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Abstract

Postulating that serotonin, secreted from smoking-activated platelets, could be involved in
smoking-induced vascular modifications, we studied 115 men distributed in smokers (S),
former smokers (FS) and never smokers (NS). The platelet serotonin content was similar in S
and NS but lower in FS. This was unexpected because the monoamine oxidase (MAO)
activity, which catabolizes serotonin, was inhibited during smoking. However, the amount of
platelet MAO was higher in S and FS than in NS. The persistent elevated MAO amount in FS
prompted us to study the methylation of its gene promoter in an additional series of patients: it
was markedly lower for S and FS vs. NS due to cigarette smoke-induced increase of nucleic
acid demethylase activity. This smoking-induced demethylation of the MAO gene promoter,
resulting in high MAO amount persisting long after quitting smoking, has cardiovascular

consequences and could impact fields such as behavior, mental health, and cancer.
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Serotonin (5-hydroxytryptamine, 5-HT) is a potent biogenic amine, first described as the
vasoconstrictor compound contained in the serum and later identified as a neurotransmitter™.
Once synthesized in the gastrointestinal tract, peripheral serotonin is actively incorporated by
platelets which store the amine within their dense granules. As a result, serotonin is widely
distributed in the body through the blood flow. Under normal physiological conditions,
platelet granule-stored 5-HT can be either delivered into blood flow through the open
canaicular system or exposed to the platelet mitochondrial monoamine oxidase (MAO). In
the latter case, it is degraded into 5-hydroxyindole acetic acid (5-HIAA) which also passes
through the open canalicular system towards blood. However, the platelet storage of serotonin
occurs against such a high concentration gradient that it protects the organism from serotonin-
induced vascular tone abrupt modifications, maintains the serotonin plasma level in the low
nM range and prevents the amine of being degraded.

Degradation of serotonin mainly occurs through monoamine oxidases (MAQOs). There are two
MAO isoforms: MAO-A preferentially degrades endogenous bioamines such as serotonin and
norepinephrine, and MAO-B preferentially degrades exogenous bioamines such as
phenylethylamine and benzylamine®. These specificities are relative however. Human
platelets and lymphocytes contain only the MAO-B isoform. Human MAOA and MAOB genes
are both located on the short arm of the X chromosome (Xp.11.4-11.3). The two genes are
arranged in a tail-to-tail orientation, and both span at least 60 kb, consist of 15 exons, and
exhibit an identical exon-intron organization®.

Serotonin has been proposed to be predictive of coronary artery diseases especially in young
people®. In addition, inhibitors of 5-HT incorporation, the so-called specific serotonin
reuptake inhibitors (SSRIs) used as major depression therapy®, reduce the cardiovascular
complications of these patients by inhibiting platelet activation and aggregation®. We

therefore decided to measure the platelet serotonin level and to study its catabolism in a series



of untreated men at low risk for cardiovascular disease. Unexpectedly, the greatest
modifications in serotonin catabolism were found in former smokers (FS) rather than in
current smokers (S) as compared to patients who had never smoked (NS). We found that
smoking induced an epigenetic regulation of MAOB, i.e. a reduction of its gene promoter
methylation, resulting in high MAO amounts which persist long after (over 10 years) quitting

smoking.



RESULTS

Characteristics of patients

With the aim to study the impact of smoking on platelet activation, independently of other
cardiovascular risk factors such as diabetes and hormonal factors, the men population was
carefully selected as untreated and free of any major cardiovascular risk. The clinical profile
of the studied population in relation with the smoking status is shown in Table 1 and
Supplementary Table 1. The smoking group was typical®, i.e. with more femoral plagues
and higher number of atherosclerotic sites. Smoking duration was higher in S than in FS
group (P < 0.05) but lifelong cumulative consumption, as reflected by pack.years, was not
different between the two groups. The number of patients having one or more plaque(s) at any
site, and more specifically one or more femora plague(s) was significantly higher in the S

group than in the FS and NS groups (P < 0.01).

Platelet aggregation, platelet 5-HT and plasma 5-hydroxyindole acetic acid (5-HIAA)
Because, so far, most studies dealing with smoking have compared S and NS, we initially
considered only two groups, i.e. current smokers [S] and presently-non-smokers who had not
smoked for at least one year on the day of blood sampling (including never smokers [NS] and
former smokers [FS]). In response to 2 ug/ml collagen, platelet aggregation amplitude in
whole blood was similar in the two groups (16 £+ 5 vs. 16 + 4 ohms), whereas the aggregation
velocity (ohmsmin™) was significantly lower (P < 0.01) in smokers (7.9 + 0.5) than in
presently-non-smokers (10.3 £ 0.6). The platelet 5-HT content was amost identical in the two
groups (Sand NS + FS), aswas plasma 5-HIAA, the main 5-HT catabolite (Fig. 1a,b).

This surprising lack of differences between current smokers (S) and presently-non-smokers
(NS + FS) prompted us to further analyze NS + FS in order to differentiate those who had

never smoked (NS) from those who had smoked but had quitted one year ago or more, i.e.



former smokers (FS). The less rapid aggregation of smokers platelets was confirmed
(velocity 7.9 + 0.5 ohms.min™ for Svs. 10 + 0.6 and 11 + 1 for FS and NS respectively, P <
0.01), indicating that platelet aggregation velocity was back to normal after quitting smoking.

