of total protein than albumin. In addition, CS
exposure had different effects on EAE and naive control mice. Naive
control mice exposed to the medium concentration of CS showed
increased levels of total protein and globulin (8% and 14%, respec-
tively), while EAE mice exposed to this concentration of CS had
increased levels of total protein and alkaline phosphatase activity at
week 4 (5% and 38%, respectively).
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Fig. 6. Effects of EAE and CS on blood chemistry parameters. Levels or activities of serum biochemical markers (a) total protein, (b) albumin, (c) globulin, (d)
alkaline phosphatase, (e) alanine aminotransferase, (f) glucose, (g) total cholesterol, (h) triglyceride, and (i) creatinine are presented as mean + SD. Sham (S) =

white bars, CS Low (L) = light grey bars, CS Med (M) =

dark grey bars, CS High (H)

= black bars. Statistically significant effects are summarized in Table 2. n =8

mice per group, except n = 7 in the 6-week CS Low, n = 10 in the 6-week CS Med, and n = 9 in the 6-week CS High groups (Supplemental Table 1). CS: cigarette

smoke; EAE: experimental autoimmune encephalomyelitis; SD: standard deviation.

Additional changes induced by EAE included a reduction of 10-42%
in serum creatinine, cholesterol, triglyceride, and glucose levels at
weeks 4 and 6 relative to naive control mice. In contrast, CS exposure
caused an increase in the levels of triglycerides and creatinine at week 4
relative to fresh air exposure, but the differences were only statistically
significant in CS High mice (increased by 58% and 23%, respectively;
both p < 0.05). These CS exposure effects were mainly observed in naive
control mice, with the CS High group showing nearly 3-fold and 2-fold
increases in the levels of triglycerides and creatinine, respectively, at
week 4. In addition, cholesterol levels were also elevated at week 4 in
naive control mice exposed to the medium or high concentrations of CS.
There were no statistically significant changes in these energy meta-
bolism parameters or creatinine levels in EAE mice exposed to any
concentration of CS. Lastly, only minor changes and no obvious trends
were observed in serum electrolyte and mineral levels in all study groups
(Supplementary Fig. 4).

4. Discussion

MS may be caused by various genetic and environmental factors,
though identification of specific combinations of factors giving rise to
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disease remains elusive. In this study, we evaluated the effect of different
doses of CS exposure on the development of MS in the EAE mouse model.
As smoking is associated with an increased risk of MS [100,118], we
performed the experiment using mice that were exposed to CS for 2
weeks prior to EAE induction in addition to being continuously exposed
to CS during the disease course. Although animal models cannot fully
recapitulate human conditions, our paradigm attempted to closely
mimic what could be the risk and impact of CS exposure for the devel-
opment of MS. Because MS affects women preferentially (with a female:
male ratio approaching 3:1) and the differential susceptibility to EAE of
male and female mice is well accepted [16,84], we used female C57BL/6
mice for our EAE model. The use of female mice also reduced the po-
tential risk of experimental variability, which could have been intro-
duced by aggression and penile prolapse in male mice at advanced
stages of EAE.

In the present study, EAE symptoms typically included a limp tail and
wobbly gait due to paresis of the limbs, progressing to paralysis of the
hindlimbs or forelimbs in some severe cases, as previously reported [6].
The mice lost weight immediately after EAE induction; the body weight
slowly increased to the baseline level, only to be reduced again around
the onset of clinical symptoms. The body weight of most affected mice
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Table 2
Statistically significant changes in serum biochemical markers.

Toxicology Reports 9 (2022) 597-610

Panel Blood chemistry Changes due to Changes due to smoke Changes due to smoke exposure (naive  Changes due to smoke exposure
parameters EAE exposure control) (EAE)
Liver function Total protein 3% | w4** 5% 1 M w4** 8% 1 M w4*** 5% 1 H w4*
5% 1 H w4**
Albumin 8% | w4 8% 1 H w2*
4% | wo*** 6% 1T Mw
9% 1 H w:
Globulin 7% 1 warE* 8% | Hw6** 14% 1 M w4**
6% 1 W6**
Total bilirubin
Alkaline phosphatase 47% | w4 27% | H w2*** 38% 1t M w4***
13% | we**
Alanine aminotransferase 32% | w4**
Aspartate
aminotransferase
Energy Cholesterol 13% | wa*** 12% 1 M w4*
metabolism 10% | wé™ 15% 1 H w4*
Triglyceride 35% | we*** 58% 1 H w4** 275% 1 H w4
Glucose 42% | w4
13% | wé
Renal function Creatinine 16% | w4*** 23% 1 H w4* 45% 1 M w4**
16% | w6** 51% 1 H w4x=*
Urea
Electrolytes Chloride 2% | M w4*
3% | H wa***
2% 1 L w6 *
Sodium 1% 1 Lw4 *
1% 1 M w4 *
1% 1t H w4~
Potassium 8% | w4
7% 1 w6 *
Minerals Calcium 5% 1 M w4x*x
6% 1 H w4***
Inorganic phosphate
Remarks:

Up arrows represent percent increase and down arrows represent percent decrease relative to sham or naive controls.
Abbreviations: S = sham; L = CS Low; M = CS Med; H = CS High; w2 = 2-week; w4 = 4-week; w6 = 6-week. Statistical significance: *p < 0.05, * *p < 0.01, and

* %xp < 0,001,

began to stabilize and increase after 23 days post-immunization, par-
alleling a slight decrease in clinical scores by 0.5 or 1 before the scores
stabilized. These fluctuations in EAE progression are in agreement with
previous reports [20,23,78,104]. In addition, mice exposed to low and
medium concentrations of CS showed a general tendency towards more
severe disease symptoms. This observation supports the epidemiological
data indicating that smoking can increase the risk and worsen the
prognosis of MS; it also supports the validity of using the rodent model of
EAE under a CS inhalation regimen for examining the link between MS
conditions and smoking [34,48,73,100,112]. The level of clinical
symptoms observed may be considered on the mild side in the current
study, which may be due to the use of inhalation exposure chamber. The
same EAE induction paradigm, resulting in slightly higher clinical
scores, was observed in a preliminary study without the inhalation
exposure (data not shown). Nevertheless, the effects of EAE were clearly
observable in this study, and the mild EAE in the fresh air-exposed an-
imals allowed the detection of worsening effect of low and medium
concentrations of CS without reaching humane endpoints. Therefore,
the EAE condition was rather optimal for current study design with
inhalation exposure.

The manifestation of spinal cord pathology coincided with the onset
of clinical symptoms in this study. The number of cell clusters—likely
representing infiltrating cells in spinal cord lesions, as previously re-
ported by others [61,93,115]—was increased in EAE mice approxi-
mately 10 days post-immunization (week 4), and this became more
evident at 4 weeks post-immunization (week 6). Exposure to low and
medium concentrations of CS caused an increase in the number of le-
sions relative to sham or CS High exposure, which was consistent with
the worsened clinical symptoms observed in the CS Low and Med groups
relative to the sham and CS High groups. These observations suggest that
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there is a good correlation between spinal cord pathology and clinical
manifestation, as previously reported [23,104].

