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Simple Summary: Periodontal disease consists of a wide range of inflammatory conditions that
affect the supporting apparatus of teeth, and is highly prevalent in adults worldwide. Tobacco use is
currently recognized as the most important risk factor for periodontal disease as it negatively affects
both disease evolution and therapeutic strategies. Given close contact with tobacco products, oral
microcirculation becomes dysfunctional which, in turn, aggravates periodontal disease. This paper
intends to provide a comprehensive review about the impact of tobacco use on oral microcirculation
and the mechanisms underlying periodontal disease aggravation. Acute nicotine administration or
tobacco use increases oral perfusion (gingiva, lip, tongue) of healthy subjects due to local irritation and
increased blood pressure, which overcome neural- and endocrine-mediated vasoconstriction. Chronic
tobacco use, particularly smoking, causes several morphological changes to oral microcirculation,
namely, increased vascular density and tortuosity, despite a decrease in capillary diameter, and
decreased perfusion due to the multiple vasoconstrictive insults. Periodontal disease involves
considerable gingival inflammation and angiogenesis in non-smokers which, in chronic smokers,
are considerably suppressed, in part due to local immune suppression and oxidative stress. Tobacco
exposure, irrespective of form of use, causes long-term microvascular dysfunction which may not
be completely reversible upon cessation, and increases the risk of complications due to the natural
disease course or secondary to therapeutic strategies.

Abstract: Periodontal disease consists in highly prevalent wide-ranging inflammatory conditions
that affect the supporting apparatus of teeth. Tobacco use is the most important risk factor for peri-
odontal disease as it increases disease severity and periodontal surgery complications. Tobacco use is
harmful for the vasculature by causing microvascular dysfunction, which is known to negatively
affect periodontal disease. To the author’s knowledge this paper is the first comprehensive review on
the mechanisms by which tobacco use affects oral microcirculation and impacts the pathophysiology
of periodontal disease. In healthy subjects, acute nicotine administration or tobacco use (smok-
ing/smokeless forms) increases the blood flow in the oral mucosa due to local irritation and increased
blood pressure, which overcome neural- and endocrine-mediated vasoconstriction. Chronic tobacco
smokers display an increased gingival microvascular density, which is attributed to an increased
capillary recruitment, however, these microcirculatory units show higher tortuosity and lower caliber.
These morphological changes, together with the repetitive vasoconstrictive insults, contribute to
lower gingival perfusion in chronic smokers and do not completely regress upon smoking cessation.
In periodontal disease there is considerable gingival inflammation and angiogenesis in non-smokers
which, in chronic smokers, are considerably suppressed, in part due to local immune suppression and
oxidative stress. Tobacco exposure, irrespective of the form of use, causes long-term microvascular
dysfunction that increases the risk of complications due to the natural disease course or secondary
therapeutic strategies.

Keywords: periodontal disease; tobacco use; oral microcirculation; nicotine; microvascular morphol-
ogy; inflammation; angiogenesis
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1. Introduction

Periodontal disease comprises a wide range of inflammatory conditions that affect
the supporting apparatus of teeth (i.e., periodontium), including gingivae, alveolar bone,
cementum, and periodontal ligament, which could lead to tooth loss and contribute to
systemic inflammation [1]. Periodontal disease is highly prevalent in the adult population
worldwide, especially its moderate and mild presentations [2], and has several health
implications. For example, it increases the risk of systemic conditions like rheumatoid
arthritis and several atherosclerotic cardiovascular diseases [3]. It also increases the risk of
mental health, with several studies establishing a link with anxiety and depression [4–7].
Conversely, it is also known that depression may have a negative outcome in periodontitis
patients [8]. The pathophysiology of the disease is chronic and persists with bouts of activity
and quiescence to culminate in either the affected tooth falling out or being extracted or the
therapeutic removal of dental plaque [9]. Periodontal disease severity depends on several
risk factors that are both modifiable and non-modifiable. Non modifiable factors consist
mainly in age and genetic susceptibility [10], whereas modifiable ones include poor oral
hygiene [11], stress [12], and diseases like diabetes [13,14], although the most recognizable
risk factor today is tobacco use [15,16].

Tobacco use, regardless of its form, is associated with a higher risk of developing
severer periodontal disease [15,17–19]. Several studies have shown that the outcomes
of non-surgical and surgical periodontal therapies are compromised in tobacco smokers
compared to those who have never smoked [20–23]. This increased risk affects both active
smokers and second-hand (i.e., passive) smokers [24,25]. Former smokers have better peri-
odontal health than active smokers, which suggests that smoking cessation is important for
gingival recovery [26,27]. Currently, it is thought that tobacco use increases the risk, patho-
genesis and exacerbation of periodontal disease by a combination of several mechanisms:
(1) Decreased gingival perfusion, which restricts nutrients and oxygen delivery as well as
the removal of waste products; (2) immune response suppression, especially inflammation;
(3) suppression of the periodontium’s morphological and functional recovery; and (4)
dysbiosis and increased infectivity of oral microbiota. These combined factors impair
wound healing and accelerate periodontal disease [26].

Microcirculation consists on the network of blood vessels that are directly responsible
for tissue nutrition and waste product removal, besides regulating blood pressure as
well as the local immune and hemostatic responses [28]. Tobacco use is known to cause
significant microvascular dysfunction in several vascular beds, including oral cavity soft
tissues [29,30]. Given the close contact between hazardous tobacco components and oral
cavity soft tissues, namely lips, tongue, palate, gingivae, and pharynx, it is well justifiable
that tobacco use profoundly affects oral microcirculation, despite the little attention that
has been dedicated to this subject.

To the author’s knowledge, this is the first paper to provide a comprehensive up-to-
date and critical review on the mechanisms by which tobacco use affects oral microcir-
culation and impacts the pathophysiology of periodontal disease. Databases on medical
science (Pubmed, Springer Link, ScienceDirect, Scopus, and Google Scholar) were searched
using combinations of the following keywords: “tobacco”, “smoking”, “nicotine”, “oral”,
“lingual”, “gingival”, “microcirculation”, “perfusion”, “periodontal disease”, “periodonti-
tis”. The most relevant research and review papers published between January 1960 and
December 2020 were selected and analyzed for this comprehensive review.

2. Pathophysiology of Periodontal Disease

Periodontal disease is triggered by the overgrowth of pathogenic bacteria in the oral
cavity and their subsequent penetration into local epithelial lining [31]. These bacteria con-
sist of several Gram-negative (e.g., Porphyromonas gingivalis, Treponema denticola, Tannerella
forsythia, Prevotella intermedia and Aggregatibacter actinomycetemcomitans) and Gram-positive
(e.g., Streptococcus sanguis, Streptococcus oralis, Streptococcus mutans, Actinomyces naeslundii,
and Actinomyces odontolyticus). This is followed by appearance of secondary bacteria such
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as Fusobacterium nucleatum [32–34]. Several of these bacteria are present in healthy indi-
viduals; however shifts of the oral microbiome often associated with poor host health (i.e.,
poor oral hygiene, tobacco use, etc.) break the symbiotic bond with the host [35]. The
subsequent dysbiosis leads to the accumulation of pathogenic bacteria in the subgingival
margin and the release of pathogen associated molecular patterns (PAMPs). The resulting
local inflammation causes the increase in blood-derived gingival crevicular fluid (GCF),
which provides an appropriate environment for the proliferation of bacteria. The subgin-
gival bacterial community growing in the periodontal pocket drives the innate immune
response, consisting on the recruitment of neutrophils and natural killer (NK) cells. The
resulting cytokine-rich pro-inflammatory environment reinforces the recruitment of more
immune cells and the degradation of surrounding tissue [36]. An adaptive immune re-
sponse ensues, consisting in the uptake of specific antigens by dendritic cells and their
presentation to naïve T cells. This results in the formation of T helper cells types 1, 2,
and 17, which produce receptor activator of nuclear factor-κB ligand (RANK-L), leading
to bone loss [37,38]. Under normal circumstances the pathogenic organisms would be
removed, the recruited leucocytes would undergo apoptosis and tissue destruction would
be reversible, thus constituting gingivitis. However, under certain conditions that are not
fully understood, the pathogenic bacteria continue to replicate and cannot be controlled
by the acute immune response, which then becomes chronic and unresolved, resulting in
progressive fibrosis and in the irreversible destruction of soft tissue and local bone, thus
constituting periodontal disease [39,40].

3. Tobacco: Forms of Use and Composition
3.1. Forms of Use

Ever since it arrived in Europe in the 15th century, tobacco use has progressively ex-
panded and diversified. Until the 18th century, the most popular forms of tobacco use were
smokeless tobacco (i.e., snuff) and pipe smoking. From the 19th century onward, cigarette
smoking became the most popular form, and its popularity has grown ever since [41].
However, this increase in popularity also led to several smoking-related diseases, such as
chronic pulmonary obstructive disorder [42,43] and cancer, especially lung cancer [44,45].
Smoking is also a risk factor for several other diseases like cardiovascular [46,47] and
autoimmune diseases [48,49]. The dramatic number of smoking-related deaths, as well as
several anti-smoking campaigns, have led to the development of new forms of nicotine
administration that consist in vaporizing a nicotine-containing liquid (electronic cigarettes,
e-cigs, and vaporizers, vapers) and in heated tobacco products [41,50]. These new forms of
use, marketed as being safer or non-hazardous, have attracted not only former smokers, but
also a new generation of consumers [51–53]. Despite the growing tendency of these new
forms of tobacco use, cigarettes are still the most prevalent form, and are still responsible
for a large number of deaths and diseases, professional absenteeism, and a heavy burden
for healthcare systems [54,55].

Commercially manufactured cigarettes consist of a tobacco blend with specific ingre-
dients like paper, filter, ink, and adhesive [56]. The blend contains a mixture of different
portions of three types of tobacco leaves, namely Virginia/Bright, Burley, and Oriental,
which differs in terms of leaf sizes, but most importantly on the curing process itself.
Finally, cigarettes also contain additives, which are the substances added to the tobacco
blend or ingredients to confer them specific desirable properties and to control cigarette
performance while being smoked. Tobacco additives include: humectants to control the
moisture level; preservatives to prevent product degradation; fillers; combustion modifiers;
and flavorings. Paper additives include modifiers of paper porosity and smoldering rates,
as well as hardening agents. When a cigarette is being smoked, two smoke streams form:
Mainstream smoke that forms during a puff when air enters the cigarette, and a sidestream
smoke that forms between puffs by smoldering from the lit cigarette end. Cigarette smoke
is an aerosol of liquid droplets (i.e., the particulate phase) suspended in a mixture of
gases and semi-volatile compounds. More than 4700 compounds are found in cigarette
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smoke, but most are present only in trace amounts [57,58]. Some compounds are found
mainly in the particulate phase, such as polycyclic aromatic hydrocarbons, tobacco-specific
nitrosamines, phytosterols and metals. Other compounds, termed semi-volatiles, are par-
titioned between the particulate and gaseous phases. The gaseous phase consists mostly
of air constituents, nitrogen and oxygen, with several combustion products like carbon
monoxide (CO), carbon dioxide and nitric oxide (NO). There are also other compounds
like 1,3-butadiene, formaldehyde, acetaldehyde, acrolein, benzene, and hydrogen cyanide,
which are important for their known toxic or carcinogenic properties.