The discrimination of FS in the non-smoking group allowed us to evidence that FS had a
significantly reduced platelet amount of 5-HT as compared to NS and S (Fig. 1a). We thus
hypothesized that 5-HT was released from the storage granules of FS platelets and, once
released, was degraded into 5-HIAA. Indeed, the 5-HIAA amounts measured in FS plasmas

were significantly higher thanin NSand S (Fig. 1b).

Platelet monoamine oxidase

The fact that platelet 5-HT was more degraded into 5-HIAA suggested that the enzyme
responsible for this degradation, MAO, was either more active or more abundant in FS. We
thus measured both MAO activity and MAO amount in platelets, the most easily accessible
source of MAO. As previously reported®”®, we confirmed that MAO-B (the only isoenzyme
present in human platelets) activity was significantly weaker in current smokers than in
presently-non-smokers (Fig. 1c). But when discriminating FS in the non smoking group,
MAO-B activity wasfound at asimilar level in S and NS, whereas it was significantly greater
in FS (Fig. 1c).

This high platelet MAO activity found in FS was explained by a higher MAO-B amount than
in NS as assessed by both binding and western blot (Fig. 1d). Unexpectedly however, the
platelet MAO amount was also high in S (Fig. 1d). This prompted us to calculate for each
donor the enzyme catalytic activity, i.e. the ratio of MAO-B activity to its amount. This
evidenced that the lowest mean MAO-B catalytic activity was that of S platelets where one

enzyme molecule hydrolyzed 9,000 molecules of substrate per hour as compared to NS



(13,000) and FS (11,000). Platelet 5-HT and plasma 5-HIAA levels were highly correlated
(P<0.001, not shown) with both platelet MAO activities and amounts.

The present results reassert that MAO-B activity is inhibited by smoking and reveal for the
first time that (i) platelet MAO-B amount increased during smoking and (ii) this increase

lasted long after quitting smoking (13 yrs average in our group of FS).

Methylation of the MAO gene promoter

The platelet MAO-B amount remaining elevated several years after quitting smoking
suggested a smoking-induced gene modification. A detailed analysis reported that the human
MAOB core promoter contains 22 CpG sites that can be methylated, with methylation
reducing the transcription of MAOB®. We therefore analyzed the methylation patterns of the
MAOB core promoter in anew series (5 S, 4 FS, 4 NS) clinically identical to the initial cohort
(Supplementary Table 2). As for the previous population, the MAO-B amount was the
lowest in NS patients, whereas the MAO-B activity was higher in FS (Fig. 2 insert).

DNA analysis was performed on peripheral blood mononuclear cells (PBMC) of S, FS and
NS subjects, which exhibited similar MAO profiles as platelets (Supplementary Fig. 1). The
methylation frequency was notably higher for NS, both at each of the 22 sites (Fig. 2a, left) or
as the mean of the 22 sites (Fig. 2a, right). According to the repressing effect of DNA
methylation upon general gene transcription'® and upon specific transcription of the human
MAOB?, the individual methylation frequencies were negatively correlated with the platelet
MAO-B amounts of the 13 studied patients (Fig. 2b). These findings bring an explanation for
the high MAO-B amount long-lasting after quitting smoking.

In addition, in order to verify that tobacco smoke is truly responsible for this methylation
change, DNA methyltransferase and nucleic acid demethylase activities were measured in

lung nuclear extracts of mice exposed to cigarette smoke. Interestingly, these mice exhibited



lung MAO profiles (MAO-B and MAO-A, Fig. 3a) comparable to those found in human S
patient’s platelets, i.e. higher amounts and lower activity in Sm than in “non-smoking” mice
(NSm). Noteworthy, the MAO profile of mice platelets (MAO-B, Fig. 3 insert) was aso
comparable. The lung DNA methyltransferase activity appeared not significantly different
(Fig. 3b), whereas the nucleic acid demethylase activity was significantly higher in
“smoking” mice (Sm, Fig. 3c). Moreover, the in vitro nucleic acid demethylase activity of
mouse lung nuclear extracts was increased by harman and norharman, two known inhibitors
of MAO activities present in tobacco smoke™**2. This demethylase activity increase was of

12.3+ 0.4 and 9.6 = 0.5 % for harman and norharman (100 nM), respectively (n = 3).



DISCUSSION

The present report is one of the very few to differentiate former smokers (FS) from those who
have never smoked in terms of platelet 5-HT catabolism. We showed that the 5-HT content
was significantly reduced in platelets of FS who had quitted smoking for a mean of 13 years.
This smoking-induced long-lasting effect was due to demethylation of the MAOB gene
promoter which resulted in a persisting high platelet MAO-B amount. Moreover, such results
obtained in two species (human and mice), with three cell types (platelets, PBMC, lung cells)
and concerning two MAO isoenzymes, indicate that this smoking-induced MAO gene
deregulation could have amore general impact than vascular modifications.

Platel ets from smokers were reported to show increased aggregability*® and to be more prone
to spontaneous aggregation'®. Platelet aggregation was, however, studied with platelet rich
plasma or isolated platelets. Under similar conditions, we could not find any difference (not
shown), the sensitivity of the turbidimetric method being too low. Platelet aggregation has
aso often been measured after acute smoking of 1-3 cigarettes, accounting for some
discrepancies in the literature. Here, we measured platelet aggregation in whole blood, i.e. in
the physiological platelet environment which might differ from one group to the other. Fitting
with atrend for a higher fibrinogen plasma level (Supplementary Table 1) and thus a higher
blood viscosity in S™, the collagen-induced aggregation velocity was significantly lower for S
than for NS and FS. This result emphasizes the importance of studying platelet functions in
whole blood.