EAE mice exposed to the high concentration of CS did not show
significant changes relative to fresh air-exposed EAE mice in disease
onset, progression, severity, prevalence, or spinal cord pathology. The
reasons for this apparent lack of effect might be manifold. It is possible
that stress to the mice was a considerable factor in this study, and
increased stress levels due to the aversive sensory experience associated
with high concentration of CS could have had an impact on the outcome.
We and others have observed that rodents typically show signs of stress
related to CS exposure, exposure modality, as well as handling [21,81].
Whether increased stress have an impact on EAE might depend on the
paradigms used for inducing the stress [12,17,24,76], but stress-induced
elevation of blood corticosterone level has been correlated with reduced
severity of EAE symptoms [25]. Thus, further investigation on the effect
of stress on EAE development and progression is needed to improve our
understanding of their interdependence in experimental conditions.

The effects of CS exposure on immunity are extremely complex,
which may partially explain the observed dose-dependent effect of CS on
the EAE pathology. Interestingly, a similar inverted U-shape concen-
tration dependent effect of CS extract on the TNF-a and IL-8 release has
been reported using a human macrophage cell line [22]. In fact, smoking
has been linked to reduced T-cell responses and proliferation in vitro and
in vivo [35,83,98]. More specifically, the effect of CS on systemic im-
mune response has been reported to involve Th17-mediated immuno-
modulation of pulmonary inflammation, which, in turn, affects CNS
autoimmunity relevant for the pathogenesis of MS and EAE [45,46].
Previous studies have shown that nicotine can also control immune re-
sponses through Th17 [43,56,72]. Thus, it is possible that the adaptive
immune T-cell response modulated by nicotine in the lungs may at least
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partially explain the effect of CS on EAE pathogenesis. Typically, CS
promotes inflammation by inducing the production of pro-inflammatory
cytokines in the airway [18]. However, nicotine was also shown to
decrease IL-6, IL-8 and IL-10 production [4]. In fact, CS may alter the
immune profile of macrophages and dendric cells in a variety of ways,
some of which are contradictory [99]. The impact of CS in certain T cell
subtypes are prevalence in blood and tissues, with smokers showing
increased circulating CD3+ T and CD4+ T as well as Th17 lymphocytes
counts, but where smoking was associated with increased numbers of
CD8+, Thl and Thl7 cells in bronchoalveolar fluid only [99]. Mice
exposed to CS recovered poorly from influenza pneumonia, which was
associated with the reciprocal expression of IFN-y and IL-17A in the
lungs but not spleen or draining lymph nodes [37]. This is likely to be
similar for other animal disease models. However, the plethora CS ef-
fects in the context of acute and chronic inflammation leaves an
ambiguous understanding of the mechanisms underlying CS-induced
modifications of innate and adaptive immunities [39,47,50,58,85,103].

Furthermore, different constituents of CS have been reported to have
pro- and anti-inflammatory effects in nonclinical studies that might
differentially affect EAE disease outcomes depending on their concen-
trations [51]. For example, a previous study linked the delayed onset of
EAE after CS exposure to the modifications of microglia via nicotinic
acetylcholine receptors (nAChR) in SJL and C57BL/6 mice [20], indi-
cating the importance of nicotine alkaloids in regulating the EAE
outcome. In addition to nicotine alkaloids, several bioactive agents
present in CS, such as nicotine, carbon monoxide, acrolein, and reactive
oxygen species, have immunomodulatory effects [51]. For example,
acrolein, a highly reactive and toxic p-unsaturated aldehyde capable of
instigating and perpetuating oxidative stress, has been demonstrated to
be a neurotoxin in MS and in the EAE model [65,75,92,105,106].
Interestingly, hydralazine, a known acrolein scavenger, can significantly
improve behavioral outcomes and lessen myelin damage in the spinal
cord of EAE mice [52]. Other toxic CS constituents, such as hydrogen
cyanide and nitric oxide, have been shown to induce demyelination
lesions in experimental studies [30]. In addition, CS also contains trace
amounts of microbial cell components, including bacterial lipopolysac-
charide, as well as tar and nitric oxide, which are known
pro-inflammatory factors [51,70,106]. These and other CS constituents
can induce inflammatory responses and potentially promote autoim-
munity, which would be detrimental in MS. In contrast, although nico-
tine can suppress the innate and adaptive immune system and is not
risk-free, it might also have therapeutic potential as a neuroprotective
and anti-inflammatory agent for the nAChR (e.g. a7- and a9-nAChR
subunits) could be the potential targets for modulation [20,55,98].
Several studies have reported that nicotine exposure significantly delays
and attenuates inflammatory and autoimmune responses in the mouse
EAE model, whether nicotine administration begins prior to, at the time
of, or after immunization with myelin antigens for inducing EAE [20,23,
68,72,96]. Nicotine may inhibit the spreading of myelin-reactive T cells
from the periphery to the CNS, and the immunological effects induced
by nicotine may also have contributed to the decrease in T cell prolif-
eration and alteration in cytokine profiles in vitro and in vivo [82,96].
Therefore, further investigations on the effects of different CS doses and
various CS constituents are warranted to understand the exact mecha-
nisms responsible for smoking-mediated immunopathology and to
address the lingering questions around its dual effects on immune
responses.

It is noteworthy that this study is the first to report a wide range of
serum biochemical markers for understanding the general physiological
effects of EAE and CS exposure in a preclinical model of MS. Although a
number of studies have reported the involvement of liver and renal
function as well as an association of energy metabolism with MS, only a
few have reported these data for the EAE mouse model thus far. In this
study, we found that alkaline phosphatase activity and triglyceride and
glucose levels in EAE mice were reduced by 35-40% relative to naive
control mice. Other clinical chemistry parameters were minimally
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changed, often by less than 15% relative to the naive control. How these
changes translate into EAE clinical symptoms or pathology is yet un-
clear. Alkaline phosphatase, for example, is a ubiquitously expressed
enzyme, present in many tissues, including bone, intestines, kidney,
liver, and white blood cells. This enzyme is suggested to play a partic-
ularly important role in liver function and bone development [95]. In
patients with MS, the activities of alkaline phosphatase can be increased
or decreased depending on the biological sample analyzed [28,40,49,
77]. Interestingly, alkaline phosphatase treatment of EAE mice can
reduce the neurological signs of EAE if administered
pre-symptomatically [40], indicating that the enzyme might have a
potential regulatory role in EAE.

Leakage of the BBB is a common pathological feature in MS, whereby
albumin—the most abundant protein in plasma—could gain access to
CNS tissues, where it is exposed to an inflammatory milieu. Here, al-
bumin can participate in protective mechanisms by becoming a target
for oxidation and nitration reactions [53]. Furthermore, albumin binds
metals and heme, thereby limiting their ability to produce reactive ox-
ygen and reactive nitrogen species [53]. Serum albumin levels can also
be reduced as a result of the liver switching from producing albumin to
making more urgent proteins during inflammation [94]. Therefore, the
decreased albumin levels in EAE mice relative to naive control mice in
our study might signify a general response of the body to inflammation.
In addition, the reduction in albumin levels together with the reduction
in alanine aminotransferase activity in EAE mice (relative to naive
control mice) could potentially indicate physiological responses to EAE
inflammatory responses, in addition to the lower muscle mass, frailty,
and risk of mortality reported in humans [19,89]. In the present study,
we observed higher levels of serum liver function parameters (such as
total protein and albumin) in CS-exposed naive control mice than in
sham mice. However, the extent of these changes were within the
physiological ranges for C57BL/6 mice [9]. In addition, even though CS
often has been linked to exacerbation of underlying liver diseases [33,
57], alkaline phosphatase activity was only transiently altered in this
study, without concentration-dependent changes.