3.2. Composition

Unprocessed tobacco leaves contain several secondary alkaloid metabolites, the most
prevalent (>95%) of which is nicotine, a secondary alkaloid that acts as an insecticide. It
is found largely as levorotary (S)-isomer, whereas only 0.1–0.6% of total nicotine is found
as dextrorotary (R)-isomer [59]. Nicotine has a molecular mass of 162.23 g/mol and an
octanol/water partition coefficient (logPow) of 1.2 [60]. In commercial cigarette, oral snuff
and pipe tobacco nicotine content is about 1.5% per weight, whereas this content is about
half in cigars and chewing tobacco [61]. An average tobacco rod contains 10–14 mg of
nicotine and, on average, about 1.0–1.5 mg is absorbed systemically during smoking [62].
Since nicotine is a weak base with a pKa of 8.0, nicotine in acidic environments is ionized
and does not rapidly cross membranes. This is the case of smoke from flue-cured tobacco
that is found in the majority of cigarettes. The pH of that smoke lies between 5.5–6.0, at
which nicotine is mostly ionized, and this limits its buccal absorption. Smoke from air-cure
tobacco, predominantly used in pipes, cigars and a minority of cigarettes, is more alkaline
(pH 6.5 or higher), which facilitates buccal nicotine absorption. Conversely in lung alveoli
fluid, pH is about 7.4, at which more nicotine can appear in a neutral form and, therefore,
more can be absorbed. The large lung alveoli surface area also increases this absorption.
Following lung absorption, nicotine reaches the brain in about 10–20s, where it produces
rapid behavioral reinforcement [63,64]. Blood nicotine levels peak when smoking ends [61].
The use of waterpipe tobacco has also grown in the last few decades due to its availability
and social acceptability, as well as the possibility of consuming different flavors. However,
it is far from safe. A single waterpipe smoking session produces about 46-fold the amount
of the tar from a single cigarette [65,66] and leads to five-fold more exhaled carbon dioxide
than that of a single cigarette [67]. The blood levels of nicotine of a regular waterpipe
smoker are the equivalent to those of people who smoke 10 cigarettes per day [68].

Of the minor alkaloids found in tobacco, nornicotine, and anatabine are the most
abundant, followed by anabasine. This order of prevalence appears in cigarettes, oral
snuff, chewing, and pipe and cigar tobacco. Nornicotine levels are at their highest in cigar
tobacco, anatabine levels are lowest in chewing and oral snuff tobacco, whereas anabasine
levels are lowest in chewing tobacco [69]. Other minor alkaloids are thought to arise by
bacterial action or oxidation during tobacco processing and not by biosynthetic pathways
in the plants [70].

The processing of tobacco leaves to produce cigarettes involves several processes,
including drying, milling, mixing, chemical treatment and rolling. This last process consists
in adding several compounds to increase nicotine delivery by controlling the burning rate,
preserving leaves themselves and modulating organoleptic smoke characteristics. As a re-
sult, when a burned commercial cigarette delivers several hundreds of naturally-occurring
compounds in leaves and the rolling paper, as well as the additives and compounds that
result from burning these compounds [56]. Given this large number of compounds, it
is cumbersome to directly attribute negative health effects to one individual compound.
Rather the hazardous effects of tobacco smoke result from the combined action of hundreds
of these compounds.
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4. Effects of Nicotine Administration and Tobacco Use on Cardiovascular Function

The cardiovascular responses to the acute and chronic tobacco use are well-established,
albeit better characterized for cigarette smoking than other forms of use. Nicotine is
thought to evoke the majority of acute physiological responses to tobacco use by acting
on cholinergic receptors throughout the organism. By acting on the sympathetic ganglia
and adrenal medulla, nicotine evokes the release of noradrenaline and adrenaline [71,72],
with plasma levels peaking when smoking ends and then lower [73]. These mediators
act on adrenergic receptors, and bring about a rise in both heart rate and peripheral
vascular resistance and, hence, of blood pressure [74,75]. This pressor response activates
the baroreflex, which conversely inhibits the central sympathetic nervous system [76].

Acute and chronic nicotine administration also produces other endocrine responses
such as the stimulation of the secretion of vasopressin, as well as the stimulation of the
hypothalamic-pituitary-adrenal and the renin-angiotensin-aldosterone (RAA) axes. These
effects, however, are in dependent on the form of administration, as well as on the sex, age
and body composition of subjects. The exposure to cigarette smoke increases the levels of
vasopressin [77], whereas the isolated administration of nicotine does not [78]. The smoke-
induced vasopressin secretion shows a high degree of intersubject variability, probably due
to genetic mechanisms [77–80]. One study found that acute smoking increased vasopressin
levels in females, whereas it decreased in males [81]. A similar study reported that smoking-
induced vasopressin secretion in healthy subjects was positively enhanced by opioids [82].
The stimulatory effect of smoke on vasopressin secretion also depends on body composition
and age. In obese patients, smoke-induced vasopressin secretion was blunted when
compared to normal weight subjects and to obese subjects after weight loss [83]. Finally,
smoke-induced vasopressin secretion seems to increase with age [84].

Acute administration of isolated nicotine induces the hypothalamic synthesis of
corticotropin-releasing hormone [85]. Corticotropin-releasing hormone, vasopressin, and
probably also nicotine, bind to specific receptors in the pituitary gland to stimulate the secre-
tion of corticotropin, which increases the secretion of cortisol and corticosterone [86,87]. In
addition, corticotropin and vasopressin are also known to evoke the secretion of endothelin-
1 (ET-1), a potent vasoconstrictor. In turn, ET-1 further potentiates the release of vasopressin,
which reinforces the pressor response of nicotine [74]. The potency of these endocrine
responses is probably influenced by the composition of tobacco, namely by the nicotine con-
centration, as suggested in a recent conducted in young habitual smokers. When smoking
a high-tar cigarette (1.6 mg nicotine), the plasma levels of ET-1, corticotropin and cortisol
increased significantly after 10, 20, and 30 min, respectively. However, this response was
not observed with low-tar cigarettes (0.1 mg nicotine) [74].

Both acute and chronic tobacco smoking are known to activate the RAA axis. In healthy
habitual smokers both nicotine inhalation and cigarette smoking (2.2 mg nicotine) increased
the activity of the angiotensin-converting enzyme (ACE) and the plasma concentration
of aldosterone, whereas renin concentration remained constant [88]. Smoking-induced
activation of the RAA axis is supported by a study conducted in human monozygotic twins,
which showed higher plasma renin activity and elevated plasma aldosterone concentration
in the smoking twin with at least 10 years of continuous cigarette use [89]. There is
strong evidence from animal studies to affirm that nicotine administration or exposure to
tobacco smoke upregulate ACE, angiotensin II and angiotensin II type 1 receptor (AT1R)
arm of the RAA axis, which displays pro-hypertensive, pro-inflammatory, profibrotic
and sympathostimulatory effects. On the contrary, angiotensin-converting-enzyme 2
(ACE2), angiotensin (1-7) and angiotensin II type 2 receptor (AT2R), which display anti-
hypertensive, anti-inflammatory, anti-fibrotic and sympathoinhibitory effects are down-
regulated [51].

Taken together, these studies highlight the differences between the neuro-endocrine re-
sponses to nicotine and to tobacco products, which are observed in the oral microcirculation
and will be discussed in the next sections.
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5. Effects of Nicotine and Tobacco Use on Oral Microcirculation

Acute effects of tobacco use on oral microcirculation have been assessed in several
experimental and clinical studies. Some studies have dealt with the effect of oral mu-
cosa in vivo on microvascular perfusion, whereas others have focused on morphological
changes to blood vessels. Given tobacco products’ complex composition, it is difficult to
attribute the observed responses to specific components. Even though most studies have
suggested that nicotine is responsible for the majority of acute effects on oral perfusion, oth-
ers have instead attributed these effects to the complex mixture of compounds in tobacco
products. From these studies it is clear that effects on perfusion depend in part on the form
of tobacco use. Some studies have explored the effects of applying isolated nicotine, snuff
or smoking cigarettes, cigars, or even electronic cigarettes, on the microvascular perfusion
of oral mucosa by different recording techniques.

5.1. Acute Effects of Nicotine on Oral Microvascular Perfusion

The main results of animal studies that have explored acute nicotine effects on oral
perfusion in vivo are summarized in Table 1. Whether topically applied or systemically
infused via osmotic pumps in dogs for 28 days, nicotine increased perfusion in gingiva [90]
and the dental pulp [91]. Similarly, when topically applied to the lingual and cheek mucosa,
nicotine increased perfusion at the application site, while lowering at the contralateral
site [92]. However, intra-arterial nicotine administration to rabbits decreased gingival per-
fusion [93,94]. These differences could be attributed to differences in species, nicotine dose,
and also to differences in the measurement principles of the different recording techniques.

Table 1. Description of the main results of the most relevant studies into the effect of nicotine on oral microcirculatory
perfusion in vivo.

Authors Species/Strain Nicotine Dose and
Administration Route

Measurement
Site

Assessment
Technique Main Results

Clarke et al. (1981)
[93]

New-Zealand
lop-eared rabbits
under urethane

anesthesia

Intra-arterial
administration (right

common carotid artery)
Gingiva Thermal-diffusion

transducer Perfusion decrease

Clarke et al. (1984)
[94]

New-Zealand
lop-eared rabbits
under urethane

anesthesia

Systemic administration
(16.2 µg/mL) via infusion
pump. Ten infusions were
given at 30 min intervals

over a 5-hour period.
Infusions were repeated
over a 6-month period

Gingiva Thermal-diffusion
transducer Perfusion decrease

Huckabee et al.
(1993) [92]

Dogs under
sodium thiamylal

anesthesia

Topical administration of
moist snuff containing 3.12,

6.25, 12.5, 25, 50, and
100 mg/kg of nicotine

for 7 min

Cheek mucosa
and tongue

Radiolabeled
microsphere

method

Perfusion increase at the
application site and

decrease at the
contralateral site.

Johnson et al.
(1991) [90]

Dogs

Topical (8 mg/kg/day)
administration for 28 days

Mandibular
gingiva

Radiolabeled
microsphere

method

Perfusion increase in
anterior mandibular

gingiva regardless of the
administration route

Systemic (2.5 mg/kg/day)
administration by

subcutaneous osmotic
mini-pumps

Johnson et al.
(1993) [91]

Dogs

Topical (8 mg/kg/day)
administration for 28 days

Anterior
mandibular

gingiva

Radiolabeled
microsphere

method

Perfusion increase
regardless of the

administration route
Systemic (2.5 mg/kg/day)

administration by
subcutaneous osmotic

mini-pumps for 28 days

There are several putative explanations about nicotine effects on oral microvascular
perfusion. As nicotine is known to act as a local irritant in several tissues, including
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oral mucosa [95,96], it has been proposed that it activates sensory neurons to release
vasodilator substances, which constitutes the axon reflex [97,98]. In fact, nicotine has
been shown to induce the release of calcitonin gene-related peptide (CGRP) from afferent
nerve terminals in the rat oral mucosa [99]. Given that CGRP acts as a vasodilator, it is
possible that nicotine evokes a transient neurogenic inflammation that increases perfusion.
However, this hypothesis does not explain why smokeless tobacco changes perfusion in
locations far from the application site [100]. Therefore, it is only logical that neural and/or
endocrine responses may also occur. Considering that nicotine induces the release of
several vasoconstrictors [71,72], a decrease in perfusion would be expected. However, as
oral perfusion actually increases with nicotine, it has been proposed that the increase in
blood pressure overrides this vasoconstrictive response [100,101].