Platelet activation was reported for both acute and chronic smokers with more activation
markers exposed on platelet surface'®’. The present results suggest that this smoking-induced
platelet activation may not be sufficient to release the stored 5-HT from dense granules since
it was found similar in platelets from S or NS. Only FS platelets had lower levels of 5-HT, a

finding fitting with the deficiency of the vesicular monoamine transporter reported in platelets



of smokers'® leading to a platelet dense granule 5-HT storage defect. Accordingly, we found a
higher 5-HIAA level in FS plasma. The untransformed 5-HT dispersed from platelet to
plasma is largely diluted, and plasma 5-HT concentrations were not significantly different
between the three groups (not shown).

To account for the higher level of 5-HIAA in FS plasma, platelet MAO-B could be either
more active or in higher quantity, inasmuch that we did not find any difference in other
possible 5-HT metabolites (sulfo- and nitro(so)-conjugates, not shown). So far, MAO-B
activity was repeatedly reported to be lower in current smokers than in non smokers®”2%°.
Here, we report that the FS group accounts for the significantly higher platelet MAO-B
activity found in “presently-non-smokers’. More noticeably, the platelet MAO amount was
elevated in FS and aso in S. One could thus expect that more MAO-B protein would result in
high MAO-B activity in the two groups. Yet, this was only true for FS but not for S. By
calculating the MAO-B catalytic activity, we found that the lowest was that of S platelets,
reasserting the low MAO-B activity of current smokers™’®. This is consistent with the fact
that MAOs are oxygen-dependent and carbon monoxide-inhibited enzymes”. This inhibition
of MAO-B catalytic activity during smoking is also in agreement with PET-scan data
obtained with brain'® and peripheral organs® of smokers, non-smokers and ex-smokers using
a radiotracer which binds irreversibly to MAO-B: on average MAO-B is inhibited by over
40% in smokers vs. non-smokers with no significant difference between brains of non- and
ex-smokers. Two reports assessing whether MAO inhibition could recover after an overnight
abstinence® or after 10-31 days of smoking abstinence® led to the conclusions that (i) the
enzyme is irreversibly inhibited by compounds in cigarette smoke, and (ii) after smoking
cessation, MAO activity probably returns to normal through de novo synthesis of the enzyme.
Our present report not only confirms but enlarges and promotes these two deductions with the

elucidation of the mechanism regulating MAO-B inhibition and slow recovery.
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We showed here that MAO activity was inhibited during smoking and restored after quitting,
whereas MAO amount was increased during smoking and remained high many years after
quitting. From a mechanistic point of view, the persistence of increased amounts of MAO-B
was unexpected, even though some haematological and inflammation characteristics remain
modified for several years after quitting smoking®#%*. Modifications regarding the gene
encoding MAO-B might bring a new explanation. Three recent studies identify an association
between genetic variation on chromosome 15, in a region containing the gene encoding the
nicotinic acetylcholine receptor, and risk of lung cancer®?. A SNP is clearly linked to
smoking quantity level?®®. Here we demonstrated how epigenetics may also participate to
tobacco addiction and its long-lasting effects after quiting. A higher methylation of MAOA
was found associated with nicotine- and alcohol-dependence® in women whereas a down-
regulation of MAOA transcription was reported in several cancersincluding lung cancer®®.

Here we found that both S and FS exhibited a reduced methylation of the MAOB promoter,
leading to a more active transcription of the gene and hence a higher MAO-B amount.
Moreover, our ex vivo animal experiments showing that tobacco smoke induced an increase of
nucleic acid demethylase activity give support to the fact that reduction in the MAOB
promoter methylation is actually due to smoking. Thisis the first report showing that smoking
has a long-lasting effect in modifying MAOB transcription. So far, the latter had only been
shown during the differentiation of a human colon adenocarcinoma cell line’. DNA
methylation is a covalent modification associated with long-term gene silencing and potential
links to tumorigenesis'® and suicide®™. Thus, the epigenetic process found in the present
report, which regulate gene activity without atering the DNA code, might explain at least
some of the reported long-lasting effects and health problems generated by smoking®??*,
Now, the nucleic acid demethylase activity, which we found increased by tobacco smoke,

generates aldehydes®* (Fig. 4). The latter are able to further cyclize bioamines, and from 5-
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HT to generate, among others, B-carbolines such as harman or norharman®'**2. Smoking
periods might, thus, keep the MAO inhibited, contributing to a sustained 5-HT
neurotransmission, and therefore mimicking an antidepressant effect (Fig. 4). In addition,
being inverse agonists of GABA-A receptors, B-carbolines are involved in mood regulation
and more precisely in anxious states. Accordingly, several data indicate that tobacco smoke is
an anti-depressive addict?®*. About half of the patients studied here were submitted to an
anxiety-depression questionnaire (not shown). All of these were underscored, i.e. below the
characteristic threshold scores for depression and anxiety, indicating that none of the
evaluated patients was presenting with any patent anxio-depressive disease. As previousy
reported®®, we observed that the S group was the most proned to depression. One can
therefore speculate that smokers, instead of using a MAO inhibitor or another antidepressant,
need to inhibit their MAO by smoking. In this context, epigenetic modifications have been
reported for psychiatric disorders in animal models*. Our present finding is the first report of
an epigenetic modification in human smokers.