Another biochemical observation that deserves attention is the
change in cholesterol and triglyceride levels. Serum lipids, including
cholesterol and triglycerides, are affected by MS. Cholesterol has been
discussed mainly as a contributing factor for demyelination in the brain
[7,13,69,71,101]. The serum concentrations of total cholesterol and
triglycerides, in general, are elevated in patients with MS [91,111]. In
our study, however, the levels of cholesterol and triglycerides were
reduced by 10-13% and 35%, respectively, in EAE mice. The cause of
this reduction might be related to the possible loss of muscle and fat
mass, which could have jointly contributed to a reduction in body mass,
as previously reported in EAE [7]. In addition, possible differences in
food intake between the EAE and naive control mice might have also
caused variations in lipid profiles [60], as none of the mice were fasted
prior to necropsy. It is also interesting to note that the metabolic pa-
rameters (i.e. cholesterol and triglyceride levels) were increased in naive
control mice following CS exposure, which further confirmed lipid
accumulation in the plasma and liver in CS-exposed mice [10]. These
findings are in contrast to the reductions in these levels previously re-
ported in rats exposed to CS or nicotine in subchronic inhalation studies
[36,80,114]. Inconsistencies in observations were also noted in other
unpublished in-house data from different strains, which suggests that
the duration of exposure or strain-specific differences can influence
serum cholesterol levels.

Similarly, serum creatinine levels were also reduced by approxi-
mately 16% due to EAE induction in our study. Under normal circum-
stances, serum creatinine is a widely used marker in assessment of renal
function. In fact, in MS, creatinine clearance can be reduced because of
kidney failure, which can affect the levels of circulating creatinine [11,
44,101]. A study on progressive MS had reported that the estimated
glomerular filtration rate (eGFR) of patients was significantly lower than
that of healthy individuals, revealing disruption in kidney function.
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However, the serum creatinine levels of the patients were normal or
lower than normal. In progressive MS, a high volume of muscle mass loss
can lead to a decline in serum creatinine levels. Therefore, this effect can
mask the real changes in eGFR [11,88]. In such a scenario, serum
creatinine level might only be an indication of muscle weakening or
deterioration [79,101]. In contrast, in our study, naive control mice
exposed to the high concentration of CS had higher creatinine levels,
which might indicate the risk of renal functional deterioration instead of
increased muscle mass. Therefore, serum clinical chemistry results
should be interpreted with caution and be considered within a frame-
work of the global physiology of the animals. In addition, our results
showed only minor changes in serum electrolyte and mineral levels,
suggesting a less critical role of these parameters in representing the
physiological changes associated with EAE or CS exposure.

5. Conclusion

This is the first study to investigate and demonstrate the effects of
different doses of CS exposure in a preclinical model of MS, with an
extensive list of endpoints, including clinical symptoms, spinal cord
pathology, and serum clinical chemistry. Our study has corroborated the
findings of previous human studies by showing that CS exposure exac-
erbates clinical symptoms and spinal cord pathology. Furthermore, we
have extended the correlation between MS and a mouse EAE model by
using clinical chemistry parameters (e.g., cholesterol, triglycerides, and
glucose levels, alkaline phosphatase and alanine aminotransferase ac-
tivities, and creatinine level) that could be considered as cross-species
biomarkers when investigating MS. To our knowledge, this is the first
study that has attempted to make this bridge across multiple serum
markers. We observed that a high concentration of CS does not have any
observable effect on EAE. The reason for this dichotomy between the
different doses of CS is unclear, but may be partially explained by some
reports indicating inhibition of pro-inflammatory infiltrates into the
CNS via the interplay between nAChRs and some tobacco alkaloids [20,
68,78]. The complexity of how various tobacco components could
interact has been indicated in the works by Hedstrom showing a pro-
tective effect of moist snuff in contrast to the negative impact cigarette
smoking has on MS [32]. Thus, further investigations are needed to
decipher the specific combinatorial effects of the various key pro- and
anti-inflammatory agents in order to understand the complex role of CS
in MS. Another aspect requiring further attention is the effect of
increased stress levels associated with CS exposure on EAE development
and progression. The recognition of specific mechanisms by which CS
affects host immunity is an important step towards elucidating mecha-
nisms of cigarette smoking-associated diseases.

CRediT authorship contribution statement

JH conducted, analyzed, interpreted and summarized the in-life
experiments, clinical observations, clinical chemistry endpoints, pre-
pare the figures as well as authored this manuscript. KK coordinated,
analyzed, interpreted and summarized the histopathology and Luminex
analyses as well as authored this manuscript. WX established the EAE
model in the test facility. KL and BP provided supervision and important
intellectual content in study design, execution and reporting. AK and LG
provided statistical evaluation. MP and JH provided overall supervision
and important intellectual content.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
All authors of this study are employees of Philip Morris International.
Philip Morris International is the sole source of funding and sponsor of
this research.

608

Toxicology Reports 9 (2022) 597-610
Acknowledgements

The authors would like to acknowledge the technical assistance and
support of the Bioresearch, Aerosol, Veterinary and Facility Teams at
PMIRL Singapore. We acknowledge the dedicated aerosol work led by
Ching Keong Tung; treatment work led by Wei Wen Toh, Dorothy Kang,
Joel Wu, and Zhi Yin Lam; bioanalytical work led by Yun Xuan Chng;
and the dissection work led by Charles Teng and Angela Teo. The au-
thors appreciate the Luminex analyses performed by Fabio Maranzano,
Celine Merg and Dr. Bjorn Titz, as well as the statistical analysis by
Romain Piault. The authors also would like to thank Dr. Carole Mathis
and Dr. Mohamed Bilal Fares for their assistance during the initial model
establishment phase.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.toxrep.2022.03.032.

References

[1] AAALAC, Association for Assessment and Accreditation of Laboratory Animal
Care International: Guide for the Care and Use of Laboratory Animals, eighth
edition, 2011.

Y. Arima, M. Harada, D. Kamimura, J.-H. Park, F. Kawano, F.E. Yull, G. Marquez,
et al., Regional neural activation defines a gateway for autoreactive T cells to
cross the blood-brain barrier, Cell 148 (3) (2012) 447-457.

Y. Arima, D. Kamimura, T. Atsumi, M. Harada, T. Kawamoto, N. Nishikawa,

Y. Morimoto, et al., A pain-mediated neural signal induces relapse in murine
autoimmune encephalomyelitis, a multiple sclerosis model, Elife 4 (2015),
e08733.

Y. Arnson, Y. Shoenfeld, H. Amital, Effects of tobacco smoke on immunity,
inflammation and autoimmunity, J. Autoimmun. 34 (3) (2010) J258-J265.