5.2. Acute Effects of Tobacco Use on Oral Microvascular Perfusion

The effects of tobacco on oral microvascular perfusion seem to depend on both the
form and duration of use, with most studies having explored the effects of not only cigarette
and cigar smoking, but also of vaping and snuff application. For ethical reasons, studies that
have assessed the impact of smoked/smokeless tobacco products on oral microcirculation
in humans in vivo have employed sporadic-habitual smokers instead of exposing non-
smokers to tobacco. Consequently, any comparison between sporadic and habitual smokers
is affected by not having a true control group of subjects. To the author’s knowledge only
one study has used a sample of non-smoker subjects, and explored the immediate effects of
vaping [102]. In most studies conducted in humans, a sham-smoking phase was included
before tobacco smoking as the control exposure, and has been determined to assess whether
the observed response is attributed to smoke content or to movement-induced (i.e., suction)
cardiovascular acute adaptations associated with smoking [98,101,103,104].

The main results of human studies that have explored acute effects of tobacco use on
oral perfusion in vivo are summarized in Table 2. Generally, the acute exposure to smoke-
less tobacco and tobacco smoke resulted in increased gingival perfusion at the assessed
site. These results mirror the effects of local nicotine application, even though several
other components/factors associated with each type of use can also contribute. When
smokeless tobacco (i.e., snuff, 1% nicotine) was applied for 10 min to the gingiva of regular
healthy users (mean 25.9 y.o, 1–2 tobacco uses/week), gingival perfusion, quantified as
vascular conductance, decreased transitorily during the first minute at the applied site,
but then increased significantly throughout the remainder of the application period until
4-minutes post-application [100]. At the contralateral site, a delayed slower increase in
perfusion was observed, expressed by the non-significant increase in vascular conductance,
and probably affected by the observed wider intersubject variability. As the perfusion
increase was noted prior to a rise blood pressure and remained stable after it returned to
the baseline values, the authors concluded that true nicotine-mediated vasodilation had
occurred and was not mediated by an increase in blood pressure itself. Albeit not hypothe-
sized, axon reflex activation is a possible explanation for the perfusion increase, especially
as it is induced in gingiva by several other chemicals [105,106]. At the contralateral site,
neural and/or endocrine-mediated vasodilation has been hypothesized. Whether a neural
mechanism is present to explain the contralateral increase in perfusion, it is unlikely that it
is mediated by the stimulation of beta-adrenergic receptors on gingival blood vessels as
previous studies have reported no change in gingival perfusion with propranolol [107].
Another hypothesis is that non adrenergic vasodilator nerve terminals cause this vasodila-
tion [108,109]. Furthermore, a possible crossover of the axon reflex across the midline has
also been hypothesized [110]. As no significant increase in vascular conductance occurred,
a neural and/or endocrine-mediated response was ruled out and passive pressure-induced
hyperemia was reasoned to be the underlying mechanism.
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Table 2. Description of the main results of the most relevant studies into the acute effects of tobacco products on oral
microcirculatory perfusion in vivo (y.o.—years old; SBP—systolic blood pressure; DBP—diastolic blood pressure).

Authors
Subjects (Sample
Size; Mean Age;
Tobacco Habits)

Tobacco
Product Assessment Site Assessment

Technique Main Results

Baab et al. (1987)
[103]

Healthy habitual
smokers (n = 12,

22.4 y.o., 5–15/day for
2–8 years)

Cigarette Gingival margin
and forearm skin

Laser Doppler
flowmetry

Increased gingival blood
flow, SBP and

DBP—blood flow
returned to the baseline
after 10 min. Reduced

forearm blood flow.

Meekin et al.
(2000) [104]

Healthy habitual
smokers (n = 15, mean
age 34–36 y.o., 6 light

smokers, 9 heavy
smokers)

Filterless
cigarette

Gingival and
forehead skin

Laser Doppler
flowmetry

Significant increase in
forehead perfusion in

light smokers.
Non-significant

perfusion increase in
gingiva in all the groups

Mavropoulos et al.
(2001) [100]

Healthy habitual
tobacco consumers

(n = 22, 25.9 y.o.)

Smokeless
tobacco (snuff)

Gingiva, applied
unilaterally

Laser Doppler
flowmetry

Blood flow increase at
the applied and

contralateral sites. Heart
rate and blood pressure

increased. Neural or
endocrine mechanism

may be involved.

Mavropoulos et al.
(2002) [111]

Healthy human
subjects (n = 18,

26 y.o.)

500 mg of snuff
(1% nicotine)

Buccal maxillary
gingiva; skin of

the forehead
and thumb

Laser Doppler
flowmetry

Rapid increase in
gingival and blood flow.

Blood pressure and
heart rate increased.

Vasodilation was
attenuated by

infraorbital nerve block
(mepivacaine)

Mavropoulos et al.
(2003) [101]

Humans, healthy
casual smokers

(n = 13)

Cigarette
smoke

Gingiva and
thumb and

forehead skin

Laser Doppler
flowmetry

Vasoconstriction in
gingiva, overcome by

increased blood
pressure, which led to a

higher blood flow.

In another study performed with healthy casual smokers (26 y.o., tobacco use on
weekends), snuff (1% nicotine) was applied either unilaterally or bilaterally in intact or
anesthetized gingiva (mepivacaine, i.e., voltage-gated sodium channel blocker) [111]. When
applied unilaterally, snuff increased gingival perfusion at both sites, although it was more
pronounced at the application site. When the application was bilateral by keeping one
site under anesthesia, bilateral increase also occurred, and was more pronounced at the
site without anesthesia, but also at the application site itself during the unilateral applica-
tion. Similarly, an increase in blood pressure and heart rate was more pronounced during
bilateral rather than unilateral application. When applied unilaterally to a superficially
anesthetized (lidocaine, i.e., voltage-gated sodium channel blocker) site, gingival perfu-
sion increased bilaterally, and was more pronounced at the application site than at the
contralateral site, but was not statistically significant. The authors argued that ipsilat-
eral vasodilation was due to the axon reflex that released vasoactive mediators, whereas
contralateral vasodilation was probably of parasympathetic origin. The same study also
established that histamine and prostaglandins contributed to the basal blood flow of gin-
giva because blocking their receptors lowered the baseline perfusion values. However,
since neither piroxicam (i.e., non-steroid anti-inflammatory) nor dexchlorpheniramin (i.e.,
antihistamine) affected vasodilation evoked by snuff, the snuff-induced perfusion increase
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was not modulated by prostaglandins or histamine. The authors also noted that the subjects
who were more used to tobacco presented milder increases in perfusion.

The acute effects of vaping in the lingual microcirculation have been investigated in
a pilot study where a small convenience sample of non-smoking subjects (n = 10, both
genders) was used [102]. Inhaling nicotine-filled vapor (16 mg nicotine/g of e-liquid)
significantly increased lingual microvascular perfusion, quantified with laser Doppler
flowmetry (LDF), when compared to nicotine-free vapor (e-liquid only). Considering the
large intersubject variability reported and the fact that blood pressure was not assessed,
no physiological mechanisms for the perfusion increase were proposed by the authors.
Nevertheless, it is at least reasonable to assume that an irritation-mediated perfusion
increase could have taken place, evoked by nicotine or by e-liquid components [112,113].

In young habitual smokers (5–15 cigarettes/day), acute exposure to cigarette smoke
exhibited different responses depending on the assessed site. Perfusion was not affected
externally at the gingival crest, but increased in the gingival sulcus until the baseline values
at 10 min post-smoking. Blood pressure rose during smoking. However, no control group
(non-smokers) was employed and considerable intersubject variability was reported [103].
In another study, the authors were able to distinguish between two phases of increased
gingival perfusion, once again in healthy casual tobacco users (25 y.o.). During smoking,
both perfusion and blood pressure increased, even though vascular conductance decreased.
After smoking, blood pressure lowered, whereas perfusion continued to increase. These
results suggest that the first response was passive pressure-induced hyperemia that over-
lapped sympathetically-evoked vasoconstriction, whereas the second response resulted in
vasodilation caused by sympathetic response cessation. The observed increased perfusion
was bilaterally recorded for most subjects, but perfusion increased only unilaterally in
a minority, with different responses at the contralateral site [101]. This suggests consid-
erable anatomical variability between sites in terms of both microvascular architecture
and regulation mechanisms. It is well-known that LDF is very sensitive, even to minor
changes in vascular architecture, which partly justifies the difficulty in implementation in
clinical settings [114]. A later study conducted in middle-aged periodontitis patients, who
were smokers and non-smokers alike, found that smoking one cigarette reduced gingival
blood flow, which is the opposite result to that found by most previous studies done in
subjects with no periodontal disease. This suggests the existence of vascular dysfunction
in periodontitis patients regardless of smoking habits [98]. In healthy gingiva of heavy
smokers (at least 20 cigarettes/day), light smokers (fewer than 5 cigarettes/day), and
non-smokers, no significant differences in gingival perfusion were identified before, during
or after smoking, or even in groups [104]. This lack of significance may actually be due
to a rise in blood pressure, whose perfusion increase offsets the decrease mediated by
sympathetic-mediated vasoconstriction [115].

Finally, it should be considered for all forms of smoked tobacco that the combustion
process generates CO, a compound with vasodilator effect, that in part mimics the action
of NO, and contributes to lower blood pressure [116,117]. However, considering that
acute smoke exposure increases blood pressure, CO may contribute to the acute perfusion
increase but not to decrease blood pressure.