In conclusion, asit isincreasingly evident that 5-HT is at the crossroads of cardiovascular and
depressive diseases®™, we suggest that MAO could be a determinant player at this cross-
section (Supplementary data including Supplementary Fig. 2) asit is aready for alcoholic
addiction® and for predisposition to lung cancer®®?. A best understanding of the epigenome
may open new fields of investigation in elucidating phyiopathology and developing new

therapeutic approaches in tobacco addiction.
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METHODS

Subjects. The studied population was selected as 115 consecutive men aged from 35 to 56
years free from cardiovascular disease including stroke, transient ischemia, coronary heart
disease, congestive heart failure and intermittent claudication. Patients referred to the “ Centre
de Médecine Préventive Cardio-Vasculaire” between January 2003 and January 2007 for
cardiovascular risk assessment were included in the study (i) if they had one or more mild
cardiovascular risk factors among hypertension (defined as systolic blood pressure (BP)
between 140 and 160 mm Hg and/or diastolic BP between 90 and 95 mm Hg),
hypercholesterolemia (defined as total cholesterol measured by usual enzymatic methods after
subjects had fasted for 14 hours between 5.2 and 7.2 mmol/L) and smoking; (ii) if they were
free from diabetes (fasting blood glucose level <7 mmol/L), from obesity (body massindex <
30 kg/m?) and from antihypertensive, lipid-lowering, antidiabetic and platelet antiaggregant
therapies. Usual biological variables were measured on an LX20 automate (Beckman-Coulter)
using various kits (creatinine, CRP, triglycerides, total, HDL and LDL cholesteral, lipoprotein
a, folates, homocysteine, glucose) and procedures according to the manufacturer’s
instructions. Ten-year risk of coronary event was calculated by the Framingham equations on
the basis of age, gender, systolic BP, total to HDL cholesterol ratio, and smoking®. Relative
risk (RR) was caculated as the actua divided by the idea (normotensive,
normocholesterolemic, non smoker subject for each age category) 10-year coronary risk. A
genetic approach had not been considered when patients were recruited. We thus undertook a
new study on a small additional series of patients with consents for a genetic study but
without authorization for human lung biopsies. All clinical investigations were conducted

according to the Declaration of Helsinki principles and informed consents were obtained from
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all subjects prior to inclusion in the study. The local Research Ethics Board approved the

study protocols (CPP AP-HP 06-223).

Smoking status and classification. Smoking status, duration of smoking, humber of years
since quitting and lifelong smoking dose (calculated by multiplying the mean number of
cigarettes smoked daily by the number of years of smoking and expressed in pack-year) were
carefully assessed by questioning the subjects. The latter were classified into three groups on
the basis of their smoking status: (i) never smokers (NS); (ii) current smokers (S) — those who
currently smoke daily or have smoked for the previous year, regardless of the amount
smoked; and (iii) former smokers (FS) - those who have smoked, but have quitted one year
ago or more. Occasional smokers who had not quitted for at least one year were not included

in the study.

Materials and reagents. The high-resolution B-mode Ultramark 5000 echograph was from
Philips (Les Ulis, F). The aggregometer was from Coulter (Villepinte, F). HPLC-grade
acetonitrile was obtained from VWR, Strasbourg, F); 5-HT binoxaate, ascorbic acid, and
potassium dihydrogen phosphate were from Fluka (Coger, Paris, F), EDTA and sodium
metabisulfite (NaS,0s) were from British Drug House (Poole, UK). All other reagents were
at least of analytical reagent grade from Sigma-Aldrich (St Quentin-Fallavier, F). Reagent-
grade water, obtained from a Millipore MilliQ-system (St-Quentin-Fallavier, F), was used

throughout.

Ultrasound Investigation. Ultrasonography was performed by experienced sonographer
physicians using a 7.5 MHz probe for the extracranial carotid and femoral arteries and a 3-
MHz probe for the abdominal aorta, as previously described®. At each of the three sites, data

were classified into two categories: absence of any atherosclerotic plaque and presence of one
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or more arterial plaque(s), regardiess of the precise location and number. The intima media
thickness (IMT) was measured on the common carotid artery on both sides in the far wall of

at least 1 cm of longitudinal length, and calculated by a program as previously described™.

Platelet, PBMC and plasma preparation, platelet aggregation. Blood was drawn from
antecubital veins of fasting subjects in 3.8 % sodium citrate-anticoagul ated tubes (1:10 v/v).
Whole blood aggregometry was measured using 500 pL aliquots of blood diluted 1:1 (v/v) in
saline under constant stirring by the impedance technique, after addition of 3 ug/mL of
collagen. Platelet rich plasma (PRP) was obtained by 10 min centrifugation at 100g (20°C)
and platelet poor plasma (PPP) by 10 min centrifugation at 20°C and at 1500g. PRP and PPP
samples were stored at - 80°C until further analysis (within 2 weeks). PBMC were obtained

from each patient of the additional series using the standard Ficoll-Hypague procedure.

Serotonin and 5-HIAA measurements. Serotonin and its deaminated metabolite 5-HIAA
were measured using HPLC, as described by Kema et al.* in PRP and PPP samples,

respectively.