D. Baker, S. Amor, Publication guidelines for refereeing and reporting on animal
use in experimental autoimmune encephalomyelitis, J. Neuroimmunol. 242 (1-2)
(2012) 78-83.

D. Baker, S.J. Jackson, Models of multiple sclerosis, ACNR 6 (6) (2007) 10-12.
D. Bernardes, O. Oliveira-Lima, T.V. Da Silva, M. Juliano, D.M. Dos Santos,

J. Carvalho-Tavares, Metabolic alterations in experimental autoimmune
encephalomyelitis in mice: effects of prior physical exercise, Neurophysiology 48
(2) (2016) 117-121.

R. Bide, S. Armour, E. Yee, Allometric respiration/body mass data for animals to
be used for estimates of inhalation toxicity to young adult humans, J. Appl.
Toxicol.: Int. J. 20 (4) (2000) 273-290.

M.A. Bogue, S.C. Grubb, D.O. Walton, V.M. Philip, G. Kolishovski, T. Stearns, E.
J. Chesler, et al., Mouse phenome database: an integrative database and analysis
suite for curated empirical phenotype data from laboratory mice, Nucleic Acids
Res. 46 (D1) (2017) D843-D850, https://doi.org/10.1093/nar/gkx1082.

S. Boué, K. Tarasov, M. Janis, S. Lebrun, R. Hurme, W. Schlage, Y. Steffen, et al.,
Modulation of atherogenic lipidome by cigarette smoke in apolipoprotein E-
deficient mice, Atherosclerosis 225 (2) (2012) 328-334.

P. Calabresi, H. Austin, M. Racke, A. Goodman, P. Choyke, H. Maloni,

H. McFarland, Impaired renal function in progressive multiple sclerosis,
Neurology 59 (11) (2002) 1799-1801.

N. Chandler, S. Jacobson, P. Esposito, R. Connolly, T. Theoharides, Acute stress
shortens the time to onset of experimental allergic encephalomyelitis in SJL/J
mice, Brain Behav. Immun. 16 (6) (2002) 757-763.

A. Chandra, Y.M. Xu, Cholesterol: a necessary evil from a multiple sclerosis
perspective, Clin. Exp. Neuroimmunol. 7 (2) (2016) 145-157.

AY. Chen, A.O. Chonghasawat, K.L. Leadholm, Multiple sclerosis: frequency,
cost, and economic burden in the United States, J. Clin. Neurosci. 45 (2017)
180-186.

A. Compston, A. Coles, Multiple sclerosis, Lancet 372 (9648) (2008) 1502-1517,
https://doi.org/10.1016/50140-6736(08)61620-7.

C.S. Constantinescu, N. Faroogi, K. O’Brien, B. Gran, Experimental autoimmune
encephalomyelitis (EAE) as a model for multiple sclerosis (MS), Brit. J. Pharm.
164 (4) (2011) 1079-1106.

S.G. Correa, M. a C. Rodriguez-Galan, V.E. Rivero, C.M. Riera, Chronic varied
stress modulates experimental autoimmune encephalomyelitis in wistar rats,
Brain Behav. Immun. 12 (2) (1998) 134-148.

W.IL. de Boer, J.K. Sont, A. van Schadewijk, J. Stolk, J.H. van Krieken, P.

S. Hiemstra, Monocyte chemoattractant protein 1, interleukin 8, and chronic
airways inflammation in COPD, J. Pathol.: J. Pathol. Soc. Gt. Brit. Ireland 190 (5)
(2000) 619-626.

E. Elinav, Z. Ackerman, Y. Maaravi, I.Z. Ben-Dov, E. Ein-Mor, J. Stessman, Low
alanine aminotransferase activity in older people is associated with greater long-
term mortality, J. Am. Geriatr. Soc. 54 (11) (2006) 1719-1724.

G. Enzmann, R. Adelfio, A. Godel, N. Haghayegh Jahromi, S. Tietz, S.S. Burgener,
B. Engelhardt, et al., The genetic background of mice influences the effects of

[2]

[3]

[4]

[5

[6]
(71

[8

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]


https://doi.org/10.1016/j.toxrep.2022.03.032
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref1
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref1
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref1
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref2
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref2
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref2
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref2
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref3
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref3
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref4
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref4
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref4
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref5
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref6
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref6
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref6
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref6
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref7
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref7
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref7
https://doi.org/10.1093/nar/gkx1082
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref9
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref9
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref9
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref10
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref10
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref10
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref11
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref11
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref11
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref12
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref12
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref13
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref13
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref13
https://doi.org/10.1016/s0140-6736(08)61620-7
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref15
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref15
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref15
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref16
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref16
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref16
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref17
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref17
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref17
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref17
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref18
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref18
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref18
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref19
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref19

J. Ho et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

cigarette smoke on onset and severity of experimental autoimmune
encephalomyelitis, Int. J. Mol. Sci. 20 (6) (2019) 1433.

N.E. Everds, P.W. Everds, K.L. Bailey, B. Bolon, D.M. Creasy, G.L. Foley, T. Sellers,
et al., Interpreting stress responses during routine toxicity studies: a review of the
biology, impact, and assessment, Toxicol. Pathol. 41 (4) (2013) 560-614, https://
doi.org/10.1177/0192623312466452.

F. Facchinetti, F. Amadei, P. Geppetti, F. Tarantini, C. Di Serio, A. Dragotto,

R. Patacchini, et al., o, f-unsaturated aldehydes in cigarette smoke release
inflammatory mediators from human macrophages, Am. J. Respir. Cell Mol. Biol.
37 (5) (2007) 617-623.

Z. Gao, J.C. Nissen, K. Ji, S.E. Tsirka, The experimental autoimmune
encephalomyelitis disease course is modulated by nicotine and other cigarette
smoke components, PLoS One 9 (9) (2014), e107979.

B. Gerrard, V. Singh, O. Babenko, I. Gauthier, V.W. Yong, I. Kovalchuk, G.A. Metz,
et al., Chronic mild stress exacerbates severity of experimental autoimmune
encephalomyelitis in association with altered non-coding RNA and metabolic
biomarkers, Neuroscience 359 (2017) 299-307.

A.C. Griffin, W.D. Lo, A.C. Wolny, C.C. Whitacre, Suppression of experimental
autoimmune encephalomyelitis by restraint stress: sex differences,

J. Neuroimmunol. 44 (1) (1993) 103-116.

J.J. Grist, B.S. Marro, D.D. Skinner, A.R. Syage, C. Worne, D.J. Doty, T.E. Lane, et
al., Induced CNS expression of CXCL1 augments neurologic disease in a murine
model of multiple sclerosis via enhanced neutrophil recruitment, Eur. J.
Immunol. 48 (7) (2018) 1199-1210.

A.M. Hamilton, N.D. Forkert, R. Yang, Y. Wu, J.A. Rogers, V.W. Yong, J.F. Dunn,
Central nervous system targeted autoimmunity causes regional atrophy: a 9.4 T
MRI study of the EAE mouse model of Multiple Sclerosis, Sci. Rep. 9 (1) (2019)
1-13.