The variability between some studies can be attributed to differences in experimental
protocols. In one study, an LDF probe with 780–820 nm laser light was used, which pene-
trates more deeply than 1 mm [104]. However, in several other studies [98,100,101,103,111],
a laser Doppler probe with a 633 nm wavelength was employed with a penetration depth
between 0.5 and 1 mm. Over a 1 mm depth, contribution from alveolar bone perfusion may
come into play, which might hinder gingival perfusion interpretations [118]. Nonetheless,
several of these studies mention that perfusion increased in a minority of subjects in the
sham smoking phase, which could represent active hyperemia due to the buccal apparatus
movements, and possibly owing to recording artifacts [101]. Therefore, this component
could also contribute, albeit minimally, to increased perfusion while smoking tobacco.
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5.3. Chronic Effects of Tobacco Use on Oral Microvascular Perfusion

Current knowledge suggests that acute nicotine exposure creates a transient vasocon-
strictor response in oral microcirculation, which is overridden by a concurrent increase in
blood pressure. Nevertheless, it is also thought that small, chronic and repetitive vasocon-
strictive attacks, as well as revascularization impairment, due to cigarette smoking may
contribute to disrupt the immune response and delay healing [101]. In addition, these
transient vasoconstrictive phenomena may also lead to a long-term perfusion decrease,
limit the delivery of oxygen to tissues and also compromise the ability to remove waste
products [119]. Collectively, these chronic changes in oral microcirculation seem to increase
the risk of periodontal disease. Several studies have shown that chronic tobacco users, par-
ticularly smokers, show a lower bleeding tendency compared to non-smokers, especially in
gingiva and the tongue, which has been attributed to a lower perfusion of the oral mucosa.
One notable exception is found in a study showing higher perfusion in the Schroeder area
of the palate in smokers (10 cigarettes/day) versus non-smokers [120], which might reflect
different regulation mechanisms.

The lower gingival bleeding tendency in tobacco users has been attributed to repetitive
vasoconstrictive effects of nicotine [121–124], with several mechanisms being involved.
First, the vasoconstrictor effect of nicotine itself needs to be considered. The nicotine-
induced release of catecholamines which induce vasoconstriction by acting on alpha
adrenergic-1 (α1) receptors in vascular smooth muscle [73,125–128]. Animal models seem
to confirm this theory [90,93]. Tobacco smoking is known to elicit constriction in other
vascular beds, such as coronary in patients with ischemic cardiac disease [80,129], and in
lower limb vasculature [30].

Second, decreased perfusion might also be attributed to the reduction in endothelial
NO synthesis, which can be due to either the suppression of endothelial nitric oxide syn-
thase (eNOS) expression in the vascular wall by nicotine or cotinine [130], or the decrease
in NO mediated by oxidative stress. It is known that the gaseous component of tobacco
smoke contains several reactive oxygen species (ROS) generated during combustion. For
example, it is estimated that 71–86% of ROS is found in the gaseous form of cigarette
smoke, whereas the rest is contained in the particulate form [131]. It is well-accepted
that ROS act on the endothelium and increase the production of lipid peroxides which
destroy NO and inhibit eNOS to, thus, diminish NO bioavailability [132]. The drop in
NO leads to an increased vascular tone, with consequent vasoconstriction and higher
blood pressure [133]. Several markers of oxidative stress increase in smokers, and more
so in smokers with periodontal disease. Endogenous NO is normally exhaled, which is
due to its low-molecular weight and consequent volatility. In current and ex-smokers,
however, the NO level in expired air is lower than that of smokers [134]. Conversely, acute
smoke exposure increases the level of NO metabolites in exhaled air, namely nitrate [135].
Malonaldehyde is a well-known marker of oxidative stress and its gingival levels rise
in periodontal disease patients more than in healthy subjects [136]. Smoking appears to
further enhance this oxidative stress by increasing gingival malonaldehyde levels and
gingival lipid peroxidation [137]. Malonaldehyde levels in plasma lower after smoking
cessation, whereas the levels of several antioxidants, e.g. ascorbic acid, lutein, α-tocopherol,
γ-tocopherol, lycopene, and β-carotene, rise [138,139]. When healthy non-smokers smoke a
single cigarette, the salivary levels of glutathione (GSH) significantly lower [140]. Similarly,
a treatment course for periodontitis significantly decreases glutathione salivary levels in
smokers [141]. Thiocyanate salivary levels are higher in periodontitis patients who smoke
than in those who do not [142]. Myeloperoxidase activity in GCF, which is considered a
marker of periodontitis, is also higher in smokers [143,144]. This oxidative stress is thought
to be a reason for worsening periodontal disease in smokers as the levels of several antioxi-
dant compounds alter in smokers [145]. Therefore, the depletion of important antioxidants
may facilitate the ROS-mediated depletion of endothelial NO. In fact, the link between
smoking and oxidative stress in the oral mucosa of patients with periodontal disease has
already been established [145].
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However, there may be other factors that explain lower perfusion in smokers, includ-
ing local mediators such as angiotensin II, ET-1, histamine, and prostaglandins. Despite the
presence of receptors for ET-1 and angiotensin II in the periodontium, there is currently no
knowledge that these mediators contribute to the regulation of gingival basal vascular tone
or to tobacco use-mediated perfusion changes [146]. One study showed that histamine
and prostaglandins contribute to tonic gingival perfusion [100], whereby a decrease in
these mediators can result in the loss of vascular homeostasis. In fact, chronic smokers
present lower plasma prostacyclin levels than non-smokers [147]. Histamine is known to
act on endothelial cells and stimulate the release of prostacyclin and endothelium-derived
hyperpolarization factors (EDHFs) [148]. In the oral cavity, histamine is produced by gingi-
val fibroblasts, neutrophils and macrophages, and its secretion increases when exposed
to bacterial and viral products [149]. Even though salivary histamine has not yet been
established as a reliable periodontitis marker, it is high in periodontitis patients [150], and
smoking further contributes to increase it [151]. In healthy regular smokers, gingival blood
significantly increases 3 days after quitting, with further increases over the following weeks
(8 weeks in the study) [152]. This suggests that the effect of long-term smoking is, in fact,
decreased gingival perfusion.

Besides lowering resting perfusion, chronic tobacco use also changes local microvas-
cular reactivity to several stimuli when applied to oral mucosa, including vasoconstrictor
drugs [153], and inflammatory stimuli like heating [154] and dental plaque accumula-
tion [155,156]. Gingival/periodontal inflammation can be assessed by diverse techniques
and parameters, such as quantifying gingival bleeding upon probing (BOP) and GCF.
The BOP parameter is known to be low in smokers [157,158], probably by the long-term
perfusion decrease that hinders inflammation. Gingival crevicular fluid is an extracellular
fluid that accumulates between gingiva and tooth cementum. Its secretion depends on
the local Starling forces in gingival microcirculation, and accumulates with vasodilation,
which accompanies inflammation [159]. One study showed that GCF production evoked
by heat-induced gingival inflammation correlated well with several perfusion-dependent
parameters in non-smoking subjects, whereas no such correlation was possible in smokers,
probably due to the inflammation-impairment effect of smoking [154]. Nevertheless, the
composition of GCF seems to be affected by tobacco use, with cigarette smokers showing
higher levels of pro-inflammatory cytokines than electronic cigarette smokers and never
smokers [160]. Bacterial plaque accumulation evokes local gingival inflammation, the
so-called plaque-induced gingivitis, which consequently increases perfusion. In smok-
ers, this plaque-induced vasodilation is suppressed to half its intensity [155]. Gingival
microvascular reactivity to vasoconstrictor drugs is altered is also smokers. One study has
demonstrated that smokers seem to respond differently to a local anesthetic containing
lidocaine and adrenaline (i.e., a known vasoconstrictor), than non-smokers. This suggests
that although no clinical manifestations are present, smokers’ gingiva may already show
signs of microvascular dysfunction [153]. However, smokers display lower perfusion in
gingivae and the tongue, as several studies observed that were conducted by LDF [161].
Although LDF has been shown to be adequate for perfusion assessments in transversal
studies in periodontics, its usefulness for long-term assessments has been debated re-
cently. A study has reported that LDF displays acceptable reproducibility for assessing
gingival perfusion [162]. However, it was conducted in a small convenience sample of
non-randomly chosen middle-aged non-smoker subjects (n = 10, mean age 50 y.o., both
genders). Considering its limitations, it cannot be assumed that an equally acceptable
reproducibility will be achieved in studies involving smokers, especially when the many
known factors that determine the variability of the LDF signal still need to be evaluated,
such as the spatial variability, the influence of sex hormones on microvascular reactivity of
oral mucosa, to name a few [163].

Several sources of variability need to be considered when examining the effects
of smoking. First, some discrepancy appears when classifying subjects as “heavy” or
“light” smokers. In some studies, this classification is based on the number of cigarettes
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smoked per day [98,101,103], whereas others base it on the plasma/urine/salivary levels
of cotinine [104,126]. By considering inter-individual variability in terms of the hepatic
cytochrome P450 (CYP) metabolism of nicotine [164], certain subjects could have been
wrongly classified. Second, most studies do not mention of the time that oral hygiene
practices lasted before measuring oral blood flow. It has been shown that mechanical
stimulation with a toothbrush increases gingival oxygen tension [165], gingival blood flow,
and GCF [166]. Considering that these practices can cause significant trauma to gingiva at
least, even without presenting any considerable clinical changes, this is another factor to
include in on this discussion.

5.4. Effects of Tobacco Use on Oral Microvascular Morphology

The effects of tobacco use, especially smoking, on the microvascular morphology
have been consistently described in several organs. Tobacco smoke has been reported to
cause the thickening of arterioles in the trachea, lung, esophagus, stomach, myocardium,
pancreas, and kidney [167,168]. Furthermore, vasoconstriction and edema secondary to en-
dothelial dysfunction have also been described in the placenta [169–171] and intervertebral
disks [172].

Different studies have reported several morphological changes in oral microcircula-
tion, namely in gingival, lingual and labial beds [173–179], which are presented in Table 3.
These studies have been performed mainly by histomorphometric analysis, videocapil-
laroscopy (VC), stereomicroscopy, and orthogonal polarization spectral imaging (OPSI)
techniques, and quantify capillary density, vessel caliber and tortuosity level. In the gingi-
val microcirculation of young smokers, no changes in gingival capillary density have been
found between smokers and age-matched non-smokers. In one study seven young female
smokers (25–38 y.o.) with a mean tobacco history of ~13 years (~16 cigarettes/day) did
not show significant differences in terms of capillary density when compared to age- and
gender-matched non-smokers [180]. In a more recent study employing 10 young male sub-
jects (mean age 25 y.o.) with a history of 15–25 cigarettes a day for the last 5 years, again no
changes in gingival capillary density have been found with age- and gender-matched non-
smokers, as assessed by OPSI [173]. This suggests that in young subjects microcirculation
is still morphologically intact and does not show readily observable lesions.

Studies conducted in older subjects, however, have shown important differences in
the microvascular architecture between smokers and non-smokers, however depending on
the employed technique. Using VC as a quantification technique a study reported signif-
icantly higher capillary density in the gingival mucosa of chronic middle-aged smokers
when compared to non-smokers, together with smaller and more tortuous capillaries [181].
Furthermore, another study reported that these morphological changes persisted in the
microcirculation of ex-smokers (mean smoking duration of 17.28 years) even after an aver-
age 13-year smoking cessation period [182]. The same technique showed capillaries with a
smaller caliber, but a higher density and tortuosity in the lingual microcirculation of chronic
cigar smokers (age 56–72 y.o.) [176] and in the labial mucosa of middle-aged cigarette smok-
ers (mean age 43 y.o.) [174]. However, two studies using histomorphometric analysis failed
to show significant differences in the morphology of gingival microcirculation in samples
with similar sizes and composed of smokers with comparable ages [178,179]. These studies
suggest that VC is more reliable than histomorphometric analysis for the identification of
the morphological changes in the oral microcirculation that occur with chronic smoking.
Nevertheless, differences in the anatomical site for sample collection may also explain these
differences in sensitivity. Finally, these morphological changes may not be completely re-
versible with smoking cessation, which should be clarified with studies employing subjects
with different smoking durations and even longer cessation periods.
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Table 3. Description of the main results of the most relevant studies into the effect of tobacco products on the oral
microvascular morphology in vivo (y.o.—years old).