MAO activities and amounts. MAO (EC.1.4.3.4.) enzymatic activity was determined as
previously reported® on human PRP or PBMC samples by a radioenzymatic assay using [*C]-
B-phenylethylamine (2.07 GBg/mmol, Amersham GE Hedthcare, Saclay, F, final
concentration 20 uM, Michaelis constant 1.25 uM) as substrate. The MAO activity measured
by this method is fully accounted for by MAO-B (the only isoform present in human platelets
and PBMC)* . Platelet MAO-B amount was assessed for each patient by measuring the
binding of [®H]Ro 19-6327 [N-(2-aminoethyl)-5-chloropicolinamide HCI, lazabemide] (0.96

TBg/mmol, Amersham GE Healthcare), a reversible inhibitor of MAO-B, to human platelet
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membranes, as described by Cesura et al.* for [*H]Ro 16-6491. Platelets in PRP and PBMC
(only on the additional series of patients) samples were lysed by an SH-dependent toxin as
previously described® in Tris buffer (50 mM Tris, 130 mM NaCl, 5 mM KCI, 0.5 mM
EGTA, 1 mM MgCl,, pH 7.40; 10 mg protein/ml) before incubation for 1 h at 20°C in the
presence of 50 nM of [*H]Ro 19-6327. Incubation was terminated by addition of cold Tris
buffer and 2 min centrifugation at 12,000 g at 4°C. The pellets were rinsed and solubilized in
200 pL of SDS (20%, wt/vol) for radioactivity counting. The amount of not specifically
bound [*H]Ro 19-6327 was determined in the presence of 10 uM |-deprenyl. The non specific
binding due to plasma was aso deduced. The same protocol was applied to human PBMC,
mouse platelets and mouse lungs. MAO-A activities and amounts in mouse lungs were
determined exactly as for MAO-B except that [*C]-5-HT creatinine sulfate (1.96 GBg/mmol,
Amersham GE Healthcare, Saclay, F,) and [*H]Ro 41-1049 (0.31 TBg/mmol, Amersham GE
Healthcare) were used as substrate and radioligand respectively. Platelet MAO-B amount was
also assessed by western blot. Briefly, samples were collected from S, NS, and FS patientsin
order to obtain a total of 10 pg protein (protein concentration was determined by the
bicinchoninic acid method, Pierce, Chichester, UK). Proteins were resolved by 4-12% Bis-
Tris NUPAGE. Separated proteins were electrotransferred to polyvinylidene difluoride
membrane (Novex, San Diego, CA) and incubated with specific antibody to MAO-B (C-17,
Santa Cruz Biotechnology Inc., Santa Cruz, CA) and MAO-B detected by the ECL system

(Amersham GE Healthcare).

Sodium bisulfite genomic sequencing of the MAO-B gene promoter. Genomic DNA was
obtained from PBMC of each patient of the additional series using standard procedures.
Bisulfite treatments were performed as described® with minor modifications. Briefly,
genomic DNA (1 pg) was denaturated in 0.2 M NaOH at 42°C for 20 min and then mixed

with 10 mM hydroquinone and 3 M sodium bisulfite (pH 5.0). Reactants were incubated at
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55°C for 18 h, and bisulfite-modified DNA was purified using the Wizard purification resin
(Promega, Madison, WI, USA) and eluted into water. A fragment of the genomic DNA of the
MAOB gene promoter (Genbank M89637 5’ flanking sequence -55 to -752 bp, +1 assigned to
the start of trandation) was amplified using the following primers. 5-
GCCTTCCTGACTTAATCAC-3 (forward -752) and 5 -CCTCGATCCCAGTCCTGCC-3
(reverse -55). PCR amplification was performed in 50 pL reaction mixture containing 5 puL of
bisulfite-modified DNA, 0.5 uM primers, 100 uM dNTPs, 2 mM MgCl,, 50 mM KCI, 10 mM
Tris-HCI (pH 8.30), and 2.5 units of Taq polymerase (Invitrogen, Carlsbad, CA, USA). The
PCR conditions were: 97°C for 4 min (1 cycle) and 95°C for 1 min, 56°C for 1 min, 72°C for
2 min (30 cycles). PCR products amplified from each blood sample were cloned into pCR I

and sequenced.

DNA methyltransferase and nucleic acid demethylase activities of mouse lung. Male A/J
mice, aged 6 to 8 weeks, were purchased from Charles River (Orléans, F) and alowed to
acclimate for 2 weeks before the start of the study. Mice were exposed to filtered air or
mainstream cigarette smoke (10 mice in each group) using the exposure regimen developed
by Witschi et al.* at a concentration of 250 mg/m® for 5.5 hours/day, 5 days/week for 5
months, and sacrificed. Nuclear extracts were prepared from lungs according to the protocol
of Dignam et al.*. Their DNA methyltransferase activity was determined as described
previously*’. The nucleic acid demethylase activity of the mouse lung nuclear extracts was
assayed as their ability to demethylate 3-methylcytosine in [*C]-methylated poly(dC). The
substrate was generated by treatment of poly(dC) with [**C]-methyl iodide (1.91 GBg/mmol,
Amersham GE Healthcare). Demethylation was assayed by measuring the release of [**C]-
formaldehyde as described previously®. Briefly, reaction mixtures contained 50 mM Tris-

HCI pH 7.50, 1 mM 2-oxoglutarate, 2 mM ascorbate, 75 UM (NH,)2Fe(SO,)., 50 pg/mL BSA
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and the [**C]-methylated poly(dC) (approximately 10,000 dpm) in a total volume of 100 pL,
and were incubated at 37°C for 30 minutes. The reactions were stopped by the addition of
EDTA to a final concentration of 10 mM and the ethanol-soluble radioactive material was
monitored by scintillation counting. All animal experimentation was performed in accordance
with institutional guidelines. Protocols were approved by the French Animal Care Committee
in accordance with European regulations.

Statistical analysis. It was carried out with the use of JIMP (SAS) and Excel (Microsoft)
softwares. For all tests, statistical significance was set at P < 0.02 (o, two-sided type 1 error
of <2 %).