AN. Hanna, W.J. Waldman, J.A. Lott, S.C. Koesters, A.M. Hughes, D.J. Thornton,
Increased alkaline phosphatase isoforms in autoimmune diseases, Clin. Chem. 43
(8) (1997) 1357-1364.

Health_Canada, Method T-115: Determination of "Tar". Nicotine and Carbon
Monoxide in Mainstream Tobacco Smoke, Health Canada, Ottawa, 1999.

AK. Hedstrém, Smoking and its interaction with genetics in MS etiology, Mult.
Scler. J. 25 (2) (2019) 180-186.

AK. Hedstrom, M. Baarnhielm, T. Olsson, L. Alfredsson, Tobacco smoking, but
not Swedish snuff use, increases the risk of multiple sclerosis, Neurology 73 (9)
(2009) 696-701.

AK. Hedstrém, J. Hillert, T. Olsson, L. Alfredsson, Nicotine might have a
protective effect in the etiology of multiple sclerosis, Mult. Scler. J., 2013,
1352458512471879.

A. Helen, P. Vijayammal, Vitamin C supplementation on hepatic oxidative stress
induced by cigarette smoke. Paper presented at the Journal of Applied
Toxicology: An International Forum Devoted to Research and Methods
Emphasizing Direct Clinical, Industrial and Environmental Applications, 1997.
M.A. Hernan, M.J. Oleky, A. Ascherio, Cigarette smoking and incidence of
multiple sclerosis, Am. J. Epidemiol. 154 (1) (2001) 69-74.

C.P. Hernandez, K. Morrow, C. Velasco, D.D. Wyczechowska, A.S. Naura, P.

C. Rodriguez, Effects of cigarette smoke extract on primary activated T cells, Cell.
Immunol. 282 (1) (2013) 38-43.

J. Ho, D. Sciuscio, U. Kogel, B. Titz, P. Leroy, G. Vuillaume, P. Vanscheeuwijck, et
al., Evaluation of toxicity of aerosols from flavored e-liquids in Sprague-Dawley
rats in a 90-day OECD inhalation study, complemented by transcriptomics
analysis, Arch. Toxicol. 94 (6) (2020) 2179-2206, https://doi.org/10.1007/
500204-020-02759-6.

M. Hong, B. Gu, M. Madison, C. Landers, H. Tung, M. Kim, B. Gilbert, et al.,
Protective role of y8 T cells in cigarette smoke and influenza infection, Mucosal
Immunol. 11 (3) (2018) 894-908.

Hooke-Laboratories, Mouse EAE scoring, 2017.

Huang, C.-C., Wang, C.-H., Fu, C.-H., Huang, C.-C., Chang, P.-H., Chen, Y.-W.,
Lee, T.-J.C.-C. Huang, C.-H. Wang, C.-H. Fu, C.-C. Huang, P.-H. , Chang, Y.-W.
Chen, T.-J. Lee, et al., Association between cigarette smoking and interleukin-17A
expression in nasal tissues of patients with chronic rhinosinusitis and asthma,
Medicine, vol. 95(47), 2016.

R. Huizinga, K.L. Kreft, S. Onderwater, J.G. Boonstra, R. Brands, R.Q. Hintzen, J.
D. Laman, Endotoxin-and ATP-neutralizing activity of alkaline phosphatase as a
strategy to limit neuroinflammation, J. Neuroinflamm. 9 (1) (2012) 266.

ISO, International Standard ISO 3308: Routine analytical cigarette-smoking
machine — Definitions and standard conditions: International Organization for
Standardization. (Reprinted from: 4th Ed), 1991.

P. Jasielski, F. Piedel, A. Rocka, V. Petit, K. Rejdak, Smoking as a risk factor of
onset and relapse of multiple sclerosis—a review, Neurol. Neurochirurg. Polska
(2020).

K. Jen, K. Lin, T. Nakajima, C. Suarez, D. Perkins, P. Finn, Nicotine Modulates
Adaptive Immune Responses B33. Immunology/Inflammation, American
Thoracic Society, 2009, p. A2853.

E. Kanabrocki, M. Ryan, R. Hermida, D. Ayala, J. McCormick, S. Dawson,

N. Friedman, et al., Uric acid and renal function in multiple sclerosis, Clin. Ter.
159 (1) (2008) 35-40.

M. Kanayama, K. Danzaki, Y.-W. He, M.L. Shinohara, Lung inflammation stalls
Th17-cell migration en route to the central nervous system during the
development of experimental autoimmune encephalomyelitis, Int. Immunol. 28
(9) (2016) 463-469.

M. Kanayama, M.L. Shinohara, Lung inflammation regulates autoimmunity in the
central nervous system, J. Neurol. Neuromed. 1 (5) (2016).

609

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Toxicology Reports 9 (2022) 597-610

M. Kim, B. Gu, M.C. Madison, H.W. Song, K. Norwood, A.A. Hill, G.E. Diehl, et al.,
Cigarette smoke induces intestinal inflammation via a Th17 cell-neutrophil axis,
Front. Immunol. 10 (2019) 75.

M. Koch, A. van Harten, M. Uyttenboogaart, J. De Keyser, Cigarette smoking and
progression in multiple sclerosis, Neurology 69 (15) (2007) 1515-1520.

K. Kubicka-Baczyk, B. Labuz-Roszak, K. Pierzchala, M. Adamczyk-Sowa,

A. Machowska-Majchrzak, Calcium-phosphate metabolism in patients with
multiple sclerosis, J. Endocrinol. Investig. 38 (6) (2015) 635-642.

0. Le Rouzic, M. Pichavant, E. Frealle, A. Guillon, M. Si-Tahar, P. Gosset, Th17
cytokines: novel potential therapeutic targets for COPD pathogenesis and
exacerbations, Eur. Respir. J. 50 (4) (2017).

J. Lee, V. Taneja, R. Vassallo, Cigarette smoking and inflammation: cellular and
molecular mechanisms, J. Dent. Res. 91 (2) (2012) 142-149.

G. Leung, W. Sun, L. Zheng, S. Brookes, M. Tully, R. Shi, Anti-acrolein treatment
improves behavioral outcome and alleviates myelin damage in experimental
autoimmune enchephalomyelitis mouse, Neuroscience 173 (2011) 150-155.
S.M. LeVine, Albumin and multiple sclerosis, BMC Neurol. 16 (1) (2016) 47.

H. Levy, Y. Assaf, D. Frenkel, Characterization of brain lesions in a mouse model
of progressive multiple sclerosis, Exp. Neurol. 226 (1) (2010) 148-158.

Q. Liu, P. Whiteaker, B.J. Morley, F.-D. Shi, R.J. Lukas, Distinctive roles for a7*-
and a9*-nicotinic acetylcholine receptors in inflammatory and autoimmune
responses in the murine experimental autoimmune encephalomyelitis model of
multiple sclerosis, Front. Cell. Neurosci. 11 (2017) 287.