Authors Subjects (Sample Size; Mean
Age; Tobacco Habits) Assessment Site Assessment Technique Main Results

Persson et al. (1988)
[180]

Healthy habitual female smokers
(n = 7, 33.6 y.o., mean 16.1/day

for a mean of 13.1 years)

Gingival margin of the
mandibular and

maxillary
anterior regions

Stereophotography

No significant differences in
capillary density when

compared to age-matched
non-smokers

Lindeboom et al.
(2005) [173]

Healthy habitual male smokers
(n = 10, 25.0 y.o., 15–25/day in

the previous 5 years)

Gingival margin (buccal
aspect) of the first

right maxillary
premolar region

Orthogonal polarization
spectral imaging

No significant differences in
capillary density when
compared to age- and

gender-matched non-smokers

Scardina et al. (2019)
[182]

Healthy ex-smokers (n = 25,
58.4 y.o., smoking duration of

17.28 years, cessation duration of
13.28 years)

Gingival mucosa Videocapillaroscopy

Significantly higher capillary
density, smaller and more

tortuous capillaries in
ex-smokers and in smokers

when compared to
age-matched non-smokers

Scardina et al. (2005)
[176]

Healthy cigar smokers (n = 25,
56.7 y.o. Lingual mucosa Videocapillaroscopy

Significantly higher capillary
density and tortuosity and

lower caliber when compared
with age-matched

non-smokers

Lova et al. (2002)
[174] Healthy cigarette smokers Labial mucosa Videocapillaroscopy

Significantly higher capillary
density and tortuosity and

lower caliber when compared
with age-matched

non-smokers

Sönmez et al. (2003)
[178]

Cigarette smokers with
periodontitis (n = 38, 38 y.o.,

from less than 10 to more than
20 years of smoking)

Gingival mucosa Histomorphometric
analysis

No significant changes in
vascular density when

compared with age-matched
non-smokers

Kumar et al. (2011)
[179]

Cigarette smokers with
periodontitis (n = 18, 46.3 y.o.,
≥10 cigarettes/day for more

than 10 years)

Gingival mucosa from
periodontal surgical

sites and tooth
extraction sites

Histomorphometric
analysis

No significant changes in
vascular density and lumen
area when compared with
age-matched non-smokers

Several mechanisms seem to be at play to explain these morphological changes in oral
microcirculation. The increased capillary thickening and accompanying tortuosity can be
attributed to an increased vascular mitogenesis. The systemic administration of nicotine,
either short-term (24 h) or long-term (2 weeks), is known to decrease both the length and
height of the capillary fragments examined histologically [183]. Additionally, both nicotine
and cotinine up-regulate the vascular endothelial growth factor (VEGF) at mRNA and
protein levels in endothelial cells [184,185]. They have a minor mitogenic effect on vascular
smooth-muscle cells [186], where they potentiate the secretion of basic fibroblast growth
factor (b-FGF) and matrix metalloproteinases, which are critical for cell migration [187].
These effects could justify the increase in vascular thickness in the oral tissues of regular
tobacco users free of periodontal disease.

The increased capillary density seems to be attributed to the recruitment of under-
perfused capillaries, probably due to a combination of low oxygen tension and increased
post-capillary venous pressure. It is well-known that tobacco smoking delivers low CO
levels to the blood which results in a dose-dependent decrease in oxyhemoglobin and an in-
crease in carboxyhemoglobin. Although oxyhemoglobin levels lower only slightly, CO also
enhances the hemoglobin-oxygen binding affinity, which results in lower oxygen partial
pressure [188], to which the repetitive vasoconstrictive episodes during smoking probably
also contribute. Tissue hypoxia has been firmly established to evoke a compensatory
increase in the functional capillary density [189]. In addition, chronic exposure to tobacco
smoke has been shown to increase postcapillary venous pressure but not precapillary arte-
rial pressure in the rat mesenteric microcirculation [190]. This increase in venous pressure
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can in turn lead to the recruitment of underperfused capillaries [174], similarly to what
occurs in peripheral venous insufficiency and critical limb ischemia [191,192]. Given that
regular smokers show lower gingival perfusion, less oxygen hemoglobin saturation and
lower oxygen content of periodontal pockets when compared to non-smokers [161,193], it
is only logical to assume that capillary recruitment should explain the observed density
increase in long-term exposure to tobacco smoke. Still, despite the increased density, these
capillaries display reduced diameters, which should justify the overall perfusion decrease
in oral microcirculation in chronic smokers.

5.5. Effects of Tobacco Use on the Vascular Endothelial Adhesive Properties

Tobacco components are known to have significant toxic effects on endothelial cells
in vitro by inducing oxidative stress by ROS [194], and even causing necrosis [195]. A
reflection of this oxidative stress-mediated injury is increased superoxide radical production
in human umbilical vein endothelial cells (HUVECs) from smokers versus those from non-
smokers [196]. Treatment of HUVECs with plasma exposed to cigarette smoke leads to
oxidative injury, which results in GSH and ACE extending to the medium, and in a smaller
cellular ATP pool [197]. In addition to oxidative stress, tobacco extracts inhibit the viability
HUVECs in a dose-dependent manner, and induce injury by promoting cytokine release,
DNA damage and apoptosis [198,199]. Recently, major toxic effects in HUVECs have been
identified in the compounds responsible for aroma electronic cigarettes [200].

It is known that tobacco use also changes the adhesive profile of endothelial cells by in-
creasing the expression of the surface proteins that promote the attraction of circulating leu-
cocytes to, thus, facilitate the initiation or maintenance of vascular inflammation. Exposing
HUVECs to cigarette smoke condensate or extract increases the expression of intercellular
adhesion molecule-1 (ICAM-1), vascular cell adhesion protein 1 (VCAM-1) and E-selectin
by the mitogen-associated protein kinase (MAPK)-independent pathway [201,202], while
down-regulating the expression of anti-inflammatory cytokines like growth-related onco-
gene, interleukin (IL)-6, and monocyte chemoattractant protein-1 (MCP-1)[203]. When
exposing HUVECs to smokeless tobacco extracts, the expression of E-selectin, interleukin-
8 and of MCP-1 increases, and neutrophils migrate avidly across these cells compared
to those not exposed [204]. This change in endothelial cell phenotype may also result
from indirect action mediated by vascular macrophages. In fact macrophages exposed to
cigarette smog express higher tumor necrosis factor-alpha (TNF-α) levels which, in turn,
also contributes to increase ICAM-1 expression in endothelial cells [205].

The results of periodontal tissue samples obtained from smokers further support these
findings in HUVECs. Intercellular adhesion molecule-1 is normally expressed on the en-
dothelial cell surface of gingival blood vessels, and plays an important role in controlling the
trafficking of leukocytes to gingival tissue. Acute cigarette smoke exposure does not seem
to change ICAM-1 serum levels despite the existing correlation between serum ICAM-1 and
serum cotinine levels [126]. It has been found that serum ICAM-1 levels significantly rose
in regular smokers versus age-matched non-smoking subjects [126,206,207]. Conversely,
lower ICAM-1 levels have been detected in the GCF of smoking periodontitis patients com-
pared to non-smoking patients [208] and also in smokers’ healthy periodontal tissue [175].
However, inflamed periodontal vessels express higher ICAM-1 and E-selectin than healthy
vasculature, with no differences between smokers and non-smokers [175]. These results
suggest that inflammation is the main factor responsible for increasing the ICAM-1 expres-
sion in the gingival vasculature, irrespectively of smoking status. In addition, low basal
periodontal ICAM-1 expression may reflect the shedding of membrane-bound protein,
although it may also result from adapting to nicotine exposure [209].

There are reports of significant exposure to tobacco products causing such a degree
of vascular endothelial cell lesion that it causes the detachment of endothelial cells into
circulation [210,211]. For example, electronic cigarettes have been recently associated with
a bigger number of endothelial cells in the bloodstream [212], probably due to the cytotoxic
effect of certain components in these devices. Interestingly, heated tobacco products do
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not appear to have any measurable effects on HUVECs’ viability or migration ability [213].
This endothelial detachment generates areas of the exposed subendothelial matrix, which
attracts platelets. They secrete platelet-derived growth factor (PDGF), a mitogen that
leads to vascular smooth-muscle cell hyperplasia. Although endothelial cell detachment
increases the risk of platelet adhesion and possible thrombotic events, no such link has
yet been established. Cigarette smoke condensate induces endothelial cells to secrete
von Willebrand factor in a time-dependent way [198], which further increases the risk of
thrombosis. This endothelial lesion triggers repair mechanisms mediated by endothelial
progenitor cells. Regular cigarette smokers have a few endothelial progenitor cells in serum,
together with faulty differentiation and functional impairment, which shows significant
impairment [214]. Although electronic cigarettes are perceived as “safe” by the general
public, it is known that even one puff increases the level of endothelial progenitor cells in
blood [215].

Blood rheology is affected by tobacco smoking [216,217] which, in turn, favors the
expression of VCAM-1 and MCP-1, which also increases leucocyte attraction [218]. This
rheology change also leads to higher vascular shear stress, which activates the classic com-
plement pathway [219]. Tobacco smoke is also known to activate the complement pathway,
particularly the alternative pathway in vitro [220]. In fact tobacco smoke promotes the
deposition of complement component C4 on the surface of human endothelial cells [221].

5.6. Chronic Effects of Tobacco Use on Periodontal Inflammation

In patients with periodontal disease there is a marked increase in gingival perfusion,
which has been attributed to the combination of a chronic inflammatory reaction coupled
with stimulated angiogenesis. In periodontal disease there is considerable infiltration of
leukocytes in the gingival interstitium with the release of pro-inflammatory cytokines
and chemokines. Activated neutrophils, macrophages and lymphocytes, as well as gin-
gival endothelial cells overexpress the inducible form of NO synthase (iNOS), with the
large amounts of NO released contributing to vasodilation as well as to periodontium
destruction [222].

The injury to the gingival keratinocytes and endothelial cells increases the expression
of ET-1, which also increases in GCF [223] and is itself responsible for inducing the expres-
sion of several pro-inflammatory cytokines (e.g., interleukins 1β and 6, and tumor necrosis
factor-alpha), thereby maintaining the inflammatory status [224]. This increased ET-1
expression can also be attributed to the decreased expression of ET-1 inhibiting mediators.
For example, the pro-angiogenic factor angiopoietin-1, a known inhibitor of ET-1, is found
in lower levels in subjects affected with a more severe form of periodontal disease [225,226].
Finally, a frequently present bacterial species, Porphyromonas gingivalis, expresses PgPepO,
an endopeptidase with significant homology with endothelin-converting enzyme, which
converts the endothelin precursors into their active forms [227]. Thus, this species may help
explain the increased endothelin load in periodontal disease. Furthermore, there is also a
neurogenic component that contributes to the inflammatory process, with the concomitant
release of neuropeptides such as substance P (SP), CGRP, and vasoactive intestinal peptide
(VIP), which also contribute to vasodilation. Vasoactive intestinal peptide and SP accumu-
late in the gingival tissue and their levels in the GCF increase throughout the course of
periodontal disease [228]. Calcitonin gene-related peptide is degraded in the GCF, which
causes its levels to decrease [229].