Overall study sample. Continuous parameters are expressed as means + SD. Normality of the
distribution was analyzed by the Shapiro-Wilk W test. Normally-distributed variables were
compared between smoking status groups by ANOVA, pairwise comparisons being
performed by using the Student’s t-test. Non normally-distributed variables were compared
between smoking status groups by non parametric (Wilcoxon and Kruskal-Wallis) tests.
Qualitative parameters are expressed as percent of subjects and compared between smoking
status groups by the chi-square test. Linear regressions were used to analyze the relationships
between continuous parameters, after logarithmic transformation in the case of non normal
distribution.

Patients selected for the genetic study and mice studies. Enzyme activities and amounts were

compared between groups by Fisher’s exact test.

18



ACKNOWLEDGEMENTS
This paper describes the fruits of research initiated by our late friend and colleague Mosé Da

Pradato whom it is dedicated.

AUTHOR CONTRIBUTIONS

FR designed the study, performed aggregation studies, analyzed data and wrote the paper; AS
and JLM selected patients after careful clinical and ultrasound investigations as well as GC
who also contributed to statistical analysis; KP performed genetic studies and was in charge
of the figures;, JM brought conceptual insights; JC performed 5-HT and 5-HIAA
measurements, assumed the mice study, and contributed to statistical analysis; MDP was in
charge of routine biochemical determinations, data collection, and statistical analysis; JML

performed MAO determinations, analyzed data and wrote the paper.

19



=

Page, 1.H. Serotonin 1-143 (Y ear Book Medical Publishers Inc., Chicago, 1968).

2. Lewis, A., Miller, JH. & Lea, R.A. Monoamine oxidase and tobacco dependence.
NeuroToxicology 28, 182-195 (2007).

3. Vikenes, K., Farstad, M. & Nordrehaug, J.E. Serotonin is associated with coronary
artery disease and cardiac events. Circulation 100, 483-489 (1999).

4. Taylor, M.J., Freemantle, N., Geddes, J.R. & Bhagwagar, Z. Early onset of selective
serotonin reuptake inhibitor antidepressant action. Systematic review and meta-
analysis. Arch. Gen. Psychiat. 63, 1217-1223 (2006).

5. Serebruany, V.L., O'Connor, C.M. & Gurbel, P.A. Effect of selective serotonin
reuptake inhibitors on platelets in patients with coronary artery disease. Am. J.
Cardiol. 87, 1398-1400 (2001).

6. Yanbaeva, D.G., Dentener, M.A., Creutzberg, E.C., Wesseling, G. & Wouters, E.F.M.
Systemic effects of smoking. Chest 131, 1557-1566 (2007).

7. Oreland, L., Fowler, C.J. & Schalling, D. Low platelet monoamine oxidase activity in
cigarette smokers. Life Sci. 29, 2511-2518 (1981).

8. Berlin, |. et al. Monoamine oxidase A and B activities in heavy smokers. Biol.
Psychiat. 38, 756-761 (1995).

9. Wong, W.K., Chen, K. & Shih, J.C. Decreased methylation and transcription repressor
Sp3 up-regulated human monoamine oxidase (MAO) B expression during Caco-2
differentiation. J. Biol. Chem. 278, 36227-36235 (2003).

10. Weber, M. et al. Distribution, silencing potential and evolutionary impact of promoter
DNA methylation in the human genome. Nat. Genet. 39, 457-466 (2007).

11. Talhout, R., Opperhuizen, A. & van Amsterdam, J.G.C. Role of acetaldehyde in
tobacco smoke addiction. Eur. Neuropsychopharmacol. 17, 627-636 (2007).

12. Cao, R., Peng, W., Wang, Z. & Xu, A. Beta-carboline alkaloids: biochemical and
pharmacological functions. Curr. Med. Chem. 14, 479-500 (2007).

13. Takajo, Y., lkeda, H., Haramaki, N., Murohara, T. & Imaizumi, T. Augmented
oxidative stress of platelets in chronic smokers. Mechanisms of impaired platelet-
derived nitric oxide bioactivity and augmented platelet aggregability. J. Am. Coll.
Cardiol. 38, 1320-1327 (2001).

14. Fusegawa, Y., Goto, S., Handa, S, Kawada, T. & Ando, Y. Platelet spontaneous
aggregation in platelet-rich plasmais increased in habitual smokers. Thromb. Res. 93,
271-278 (1999).

15. Wannamethee, S.G. et al. Associations between cigarette smoking, pipe/cigar
smoking, and smoking cessation, and haemostatic and inflammatory markers for
cardiovascular disease. Eur. Heart J. 26, 1765-73 (2005).

16. Pernerstorfer, T. et al. Low-dose aspirin does not lower in vivo platelet activation in
healthy smokers. Br. J. Haematol. 102, 1229-1231 (1998).

17. Nair, S., Kulkarni, S., Camoens, H.M., Ghosh, K. & Mohanty, D. Changes in platel et
glycoprotein receptors after smoking — a flow cytometric study. Platelets 12, 20-26
(2001).

18. Schwartz, K., Weizman, A. & Rehavi, M. Decreased platelet vesicular monoamine
transporter density in habitual smokers. Eur. Neuropsychopharmacol. 15, 235-238
(2005).

19. Fowler, J.S. et al. Inhibition of monoamine oxidase B in the brains of smokers. Nature
379, 733-736 (1996).

20. Fowler, J.S. et al. Low monoamine oxidase B in peripheral organs in smokers. Proc.

Natl. Acad. Sci. USA 100, 11600-11605 (2003).