Z. Liu, B. Han, P. Li, Z. Wang, Q. Fan, Activation of a7nAChR by nicotine reduced
the Th17 response in CD4(+)T lymphocytes, Immunol. Investig. 43 (7) (2014)
667-674, https://doi.org/10.3109/08820139.2014.914532.

G. Lo Sasso, B. Titz, C. Nury, S. Boué, B. Phillips, V. Belcastro, D. Peric, et al.,
Effects of cigarette smoke, cessation and switching to a candidate modified risk
tobacco product on the liver in Apoe /~ mice-a systems toxicology analysis,
Inhal. Toxicol. 28 (5) (2016) 226-240.

S.T. Lugg, A. Scott, D. Parekh, B. Naidu, D.R. Thickett, Cigarette smoke exposure
and alveolar macrophages: Mechanisms for lung disease, Thorax 77 (1) (2022)
94-101.

H.F. Mahmoud, Parametric versus semi and nonparametric regression models,
Int. J. Stat. Prob. 10 (2) (2021) 1-90.

L.B. Mahoney, C.A. Denny, T.N. Seyfried, Caloric restriction in C57BL/6J mice
mimics therapeutic fasting in humans, Lipids Health Dis. 5 (1) (2006) 13.

T.K. Makar, V. Gerzanich, V.K.C. Nimmagadda, R. Jain, K. Lam, F. Mubariz, J.
M. Simard, et al., Silencing of Abcc8 or inhibition of newly upregulated Surl-
Trpm4 reduce inflammation and disease progression in experimental
autoimmune encephalomyelitis, J. Neuroinflamm. 12 (1) (2015) 210, https://doi.
0rg/10.1186/5s12974-015-0432-3.

B. Martinez, P.V. Peplow, Protective effects of pharmacological therapies in
animal models of multiple sclerosis: a review of studies 2014-2019, Neural
Regen. Res. 15 (7) (2020) 1220.

H.F. McFarland, R. Martin, Multiple sclerosis: a complicated picture of
autoimmunity, Nat. Immunol. 8 (9) (2007) 913-919.

1. Mendel, N.K. de Rosbo, A. Ben-Nun, A myelin oligodendrocyte glycoprotein
peptide induces typical chronic experimental autoimmune encephalomyelitis in
H-2b mice: fine specificity and T cell receptor Vf expression of encephalitogenic T
cells, Eur. J. Immunol. 25 (7) (1995) 1951-1959.

A. Moghe, S. Ghare, B. Lamoreau, M. Mohammad, S. Barve, C. McClain, S. Joshi-
Barve, Molecular mechanisms of acrolein toxicity: relevance to human disease,
Toxicol. Sci. 143 (2) (2015) 242-255.

C.S. Moore, A.L. Hebb, M.M. Blanchard, C.E. Crocker, P. Liston, R.G. Korneluk, G.
S. Robertson, Increased X-linked inhibitor of apoptosis protein (XIAP) expression
exacerbates experimental autoimmune encephalomyelitis (EAE),

J. Neuroimmunol. 203 (1) (2008) 79-93.

NACLAR, National Advisory Committee for Laboratory Animal Research:
Guidelines on the Care and Use of Animals for Scientific Purposes, 2004.

F. Naddafi, M.R. Haidari, G. Azizi, R. Sedaghat, A. Mirshafiey, Novel therapeutic
approach by nicotine in experimental model of multiple sclerosis, Innov. Clin.
Neuroscie. 10 (4) (2013) 20.

O.N. Nadhem, M. Al Janabi, A.R. Omer, B. Wan, Autoimmune hepatitis with
multiple sclerosis and graves disease: Coincidence or association, Case Rep.
Gastroenterol. 8 (3) (2014) 319-323.

P. Naik, N. Fofaria, S. Prasad, R.K. Sajja, B. Weksler, P.-O. Couraud, L. Cucullo, et
al., Oxidative and pro-inflammatory impact of regular and denicotinized
cigarettes on blood brain barrier endothelial cells: is smoking reduced or nicotine-
free products really safe? BMC Neurosci. 15 (1) (2014) 51.

X. Ng, M. Sadeghian, S. Heales, I.P. Hargreaves, Assessment of mitochondrial
dysfunction in experimental autoimmune encephalomyelitis (EAE) models of
multiple sclerosis, Int. J. Mol. Sci. 20 (20) (2019) 4975.

E. Nizri, M. Irony-Tur-Sinai, O. Lory, A. Orr-Urtreger, E. Lavi, T. Brenner,
Activation of the cholinergic anti-inflammatory system by nicotine attenuates
neuroinflammation via suppression of Thl and Th17 responses, J. Immunol. 183
(10) (2009) 6681-6688.

C. O’Gorman, S. Broadley, Smoking and multiple sclerosis: evidence for
latitudinal and temporal variation, J. Neurol. 261 (9) (2014) 1677-1683.

N.S. Orefice, O. Guillemot-Legris, R. Capasso, P. Bottemanne, P. Hantraye,

M. Caraglia, G.G. Muccioli, et al., miRNA profile is altered in a modified EAE
mouse model of multiple sclerosis featuring cortical lesions, Elife 9 (2020),
e€56916.

G.G. Ortiz, F.P. Pacheco-Moisés, O.K. Bitzer-Quintero, A.C. Ramirez-Anguiano, L.
J. Flores-Alvarado, V. Ramirez-Ramirez, E.D. Torres-Sanchez, et al., Inmunology


http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref19
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref19
https://doi.org/10.1177/0192623312466452
https://doi.org/10.1177/0192623312466452
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref21
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref21
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref21
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref21
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref22
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref22
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref22
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref23
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref23
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref23
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref23
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref24
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref24
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref24
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref25
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref25
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref25
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref25
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref26
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref26
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref26
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref26
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref27
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref27
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref27
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref28
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref28
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref29
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref29
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref30
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref30
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref30
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref31
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref31
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref32
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref32
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref32
https://doi.org/10.1007/s00204-020-02759-6
https://doi.org/10.1007/s00204-020-02759-6
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref34
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref34
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref34
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref35
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref35
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref35
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref36
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref36
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref36
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref37
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref37
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref37
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref38
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref38
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref38
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref39
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref39
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref39
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref39
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref40
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref40
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref41
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref41
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref41
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref42
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref42
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref43
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref43
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref43
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref44
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref44
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref44
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref45
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref45
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref46
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref46
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref46
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref47
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref48
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref48
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref49
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref49
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref49
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref49
https://doi.org/10.3109/08820139.2014.914532
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref51
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref51
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref51
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref51
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref52
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref52
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref52
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref53
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref53
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref54
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref54
https://doi.org/10.1186/s12974-015-0432-3
https://doi.org/10.1186/s12974-015-0432-3
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref56
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref56
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref56
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref57
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref57
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref58
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref58
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref58
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref58
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref59
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref59
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref59
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref60
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref60
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref60
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref60
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref61
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref61
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref61
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref62
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref62
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref62
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref63
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref63
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref63
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref63
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref64
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref64
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref64
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref65
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref65
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref65
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref65
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref66
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref66
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref67
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref67
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref67
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref67
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref68
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref68

J. Ho et al.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

and oxidative stress in multiple sclerosis: clinical and basic approach, Clin. Dev.
Immunol. (2013) 2013.