Chronic exposure to tobacco, particularly smoking, enhances dysbiosis and leads to
a suppression of the immune response, thus contributing to an enhanced susceptibility
to periodontal disease. Smokers exhibit a decrease in several pro-inflammatory cytokines
and chemokines and certain regulators of T-cells and NK-cells [230]. Smokers appear
to have depressed numbers of T-helper lymphocytes [231], important to B-cell function
and antibody production, as well in mast cells [232]. Smoking seems to differently affect
neutrophil function, generally preventing pathogen removal from periodontal pockets.
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However, in heavy smokers the high amount of generated ROS and consequent oxidative
stress contribute to tissue damage [233].

The effects of smoking on oral microbiome are somewhat controversial, with some
studies showing important differences in the microbiome of smokers and non-smokers,
whereas others fail to show any significant differences. This variability has been attributed
to differences in study design, especially regarding the sensitivity and specificity of the
microbiological methods employed. Nevertheless, it is clear that smoking exposure creates
a stressful environment to which periodontal pathogens, notably Porphyromonas gingivalis
can adapt by changing their gene and protein expressions. This, in turn, may alter the
virulence of bacteria and host-pathogen interactions, promoting a pathogen-enriched
microflora in periodontal disease patients which is more resistant to treatment. The
mechanisms underlying this smoking-induced dysbiosis are, unfortunately, not understood
and still open for discussion [234].

5.7. Chronic Effects of Tobacco Use on Periodontal Angiogenesis

Besides an increased expression of vasodilators, periodontal disease is also char-
acterized by potentiation of angiogenesis, which is translated by the increased levels
of several pro-angiogenic mediators. The salivary levels and gingival expression of
angiogenesis-promoting mediators such as vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (b-FGF) were found to be elevated in patients with
periodontal disease [235–237]. Vascular endothelial growth factor levels are increased
in plasma [238], saliva [237], GCF [239–241], and in the gingival epithelial and stromal
compartments [235,236,242], and correlate with disease progression and severity. Basic
fibroblast growth factor is a pro-angiogenic mediator also involved in tissue regeneration
and its levels are increased is the saliva [237] and GCF [243] of patients with periodontal
disease. This potentiation of angiogenesis increases capillary density [244] and justifies in
part the increased bleeding tendency.

Long-term tobacco use, particularly smoking, has been repetitively associated with
suppression of the angiogenesis process, both in healthy subjects as well as in periodontal
disease patients. This in part justifies the lower bleeding tendency in smokers, even without
periodontal disease and with apparently healthy gingiva [245,246]. This suppression of an-
giogenesis is supported by observation of significant changes in the levels of pro-angiogenic
mediators between smokers and non-smokers, notably VEGF and b-FGF. In healthy sub-
jects, salivary levels and gingival expression of b-FGF and VEGF are significantly lower in
smokers than in non-smokers [232,237]. An in vitro study in endothelial progenitor cells
has shown that the ROS generated by tobacco smoking contribute to the suppression of the
Akt/eNOS/NO pathway and to the decreased expression of integrins and of VEGF [214].
This in turn contributes to the decreased ability of endothelial cell migration and tube for-
mation, essential steps of the angiogenesis process. Additionally, in alveolar macrophages
from long-term smokers it has been shown that the expression of VEGF is significantly
lower when compared to age-matched non-smokers [247]. These in vitro results once again
stress the differences between the effects of isolated nicotine/cotinine and the global effects
of the many components of smoke. Even though nicotine/cotinine are able to upregulate
VEGF in endothelial cells [184,185], the ROS produced during smoking are enough to
offset these effects and to overall depress VEGF expression. In vivo studies have shown
contradictory results with regards to the impact of tobacco use on VEGF levels of healthy
subjects. In a study evaluating smokers of both genders (n = 82, mean age 53 y.o.) smoking
at least five cigarettes a day for more than 6 months, no significant differences in plasma
VEGF were detected when compared with age-matched non-smokers [248]. Similarly,
when comparing smokers of both genders (n = 22, mean age 38 y.o.) with a six pack-year
history, smoking at least 10 cigarettes/day during the previous year, again no significant
differences in plasma VEGF levels were found. However, there was a significant inverse
correlation between VEGF levels and endothelium-dependent vasodilation, suggesting
nevertheless the relevance of VEGF levels for vascular functional status [249]. However,
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in a group of adolescents (n = 310, mean age 14 y.o.) that regularly smoked cigarettes or
waterpipe tobacco significantly lower plasma levels of VEGF were found in boys but not in
girls when compared with non-smokers [250]. These differences in terms of VEGF values
may be partly justified by the differences in terms of study design, suggesting that subjects’
age and gender, as well as type and longevity of tobacco use may be important factors to
consider when studying and should be better controlled in future studies.

Tobacco use also suppresses angiogenesis an inflammation in periodontal disease pa-
tients [251,252]. This seems to explain their reduced bleeding tendency and, consequently,
the wound healing impairment and the acceleration of the disease itself [26]. In periodonti-
tis patients, smokers show lower gingival perfusion than that non-smokers [253]. Consis-
tently with this, gum bleeding upon gentle probing is lower in smokers [27,125,245,254]
and increases toward non-smoker levels after smoking cessation [255]. Gingival probing
shows less bleeding in smokers than in non-smokers with the same amount of dental
plaque [251]. Another study has shown a weaker correlation between the visible plaque
index and the gingival bleeding index in smokers than in never smokers [256]. The gin-
gival probe penetration depth is less in smokers than in non-smokers, probably due to
fibrosis [257]. Smoking cessation increases not only gingival perfusion and bleeding upon
probing after a few weeks, but also the crevicular volume and flow rate [255]. These clinical
observations are again supported by significant differences in the levels of angiogenic
mediators between smokers and non-smokers. Plasma VEGF levels have been shown to
be higher in periodontal disease patients who are non-smokers when compared to smok-
ers [258]. Furthermore, salivary endoglin, ICAM-1, and platelet endothelial cell adhesion
molecule-1 (PECAM-1) levels as well as gingival VEGF expression are reduced in patients
who are smokers in comparison to non-smokers [232,237]. Therefore, the impact of tobacco
use appears to promote angiogenesis in periodontal disease patients who are non-smokers
and to suppress the process in patients who are smokers.

6. Conclusions

Tobacco use is recognized as the most relevant risk factor for periodontal disease.
Exposure to nicotine or to tobacco products evoke different responses in oral microcir-
culation, highlighting the importance of many substances besides nicotine. In healthy
subjects, acute exposure to nicotine or tobacco products increases gingival and lingual per-
fusion due to a combination of local irritation and blood pressure increase, which override
nicotine-induced vasoconstriction. Chronic tobacco use decreases perfusion due to repeti-
tive vasoconstrictive insults and to a remodeling effect in microvasculature. In periodontal
disease, microbe-mediated tissue destruction induces overexpression of endothelial ad-
hesion molecules which increase leucocyte attraction to create chronic inflammation and
stimulate angiogenesis. These processes are suppressed in patients who are chronic tobacco
users, due to the decreased expression of pro-inflammatory cytokines and pro-angiogenic
factors, probably attributed to oxidative stress. This justifies the reduced bleeding tendency
and the increased risk of complications in patients who are smokers. Regardless of the
form by which tobacco is used, it causes long-term functional and morphological changes
to oral microcirculation, which may not completely reverse upon cessation.
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60. Brčić Karačonji, I. Facts about nicotine toxicity. Arh. Hig. Rada Toksikol. 2005, 56, 363–371.
61. Benowitz, N.L.; Hukkanen, J.; Jacob III, P. Nicotine Chemistry, Metabolism, Kinetics and Biomarkers. J. Psychopharmacol. 2009,

192, 29–60. [CrossRef]
62. Hukkanen, J.; Jacob, P.; Benowitz, N.L. Metabolism and disposition kinetics of nicotine. Pharmacol. Rev. 2005, 57, 79–115.

[CrossRef] [PubMed]
63. Benowitz, N.L. Nicotine Addiction. N. Engl. J. Med. 2010, 362, 2295–2303. [CrossRef]
64. Benowitz, N.L. Clinical pharmacology of inhaled drugs of abuse: Implications in understanding nicotine dependence. NIDA Res.

Monogr. Ser. 1990, 12–29.
65. Smith-Simone, S.; Maziak, W.; Ward, K.; Eissenberg, T. Waterpipe tobacco smoking: Knowledge, attitudes, beliefs, and behavior

in two U.S. samples. Nicotine Tob. Res. 2008, 10, 393–398. [CrossRef]
66. El-Setouhy, M.; Loffredo, C.A.; Radwan, G.; Rahman, R.A.; Mahfouz, E.; Israel, E.; Mohamed, M.K.; Ayyad, S.B.A. Genotoxic

Effects of Waterpipe Smoking on the Buccal Mucosa Cells. Mutat. Res. Rev. Mutat. Res. 2008, 665, 36–40. [CrossRef]
67. El-Nachef, W.N.; Hammond, S.K. Exhaled Carbon Monoxide With Waterpipe Use in US Students. JAMA J. Am. Med. Assoc. 2008,

299, 36–38. [CrossRef]
68. Hammal, F.; Mock, J.; Ward, K.D.; Eissenberg, T.; Maziak, W. A pleasure among friends: How narghile (waterpipe) smoking

differs from cigarette smoking in Syria. Tob. Control 2008, 17, 1–8. [CrossRef]
69. Jacob, P.; Yu, L.; Shulgin, A.T.; Benowitz, N.L. Minor tobacco alkaloids as biomarkers for tobacco use: Comparison of users of

cigarettes, smokeless tobacco, cigars, and pipes. Am. J. Public Health 1999, 89, 731–736. [CrossRef]
70. Leete, E. The Methylation of Nornicotine to Nicotine, a Minor Biosynthetic Pathway in Nicotiana tabacum. Beitrage zur Tab. Int.