20



21. Fowler, J.S. et al. Maintenance of brain monoamine oxidase B inhibition in smokers
after overnight cigarette abstinence. Am. J. Psychiat. 157, 1864-1866 (2000).

22. Gilbert, D.G. et al. Platelet monoamine oxidase B activity changes across 31 days of
smoking abstinence. Nicotine Tobacco Res. 5, 813-819 (2003).

23.van Tiel, E.D. et al. Quitting smoking may restore haematological characteristics
within five years. Ann. Epidemiol. 12, 378-388 (2002).

24. Frolich, M. et al. Independent association of various smoking characteristics with
markers of systemic inflammation in men. Eur. Heart J. 24, 1365-1372 (2003).

25. Hung, R.J. et al. A susceptibility locus for lung cancer maps to nicotinic acetylcholine
receptor subunit genes on 15925. Nature 452, 633-637 (2008).

26. Thorgeirsson, T.E. et al. A variant associated with nicotine dependence, lung cancer
and peripheral arterial disease. Nature 452, 638-642 (2008).

27. Amos, C.1. et al. Genome-wide association scan of tag SNPs identifies a susceptibility
locus for lung cancer at 15025.1. Nat. Genet. 40, 616-622 (2008).

28. Rybaczyk., L.A., Bashaw, M.J,, Pathak, D.R. & Huang, K. An indicator of cancer:
downregulation of monoamine oxidase-A in multiple organs and species. BMC
Genomics 9, 134-142 (2008).

29. Philibert, R.A., Gunter, T.D., Beach, SR.H., Brody, G.H. & Madan, A. MAOA
methylation is associated with nicotine and alcohol dependence in women. Am. J.
Med. Genet. Part B 147B, 565-570 (2008).

30. Mc Gowan, P.O. et al. Promoter-wide hypermethylation of the ribosomal RNA gene
promoter in the suicide brain. PLoS One 3, €2085 (2008).

31. Duncan, T. et al. Reversal of DNA akylation damage by two human dioxygenases.
Proc. Natl. Acad. Sci. USA 99, 16660-16665 (2002).

32. Gerken, T. et al. The obesity-associated FTO gene encodes a 2-oxoglutarate-
dependent nucleic acid demethylase. Science 318, 1469-1472 (2007).

33. Oreland, L., Hallman, J. & Damberg, M. Platelet MAO and personality — Function and
dysfunction. Curr. Med. Chem. 11, 2007-2016 (2004).

34. Tsankova, N., Renthal, W., Kumar, A. & Nestler, E.J. Epigenetic regulation in
psychiatric disroders. Nat. Rev. Neurosci. 8, 355-367 (2007).

35. Carney, R.M. & Freedland, K.E. Depression and coronary heart disease: more pieces
of the puzzle. Am. J. Psychiat. 164, 1307-1309 (2007).

36. Berggren, U., Eriksson, M., Falke, C., Blennow, K. & Balldin, J. Different effects of
smoking or use of smokeless tobacco on platelet MAO-B activity in type 1 acohol-
dependent subjects. Alcohol Alcohol. 42, 267-271 (2007).

37. Anderson, K.M., Odell, P.M., Wilson, PW. & Kannel, W.B. Cardiovascular disease
risk profiles. Am. Heart J. 121, 293-298 (1991).

38. Simon, A., Giral, P. & Levenson, J. Extracoronary atherosclerotic plaque at multiple
sites and total coronary calcification deposit in asymptomatic men. Association with
coronary risk profile. Circulation 92, 1114-1121 (1995).

39. Simon, A., Gariepy, J., Chironi, G., Megnien, JL. & Levenson, J. Intimamedia
thickness: a new tool for diagnosis and treatment of cardiovascular risk. J. Hypertens.
20, 159-169 (2002).

40. Kema, |.P. et al. High performance liquid chromatographic profiling of tryptophan and
related indoles in body fluids and tissues of carcinoid patients. Clin. Chim. Acta 221,
143-158 (1993).

41.Van Kempen, G.M.J, Van Brussel, JL. & Pennings, EJM. Assay of platelet
monoamine oxidase in whole blood. Clin. Chim. Acta 153, 197-202 (1985).

21



42.

43.

46.

47.

Cesura, A.M., Galva, M.D., Imhof, R. & Da Prada, M. Binding of [*H]Ro 16-6491, a
reversible inhibitor of monoamine oxidase type B, to human brain mitochondria and
platelet membranes. J. Neurochem. 48, 170-176 (1987).

Launay, JM., Geoffroy, C., Costa, JL. & Alouf, JE. Purified SH-activated toxins
(streptolysin O, aveolysin): new tools for determination of platelet enzyme activities.
Thromb. Res. 33, 189-196 (1984).

. Frommer, M. et al. A genomic sequencing protocol that yields a positive display of 5-

methylcytosine residues in individual DNA strands. Proc. Natl. Acad. Sci. USA 89,
1827-1831 (1992).

. Witschi, H., Espiritu, I., Dance, ST. & Miller, M.S. A mouse lung tumor model of

tobacco smoke carcinogenesis. Toxicol. Sci. 68, 322-330 (2002).

Dignam, J.D., Lebovitz, RM. & Roeder, R.G. Accurate transcription initiation by
RNA polymerase Il in a soluble extract from isolated mammalian nuclei. Nucleic
Acids Res. 11, 1475-1489 (1983).

Suetake, 1., Miyazaki, J.,, Murakami, C., Takeshima, H. & Taima, S. Distinct
enzymatic properties of recombinant mouse DNA methyltransferases Dnmt3a and
Dnmt3b. J. Biochem. 133, 737-744 (2003).