M. Owhashi, Y. Shouzui, H. Arita, Stress down-regulates experimental allergic
encephalomyelitis (EAE) but permits activation and localization of autoreactive
Vp8. 2+ T cells, Int. J. Neurosci. 89 (3-4) (1997) 177-188.

S. Papiha, D. Roberts, Serum alkaline phosphatase in patients with multiple
sclerosis, Clin. Genet. 7 (1) (1975) 77-82.

D. Paris, D. Beaulieu-Abdelahad, M. Mullan, G. Ait-Ghezala, V. Mathura, C.
Bachmeier, M.J. Mullan, et al., Amelioration of experimental autoimmune
encephalomyelitis by anatabine, PLoS One, vol. 8(1), 2013.

S.S. Patel, M.Z. Molnar, J.A. Tayek, J.H. Ix, N. Noori, D. Benner, K. Kalantar-
Zadeh, et al., Serum creatinine as a marker of muscle mass in chronic kidney
disease: results of a cross-sectional study and review of literature, J. Cachexia
Sarcopenia Musc. 4 (1) (2013) 19-29.

B. Phillips, M. Esposito, J. Verbeeck, S. Boué, A. Iskandar, G. Vuillaume,

P. Vanscheeuwijck, et al., Toxicity of aerosols of nicotine and pyruvic acid
(separate and combined) in Sprague-Dawley rats in a 28-day OECD 412
inhalation study and assessment of systems toxicology, Inhal. Toxicol. 27 (9)
(2015) 405-431.

B.W. Phillips, W.K. Schlage, B. Titz, U. Kogel, D. Sciuscio, F. Martin, T. Lee, et al.,
A 90-day OECD TG 413 rat inhalation study with systems toxicology endpoints
demonstrates reduced exposure effects of the aerosol from the carbon heated
tobacco product version 1.2 (CHTP1. 2) compared with cigarette smoke. I.
Inhalation exposure, clinical pathology and histopathology, Food Chem. Toxicol.
116 (2018) 388-413.

W.-H. Piao, D. Campagnolo, C. Dayao, R.J. Lukas, J. Wu, F.-D. Shi, Nicotine and
inflammatory neurological disorders, Acta Pharm. Sin. 30 (6) (2009) 715-722.
F. Qiu, C.-L. Liang, H. Liu, Y.-Q. Zeng, S. Hou, S. Huang, Z. Dai, et al., Impacts of
cigarette smoking on immune responsiveness: up and down or upside down?,
Oncotarget, vol. 8(1), 2016.

E.J. Rahn, T. [annitti, R.R. Donahue, B.K. Taylor, Sex differences in a mouse
model of multiple sclerosis: neuropathic pain behavior in females but not males
and protection from neurological deficits during proestrus, Biol. Sex Differ. 5 (1)
(2014) 4.

C.S. Robbins, F. Franco, M. Mouded, M. Cernadas, S.D. Shapiro, Cigarette smoke
exposure impairs dendritic cell maturation and T cell proliferation in thoracic
lymph nodes of mice, J. Immunol. 180 (10) (2008) 6623-6628.

A.P. Robinson, C.T. Harp, A. Noronha, S.D. Miller, The experimental autoimmune
encephalomyelitis (EAE) model of MS: utility for understanding disease
pathophysiology and treatment. Handbook of Clinical Neurology 122, Elsevier,
2014, pp. 173-189.

E. Roemer, H. Schramke, H. Weiler, A. Buettner, S. Kausche, S. Weber, E. Trelles-
Sticken, et al., Mainstream smoke chemistry and in vitro and in vivo toxicity of
the reference cigarettes 3R4F and 2R4F, Beitr. Tabakforschung Int./Contrib.
Tobacco Res. 25 (1) (2012) 316-335.

S. Rostami, M.-S. Emami-Aleagha, M. Ghasemi-Kasman, A. Allameh, Cross-talks
between the kidneys and the central nervous system in multiple sclerosis, Casp. J.
Intern. Med. 9 (3) (2018) 206.

C.E. Ruhl, J.E. Everhart, The association of low serum alanine aminotransferase
activity with mortality in the US population, Am. J. Epidemiol. 178 (12) (2013)
1702-1711, https://doi.org/10.1093/aje/kwt209.

D. Ruppert, M.P. Wand, R.J. Carroll, Semiparametric Regression, Cambridge
university press, 2003.

M. Seferoglu, K. Nizameddin, Evaluation of the relationship between serum
cholesterol levels and multiple sclerosis disease activity. Eur. Res. J., vol. 6(2), pp.
163-8.

B.M. Segal, Multiple sclerosis, in: R.R. Rich, T.A. Fleisher, W.T. Shearer, H.

W. Schroeder, A.J. Frew, C.M. Weyand (Eds.), Clinical Immunology, Fifth Edition,
Elsevier, 2019, pp. 891-902.

A. Seno, T. Maruhashi, T. Kaifu, R. Yabe, N. Fujikado, G. Ma, Y. Iwakura, et al.,
Exacerbation of experimental autoimmune encephalomyelitis in mice deficient
for DCIR, an inhibitory C-type lectin receptor, Exp. Anim./Jpn. Assoc. Lab. Anim.
Sci. (2014) 64, https://doi.org/10.1538/expanim.14-0079.

A.G. Shaper, S.G. Wannamethee, P.H. Whincup, Serum albumin and risk of
stroke, coronary heart disease, and mortality: the role of cigarette smoking,

J. Clin. Epidemiol. 57 (2) (2004) 195-202.

U. Sharma, D. Pal, R. Prasad, Alkaline phosphatase: an overview, Indian J. Clin.
Biochem. 29 (3) (2014) 269-278.

610

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]
[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Toxicology Reports 9 (2022) 597-610

F.-D. Shi, W.-H. Piao, Y.-P. Kuo, D.I. Campagnolo, T.L. Vollmer, R.J. Lukas,
Nicotinic attenuation of central nervous system inflammation and autoimmunity,
J. Immunol. 182 (3) (2009) 1730-1739.

A. Shirani, H. Tremlett, The effect of smoking on the symptoms and progression of
multiple sclerosis: a review, J. Inflamm. Res. 3 (2010) 115-126, https://doi.org/
10.2147/JIR.S12059.

M. Sopori, Effects of cigarette smoke on the immune system, Nat. Rev. Immunol.
2 (5) (2002) 372-377.

A. Strzelak, A. Ratajczak, A. Adamiec, W. Feleszko, Tobacco smoke induces and
alters immune responses in the lung triggering inflammation, allergy, asthma and
other lung diseases: a mechanistic review, Int. J. Environ. Res. Public Health 15
(5) (2018) 1033.