Contrib. to Tob. Res. 1984, 12, 113–116. [CrossRef]
71. Su, C. Actions of nicotine and smoking on circulation. Pharmacol. Ther. 1982, 17, 129–141. [CrossRef]
72. Benowitz, N.L. Clinical pharmacology of nicotine. Clin. Dermatol. 1986, 37, 21–32. [CrossRef] [PubMed]
73. Cryer, P.E.; Haymond, M.W.; Santiago, J.V.; Shah, S.D. Norepinephrine and Epinephrine Release and Adrenergic Mediation of

Smoking-Associated Hemodynamic and Metabolic Events. N. Engl. J. Med. 1976, 295, 573–577. [CrossRef]
74. Haak, T.; Jungmann, E.; Raab, C.; Usadel, K.H. Elevated Endothelin-1 Levels After Cigarette Smoking. Med. J. Aust. 1994, 430,

267–269. [CrossRef]
75. Haass, M.; Kübler, W. Notice and sympathetic neurotransmission. Cardiovasc. Drugs Ther. 1997, 10, 657–665. [CrossRef] [PubMed]
76. Grassi, G.; Seravalle, G.; Calhoun, D.A.; Bolla, G.B.; Giannattasio, C.; Marabini, M.; Del Bo, A.; Mancia, G. Mechanisms responsible

for sympathetic activation by cigarette smoking in humans. Circulation 1994, 90, 248–253. [CrossRef] [PubMed]
77. Kazim Husain, M.; Frantz, A.G.; Ciarochi, F.; Robinson, A.G. Nicotine-stimulated release of neurophysin and vasopressin in

humans. J. Clin. Endocrinol. Metab. 1975, 41, 1113–1117. [CrossRef] [PubMed]
78. Rowe, J.W.; Kilgore, A.; Robertson, G.L. Evidence in man that cigarette smoking induces vasopressin release via an airway-specific

mechanism. J. Clin. Endocrinol. Metab. 1980, 51, 170–172. [CrossRef] [PubMed]
79. Waeber, B.; Schaller, M.D.; Nussberger, J. Skin blood flow reduction induced by cigarette smoking: Role of vasopressin. Am. J.

Physiol. Heart Circ. Physiol. 1984, 16. [CrossRef]
80. Nicod, P.; Rehr, R.; Winniford, M.D.; Campbell, W.B.; Firth, B.G.; David Hillis, L. Acute systemic and coronary hemodynamic and

serologic responses to cigarette smoking in long-term smokers with atherosclerotic coronary artery disease. J. Am. Coll. Cardiol.
1984, 4, 964–971. [CrossRef]

81. Guaderrama, M.M.; Corwin, E.J.; Kapelewski, C.H.; Klein, L.C. Sex differences in effects of cigarette smoking and 24-hr abstinence
on plasma arginine vasopressin. Addict. Behav. 2011, 36, 1106–1109. [CrossRef]

82. Chiodera, P.; d’Amato, L.; Davoli, C.; Volpi, R.; Delsignore, R.; Gnudi, A.; Coiro, V. Naloxone decreases the inhibitory effect
of ethanol on the release of arginine-vasopressin induced by physical exercise in man. J. Neural Transm. 1987, 116, 1065–1069.
[CrossRef]

83. Chiodera, P.; Capretti, L.; Davoli, C.; Caiazza, A.; Bianconi, L.; Coiro, V. Effect of obesity and weight loss on arginine vasopressin
response to metoclopramide and nicotine from cigarette smoking. Metabolism 1990, 39, 783–786. [CrossRef]

84. Chiodera, P.; Capretti, L.; Marchesi, M.; Caiazza, A.; Bianconi, L.; Cavazzini, U.; Marchesi, C.; Volpi, R.; Coiro, V. Abnormal
arginine vasopressin response to cigarette smoking and metoclopramide (but not to insulin-induced hypoglycemia) in elderly
subjects. J. Gerontol. 1991, 46, 6–10. [CrossRef] [PubMed]

85. Cui, B.R.; Zhang, B.B.; Chu, C.P.; Cui, X.; Qiu, D.L. Nicotine excites corticotropin-releasing hormone mRNA-expressing neuron in
the hypothalamic paraventricular nucleus in vitro in rats. Neuroreport 2016, 27, 580–586. [CrossRef]

86. Lutfy, K.; Aimiuwu, O.; Mangubat, M.; Shin, C.S.; Nerio, N.; Gomez, R.; Liu, Y.; Friedman, T.C. Nicotine stimulates secretion of
corticosterone via both CRH and AVP receptors. J. Neurochem. 2012, 120, 1108–1116. [CrossRef] [PubMed]

87. Steptoe, A.; Ussher, M. Smoking, cortisol and nicotine. Int. J. Psychophysiol. 2006, 59, 228–235. [CrossRef]
88. García Calzado, M.C.; García Rojas, J.F.; Mangas Rojas, A.; Millán, J. Tobacco and arterial pressure (II.). The acute effects on the

angiotensin-converting enzyme. An. Med. Interna 1990, 7, 392–395.

http://doi.org/10.2478/cttr-2013-0764
http://doi.org/10.1002/(SICI)1520-636X(1998)10:7&lt;587::AID-CHIR6&gt;3.0.CO;2-
http://doi.org/10.1177/026988119200600416
http://doi.org/10.1124/pr.57.1.3
http://www.ncbi.nlm.nih.gov/pubmed/15734728
http://doi.org/10.1056/NEJMra0809890
http://doi.org/10.1080/14622200701825023
http://doi.org/10.1016/j.mrgentox.2008.06.014
http://doi.org/10.1001/jama.2007.6
http://doi.org/10.1136/tc.2007.020529
http://doi.org/10.2105/AJPH.89.5.731
http://doi.org/10.2478/cttr-2013-0532
http://doi.org/10.1016/0163-7258(82)90050-X
http://doi.org/10.1146/annurev.me.37.020186.000321
http://www.ncbi.nlm.nih.gov/pubmed/3518606
http://doi.org/10.1056/NEJM197609092951101
http://doi.org/10.1016/0026-0495(94)90091-4
http://doi.org/10.1007/BF00053022
http://www.ncbi.nlm.nih.gov/pubmed/9110108
http://doi.org/10.1161/01.CIR.90.1.248
http://www.ncbi.nlm.nih.gov/pubmed/8026005
http://doi.org/10.1210/jcem-41-6-1113
http://www.ncbi.nlm.nih.gov/pubmed/1206097
http://doi.org/10.1210/jcem-51-1-170
http://www.ncbi.nlm.nih.gov/pubmed/7380990
http://doi.org/10.1152/ajpheart.1984.247.6.H895
http://doi.org/10.1016/S0735-1097(84)80058-3
http://doi.org/10.1016/j.addbeh.2011.06.015
http://doi.org/10.1007/s00702-009-0270-5
http://doi.org/10.1016/0026-0495(90)90119-W
http://doi.org/10.1093/geronj/46.1.M6
http://www.ncbi.nlm.nih.gov/pubmed/1986038
http://doi.org/10.1097/WNR.0000000000000573
http://doi.org/10.1111/j.1471-4159.2011.07633.x
http://www.ncbi.nlm.nih.gov/pubmed/22191943
http://doi.org/10.1016/j.ijpsycho.2005.10.011


Biology 2021, 10, 441 21 of 27

89. Laustiola, K.E.; Lassila, R.; Nurmi, A.K. Enhanced activation of the renin-angiotensin-aldosterone system in chronic cigarette
smokers: A study of monozygotic twin pairs discordant for smoking. Clin. Pharmacol. Ther. 1988, 44, 426–430. [CrossRef]
[PubMed]

90. Johnson, G.K.; Todd, G.L.; Johnson, W.T.; Fung, Y.K.; Dubois, L.M. Effects of Topical and Systemic Nicotine on Gingival Blood
Flow in Dogs. J. Dent. Res. 1991, 70, 906–909. [CrossRef]

91. Johnson, W.T.; Johnson, G.K.; Todd, G.L.; Fung, Y.K. Effects of systemic and topical nicotine on pulpal blood flow in dogs. Endod.
Dent. Traumatol. 1993, 9, 71–74. [CrossRef] [PubMed]

92. Huckabee, K.D.; Barnes, R.T.; Williams, A.G.; Fan, W.L.; Downey, H.F. Effects of snuff on regional blood flow to the cheek and
tongue of anesthetized dogs. Oral Surg. Oral Med. Oral Pathol. 1993, 76, 729–735. [CrossRef]

93. Clarke, N.G.; Shephard, B.C.; Hirsch, R.S. The effects of intra-arterial epinephrine and nicotine on gingival circulation. Oral Surg.
Oral Med. Oral Pathol. 1981, 52, 577–582. [CrossRef]

94. Clarke, N.G.; Shephard, B.C. The Effects of Epinephrine and Nicotine on Gingival Blood Flow in the rabbit. Arch. Oral Biol. 1984,
29, 789–793. [CrossRef]

95. Nielsen, T.A.; Nielsen, B.P.; Wang, K.; Arendt-Nielsen, L.; Boudreau, S.A. Psychophysical and Vasomotor Responses of the Oral
Tissues: A Nicotine Dose-Response and Menthol Interaction Study. Nicotine Tob. Res. 2016, 18, 596–603. [CrossRef]

96. Dessirier, J.; O’Mahony, M.; Carstens, E. Oral Irritant Effects of Nicotine: Psychophysical Evidence for Decreased Sensation
following Repeated Application of and Lack of Cross-Desensitization to Capsaicin. Ann. N. Y. Acad. Sci. 2006, 855, 828–830.
[CrossRef]

97. Warner, D.O.; Joyner, M.J.; Charkoudian, N. Nicotine increases initial blood flow responses to local heating of human non-glabrous
skin. J. Physiol. 2004, 559, 975–984. [CrossRef]

98. Mavropoulos, A.; Brodin, P.; Rösing, C.K.; Aass, A.M.; Aars, H. Gingival Blood Flow in Periodontitis Patients Before and After
Periodontal Surgery Assessed in Smokers and Non-Smokers. J. Periodontol. 2007, 78, 1774–1782. [CrossRef]

99. Dussor, G.O.; Leong, A.S.; Gracia, N.B.; Kilo, S.; Price, T.J.; Hargreaves, K.M.; Flores, C.M. Potentiation of evoked calcitonin
gene-related peptide release from oral mucosa: A potential basis for the pro-inflammatory effects of nicotine. Eur. J. Neurosci.
2003, 18, 2515–2526. [CrossRef]

100. Mavropoulos, A.; Aars, H.; Brodin, P. The acute effects of smokeless tobacco (snuff) on gingival blood flow in man. J. Periodontal
Res. 2001, 36, 221–226. [CrossRef]

101. Mavropoulos, A.; Aars, H.; Brodin, P. Hyperaemic response to cigarette smoking in healthy gingiva. J. Clin. Periodontol. 2003, 30,
214–221. [CrossRef]

102. Reuther, W.J.; Hale, B.; Matharu, J.; Blythe, J.N.; Brennan, P.A. Do you mind if i vape? Immediate effects of electronic cigarettes on
perfusion in buccal mucosal tissue—A pilot study. Br. J. Oral Maxillofac. Surg. 2016, 54, 338–341. [CrossRef]

103. Baab, D.A.; Öberg, P.Å. The effect of cigarette smoking on gingival blood flow in humans. J. Clin. Periodontol. 1987, 14, 418–424.
[CrossRef]

104. Meekin, T.N.; Wilson, R.F.; Scott, D.A.; Ide, M.; Palmer, R.M. Laser Doppler flowmeter measurement of relative gingival and
forehead skin blood flow in light and heavy smokers during and after smoking. J. Clin. Periodontol. 2000, 27, 236–242. [CrossRef]
[PubMed]