. Rommelspacher, H., Meer-Henco, M., Smolka, M. & Kiloft, C. The levels of

norharman are high enough after smoking to affect monoamineoxidase B in platelets.
Eur. J. Pharmacol. 441, 115-125 (2002).

22



Figure Legends

Figure 1: Platelet 5-HT catabolism accor ding to smoking status.

PRP 5-HT (1A) and PPP 5-HIAA (1B) were measured by HPLC in samples of 34 NS, 44 S
and 37 FS. Results are means of nmoles 5-HT/10° platelets and of nM 5-HIAA. Bars
represent standard deviations. Significance: *P<0.001. All 5-HT values were within the
normal range (0.5-5.0 nmoles/10° platelets), ensuring that none of the patients studied was
presenting with a storage pool disease.

Platelet MAO-B activities (1C) were determined on PRP samples of 34 NS, 44 S and 37 FS
by radioenzymology. Results are given in nmoles of substrate per mg protein and per hour.
Platelet MAO-B amounts (1D) were assessed both by Western blot and by measuring the
binding of areversible inhibitor of MAO-B to platelet membranes of 34 NS, 44 S and 37 FS
and expressed as pmoles of MAO-B per mg platelet protein. Results are mean values and bars

represent standard deviations. Significance: * P<0.001; $P<0.00001.

Figure 2: Analysis of the MAO-B gene promoter methylation status.

A Left: methylation frequencies a each CpG site within the human MAO-B gene core
promoter. Values (%) are means for each group (4 NS, 5 S, and 4 FS). A Right: mean
methylation frequency of the 22 CpG sites of the MAO-B gene promoter according to the
smoking status (4 NS, 5 S, 4 FS) (*P<0.0001).

B: correlation between the mean methylation frequencies of the MAO-B gene promoter 22
CpG sites and the platelet MAO amounts (n = 13, r = 0.70, P<0.001).

Insert: platelet MAO activities (nmoles.mg protein™.h™®) and amounts (pmoles.mg protein™)
according to the smoking status of the patients selected for the genetic study (4 NS, 5 S, 4

FS). Significance: * P<0.02
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Figure 3. Effect of cigarette smoke on DNA methyltransferase and nucleic acid
demethylase activities.

Mice (10 for each group) were exposed (Sm) or not (NSm) to cigarette smoke and enzyme
activities (A: DNA methyltransferase, B: nucleic acid demethylase, and C: MAO-A and
MAO-B) determined on lung extracts as described in methods. Results are expressed as
means + SD. Insert: plaelet MAO activities (nmolesmg protein.h®) and amounts

(pmoles.mg protein™®) according to the smoking status of mice. Significance: * P<0.001

Figure 4: Effect of cigarette smoke on serotonin (5-HT) catabolism.

Cigarette smoke stimulates the nucleic acid demethylase activity (1.) which generates
adehydes (HCHO) and demethylates the MAO promoter gene (2.). The demethylated MAO
promoter gene leads to increased MAO amount (4.). Aldehydes, together with 5-HT and upon
the action of methylene tetrahydrofolate reductase (3. MTHFR), lead to the formation of -
carbolines, such as harman and norharman. The latter are known inhibitors of MAO activity
(5.) and, being present in cigarette smoke*, keep the sequence 1-5 switched on in smokers.
The B-carbolines also act on GABA-A receptors, thus contributing to mood regulation as do
MAO and 5-HT. Noteworthy, the MTHFR activity does not appear to be the limiting step in
this process since folates were not significantly different between smokers and non smokers
(cf. supplementary Table 1).

*The in vivo levels of plasma harman (6.8 nM) and norharman (20.02 nM) reported in
smokers *® might, however, be high enough to affect nucleic acid demethylase activity, asit is

the case for platelet MAO-B inhibition,
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SMOKING STATUS

Parameter Non smokers (NS) Smokers (S) Former Smokers (FS) P Value
n = 34 (29.6%) n = 44 (38.2%) n = 37 (32.2%)

Smoking parameters (SvsFS)
cigarettes per day 0 19+3 0 -
yrs of smoking 0 23+1 18+ 2 0.02
yrs since quitting 0 0 13+8 -
packs.yrs 0 23+ 17 18+ 11 0.15

Inflammation and blood profile (overal)
C reactive protein, mg/L 13+12 2+2 2+3 0.10
fibrinogen, g/L 28+0,5 31+05 3+04 0.06
hematocrit, % 42+ 2 44+ 3 43+ 2 0.06
hemoglobin, g/100 mL 144+ 0.7 148+ 0.8 15+1 0.10
leukocytes, G/L 5+£1 72 6+1 0.0001
platelets, G/L 224 + 41 224 + 55 242 + 46 0.23

Atheromatous profile (overal)
presence of plaque at any site, n (%) 14 (41) 31 (70.5) 22 (59.5) 0.05
presence of carotid plague, n (%) 9 (26.5) 19 (43) 10 (27) 0.21
presence of femoral plaque, n (%) 9 (26.5) 29 (66) 16 (43) 0.002
presence of aortic plaque, n (%) 7(21) 16 (36) 8(22) 0.21

Intima media thickness, mm 0.56 + 0.07 0.60+0.10 0.60+ 0.10 0.55

Table 1. Smoking, inflammation, blood parameters and atheromatous profile of 115 patients accordingto their smoking status. Dataare
means = SD, or number and percent of subjects n (%).
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