P. Sundstrom, L. Nystrom, Smoking worsens the prognosis in multiple sclerosis,
Mult. Scler. J. 14 (8) (2008) 1031-1035.

B. Tavazzi, A.P. Batocchi, A.M. Amorini, V. Nociti, S. D’Urso, S. Longo,

G. Lazzarino, et al., Serum metabolic profile in multiple sclerosis patients, Mult.
Scler. Int. (2011) 2011.

J.T. Thorson, I.G. Taylor, A comparison of parametric, semi-parametric, and non-
parametric approaches to selectivity in age-structured assessment models, Fish.
Res. 158 (2014) 74-83, https://doi.org/10.1016/j.fishres.2013.10.002.

N.J. Trimble, F.M. Botelho, C.M. Bauer, R. Fattouh, M.R. Stampfli, Adjuvant and
anti-inflammatory properties of cigarette smoke in murine allergic airway
inflammation, Am. J. Respir. Cell Mol. Biol. 40 (1) (2009) 38-46.

S.G. Tullius, H.R. Biefer, S. Li, A.J. Trachtenberg, K. Edtinger, M. Quante, H.

T. Kissick, et al., NAD+ protects against EAE by regulating CD4+ T-cell
differentiation, Nat. Commun.s 5 (2014) 5101.

M. Tully, R. Shi, New insights in the pathogenesis of multiple sclerosis—role of
acrolein in neuronal and myelin damage, Int. J. Mol. Sci. 14 (10) (2013)
20037-20047.

M. Tully, J. Tang, L. Zheng, G. Acosta, R. Tian, L. Hayward, R. Shi, et al., Systemic
acrolein elevations in mice with experimental autoimmune encephalomyelitis
and patients with multiple sclerosis, Front. Neurol. 9 (2018) 420.

V. Tuohy, Z. Lu, R. Sobel, R. Laursen, M. Lees, A synthetic peptide from myelin
proteolipid protein induces experimental allergic encephalomyelitis, J. Immunol.
141 (4) (1988) 1126-1130.

G. Tutz, Regression for Categorical Data, 34, Cambridge University Press, 2011.
C.A. Wagner, P.J. Roqué, T.R. Mileur, D. Liggitt, J.M. Goverman, Myelin-specific
CD8+ T cells exacerbate brain inflammation in CNS autoimmunity, J. Clin.
Investig. 130 (1) (2020) 203-213.

M.T. Wallin, W.J. Culpepper, E. Nichols, Z.A. Bhutta, T.T. Gebrehiwot, S.I. Hay,
M. Naghavi, et al., Global, regional, and national burden of multiple sclerosis
1990-2016: a systematic analysis for the Global Burden of Disease Study 2016,
Lancet Neurol. 18 (3) (2019) 269-285.

B. Weinstock-Guttman, R. Zivadinov, N. Mahfooz, E. Carl, A. Drake, J. Schneider,
M. Weiskopf, et al., Serum lipid profiles are associated with disability and MRI
outcomes in multiple sclerosis, J. Neuroinflamm. 8 (1) (2011) 127.

D.M. Wingerchuk, Smoking: effects on multiple sclerosis susceptibility and
disease progression, Ther. Adv. Neurol. Disord. 5 (1) (2012) 13-22.

D.W. Wojkowska, P. Szpakowski, D. Ksiazek-Winiarek, M. Leszczynski,

A. Glabinski, Interactions between neutrophils, Th17 cells, and chemokines
during the initiation of experimental model of multiple sclerosis, Mediat.
Inflamm. (2014) (2014).

E.T. Wong, U. Kogel, E. Veljkovic, F. Martin, Y. Xiang, S. Boue,

P. Vanscheeuwijck, et al., Evaluation of the Tobacco Heating System 2.2. Part 4:
90-day OECD 413 rat inhalation study with systems toxicology endpoints
demonstrates reduced exposure effects compared with cigarette smoke, Regul.
Toxicol. Pharm. 81 (2016) S59-S81.

F. Wu, W. Cao, Y. Yang, A. Liu, Extensive infiltration of neutrophils in the acute
phase of experimental autoimmune encephalomyelitis in C57BL/6 mice,
Histochem. Cell Biol. 133 (3) (2010) 313-322, https://doi.org/10.1007/s00418-
009-0673-2.

H. Yun, K. Park, E. Kim, J. Hong, PRDX6 controls multiple sclerosis by
suppressing inflammation and blood brain barrier disruption, Oncotarget 6
(2015) 20875-20884.

S.S. Zamvil, D.J. Mitchell, A.C. Moore, K. Kitamura, L. Steinman, J.B. Rothbard,
T-cell epitope of the autoantigen myelin basic protein that induces
encephalomyelitis, Nature 324 (6094) (1986) 258-260.

P. Zhang, R. Wang, Z. Li, Y. Wang, C. Gao, X. Lv, B. Li, et al., The risk of smoking
on multiple sclerosis: a meta-analysis based on 20,626 cases from case-control
and cohort studies, PeerJ 4 (2016), €1797.


http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref68
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref68
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref69
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref69
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref69
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref70
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref70
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref71
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref71
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref71
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref71
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref72
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref72
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref72
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref72
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref72
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref73
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref74
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref74
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref75
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref75
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref75
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref75
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref76
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref76
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref76
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref77
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref77
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref77
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref77
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref78
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref78
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref78
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref78
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref79
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref79
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref79
https://doi.org/10.1093/aje/kwt209
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref81
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref81
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref82
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref82
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref82
https://doi.org/10.1538/expanim.14-0079
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref84
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref84
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref84
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref85
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref85
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref86
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref86
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref86
https://doi.org/10.2147/JIR.S12059
https://doi.org/10.2147/JIR.S12059
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref88
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref88
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref89
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref89
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref89
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref89
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref90
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref90
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref91
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref91
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref91
https://doi.org/10.1016/j.fishres.2013.10.002
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref93
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref93
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref93
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref94
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref94
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref94
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref95
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref95
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref95
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref96
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref96
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref96
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref97
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref97
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref97
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref98
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref99
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref99
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref99
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref100
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref100
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref100
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref100
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref101
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref101
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref101
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref102
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref102
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref103
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref103
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref103
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref103
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref104
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref104
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref104
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref104
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref104
https://doi.org/10.1007/s00418-009-0673-2
https://doi.org/10.1007/s00418-009-0673-2
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref106
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref106
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref106
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref107
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref107
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref107
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref108
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref108
http://refhub.elsevier.com/S2214-7500(22)00065-8/sbref108

	Effects of cigarette smoke exposure on a mouse model of multiple sclerosis
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 CS exposure
	2.3 CS uptake
	2.4 EAE induction and health monitoring
	2.5 Biological sample collection
	2.6 Brain and spinal cord pathology evaluation
	2.7 Statistical analyses

	3 Results
	3.1 General health
	3.2 Body weight
	3.3 Clinical symptoms and prevalence
	3.4 Histopathological findings
	3.5 Clinical chemistry profile

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	References