105. Izumi, H.; Karita, K. The parasympathetic vasodilator fibers in the trigeminal portion of the distal lingual nerve in the cat tongue.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 1994, 266, 1517–1522. [CrossRef]

106. Fazekas, Á.; Vindisch, K.; Pósch, E.; Györfi, A. Experimentally-induced neurogenic inflammation in the rat oral mucosa.
J. Periodontal Res. 1990, 25, 276–282. [CrossRef]

107. Aars, H.; Brodin, P.; Andersen, E. A study of cholinergic and P-adrenergic components in the regulation of blood flow in the
tooth pulp and gingiva in man. Acta Physiol. Scand. 1993, 148, 441–447. [CrossRef]

108. Lundberg, J.M.; Änggård, A.; Fahrenkrug, J. Complementary role of vasoactive intestinal polypeptide (VIP) and acetylcholine
for cat submandibular gland blood flow and secretion: III. Effects of local infusions. Acta Physiol. Scand. 1982, 114, 329–337.
[CrossRef]

109. Änggård, A.; Edwall, L. The effects of sympathetic nerve stimulation on the tracer disappearance rate and local blood content in
the nasal mucosa of the cat. Acta Otolaryngol. 1974, 77, 131–139. [CrossRef]

110. Mentis, G.; Lynn, B. An investigation into the extent to which flare in human skin crosses the mid-line. Exp. Physiol. 1992, 77,
765–768. [CrossRef]

111. Mavropoulos, A.; Aars, H.; Brodin, P. The involvement of nervous and some inflammatory response mechanisms in the acute
snuff-induced gingival hyperaemia in humans. J. Clin. Periodontol. 2002, 29, 855–864. [CrossRef] [PubMed]

112. Olmedo, P.; Goessler, W.; Tanda, S.; Grau-Perez, M.; Jarmul, S.; Aherrera, A.; Chen, R.; Hilpert, M.; Cohen, J.E.; Navas-Acien, A.;
et al. Metal concentrations in e-cigarette liquid and aerosol samples: The contribution of metallic coils. Environ. Health Perspect.
2018, 126. [CrossRef]

113. DeVito, E.E.; Krishnan-Sarin, S. E-cigarettes: Impact of E-Liquid Components and Device Characteristics on Nicotine Exposure.
Curr. Neuropharmacol. 2017, 15, 438–459. [CrossRef]

114. Mullally, B.H. The Influence of Tobacco Smoking on the Onset of Periodontitis in Young Persons. Tob. Induc. Dis. 2004, 2, 6.
[CrossRef]

115. Malhotra, R.; Kapoor, A.; Grover, V.; Kaushal, S. Nicotine and periodontal tissues. J. Indian Soc. Periodontol. 2010, 14, 72. [CrossRef]

http://doi.org/10.1038/clpt.1988.175
http://www.ncbi.nlm.nih.gov/pubmed/3048842
http://doi.org/10.1177/00220345910700050801
http://doi.org/10.1111/j.1600-9657.1993.tb00663.x
http://www.ncbi.nlm.nih.gov/pubmed/8404699
http://doi.org/10.1016/0030-4220(93)90043-4
http://doi.org/10.1016/0030-4220(81)90071-2
http://doi.org/10.1016/0003-9969(84)90008-6
http://doi.org/10.1093/ntr/ntv163
http://doi.org/10.1111/j.1749-6632.1998.tb10669.x
http://doi.org/10.1113/jphysiol.2004.062943
http://doi.org/10.1902/jop.2007.060472
http://doi.org/10.1046/j.1460-9568.2003.02935.x
http://doi.org/10.1034/j.1600-0765.2001.036004221.x
http://doi.org/10.1034/j.1600-051X.2003.10284.x
http://doi.org/10.1016/j.bjoms.2015.12.001
http://doi.org/10.1111/j.1600-051X.1987.tb01547.x
http://doi.org/10.1034/j.1600-051x.2000.027004236.x
http://www.ncbi.nlm.nih.gov/pubmed/10783836
http://doi.org/10.1152/ajpregu.1994.266.5.R1517
http://doi.org/10.1111/j.1600-0765.1990.tb00916.x
http://doi.org/10.1111/j.1748-1716.1993.tb09580.x
http://doi.org/10.1111/j.1748-1716.1982.tb06992.x
http://doi.org/10.3109/00016487409124608
http://doi.org/10.1113/expphysiol.1992.sp003644
http://doi.org/10.1034/j.1600-051X.2002.290911.x
http://www.ncbi.nlm.nih.gov/pubmed/12423300
http://doi.org/10.1289/EHP2175
http://doi.org/10.2174/1570159X15666171016164430
http://doi.org/10.1186/1617-9625-2-6
http://doi.org/10.4103/0972-124X.65442


Biology 2021, 10, 441 22 of 27

116. McRae, K.E.; Pudwell, J.; Peterson, N.; Smith, G.N. Inhaled carbon monoxide increases vasodilation in the microvascular
circulation. Microvasc. Res. 2019, 123, 92–98. [CrossRef]

117. Thorup, C.; Jones, C.L.; Gross, S.S.; Moore, L.C.; Goligorsky, M.S. Carbon monoxide induces vasodilation and nitric oxide release
but suppresses endothelial NOS. Am. J. Physiol. Ren. Physiol. 1999, 277. [CrossRef]

118. Orekhova, L.Y.; Barmasheva, A.A. Doppler flowmetry as a tool of predictive, preventive and personalised dentistry. EPMA J.
2013, 4, 1–8. [CrossRef] [PubMed]

119. Pindborg, J.J. Tobacco and Gingivitis. J. Dent. Res. 1947, 26, 261–264. [CrossRef]
120. Le Bars, P.; Niagha, G.; Kouadio, A.A.; Demoersman, J.; Roy, E.; Armengol, V.; Soueidan, A. Pilot Study of Laser Doppler

Measurement of Flow Variability in the Microcirculation of the Palatal Mucosa. Biomed Res. Int. 2016, 2016. [CrossRef]
121. Bergström, J.; Floderus-Myrhed, B. Co-twin control study of the relationship between smoking and some periodontal disease

factors. Community Dent. Oral Epidemiol. 1983, 11, 113–116. [CrossRef]
122. Preber, H.; Bergström, J. Occurrence of gingival bleeding in smoker and non-smoker patients. Acta Odontol. Scand. 1985, 43,

315–320. [CrossRef] [PubMed]
123. Kazor, C.; Taylor, G.W.; Loesche, W.J. The prevalence of BANA-hydrolyzing periodontopathic bacteria in smokers. J. Clin.

Periodontol. 1999, 26, 814–821. [CrossRef] [PubMed]
124. Chen, X.; Wolff, L.; Aeppli, D.; Guo, Z.; Luan, W.M.; Baelum, V.; Fejeskov, O. Cigarette smoking, salivary/ gingival crevicular

fluid cotinine and periodontal status A 10-year longitudinal study. J. Clin. Periodontol. 2001, 28, 331–339. [CrossRef] [PubMed]
125. Rivera-Hidalgo, F. Smoking and periodontal disease. Periodontol. 2000 2003, 32, 50–58. [CrossRef]
126. Palmer, R.; Scott, D.; Meekin, T.; Poston, R.; Odell, E.; Wilson, R. Potential mechanisms of susceptibility to periodontitis in tobacco

smokers. J. Periodontal Res. 1999, 34, 363–369. [CrossRef]
127. Powell, J.T. Vascular damage from smoking: Disease mechanisms at the arterial wall. Vasc. Med. 1998, 3, 21–28. [CrossRef]
128. Gebber, G.L. Neurogenic basis for the rise in blood pressure evoked by nicotine in the cat. J. Pharmacol. Exp. Ther. 1969, 166,

255–263.
129. Klein, L.W.; Ambrose, J.; Pichard, A.; Holt, J.; Goblin, R.; Teichholz, L.E. Acute coronary hemodynamic response to cigarette

smoking in patients with coronary artery disease. J. Am. Coll. Cardiol. 1984, 3, 879–886. [CrossRef]
130. Conklin, B.S.; Surowiec, S.M.; Ren, Z.; Li, J.S.; Zhong, D.S.; Lumsden, A.B.; Chen, C. Effects of nicotine and cotinine on porcine

arterial endothelial cell function. J. Surg. Res. 2001, 95, 23–31. [CrossRef]
131. Huang, M.F.; Lin, W.L.; Ma, Y.C. A study of reactive oxygen species in mainstream of cigarette. Indoor Air 2005, 15, 135–140.

[CrossRef] [PubMed]
132. Liaudet, L.; Vassalli, G.; Pacher, P. Role of peroxynitrite in the redox regulation of cell signal transduction pathways. Front. Biosci.

2009, 14, 4809–4814. [CrossRef] [PubMed]
133. Lassègue, B.; Griendling, K.K. Reactive oxygen species in hypertension: An update. Am. J. Hypertens. 2004, 17, 852–860.

[CrossRef] [PubMed]
134. Malinovschi, A.; Janson, C.; Holmkvist, T.; Norbäck, D.; Meriläinen, P.; Högman, M. Effect of smoking on exhaled nitric oxide

and flow-independent nitric oxide exchange parameters. Eur. Respir. J. 2006, 28, 339–345. [CrossRef]
135. Balint, B.; Donnelly, L.E.; Hanazawa, T.; Kharitonov, S.A.; Barnes, P.J. Increased nitric oxide metabolites in exhaled breath

condensate after exposure to tobacco smoke. Thorax 2001, 56, 456–461. [CrossRef]
136. Tonguç, M.Ö.; Öztürk, Ö.; Sütçü, R.; Ceyhan, B.M.; Kılınç, G.; Sönmez, Y.; Yetkin Ay, Z.; Şahin, Ü.; Baltacıoğlu, E.; Kırzıoğlu, F.Y.

The Impact of Smoking Status on Antioxidant Enzyme Activity and Malondialdehyde Levels in Chronic Periodontitis. J. Periodon-
tol. 2011, 82, 1320–1328. [CrossRef]

137. Guentsch, A.; Preshaw, P.M.; Bremer-Streck, S.; Klinger, G.; Glockmann, E.; Sigusch, B.W. Lipid peroxidation and antioxidant
activity in saliva of periodontitis patients: Effect of smoking and periodontal treatment. Clin. Oral Investig. 2008, 12, 345–352.
[CrossRef]

138. Lykkesfeldt, J. Smoking depletes vitamin C: Should smokers be recommended to take supplements? Cigar. Smoke Oxidative Stress
2006, 237–260. [CrossRef]

139. Polidori, M.C.; Mecocci, P.; Stahl, W.; Sies, H. Cigarette smoking cessation increases plasma levels of several antioxidant
micronutrients and improves resistance towards oxidative challenge. Br. J. Nutr. 2003, 90, 147–150. [CrossRef]

140. Zappacosta, B.; Persichilli, S.; De Sole, P.; Mordente, A.; Giardina, B. Effect of smoking one cigarette on antioxidant metabolites in
the saliva of healthy smokers. Arch. Oral Biol. 1999, 44, 485–488. [CrossRef]
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