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Abstract

Active tobacco smoking, passive smoking, and e-cigarette smoking have been associated with different
systemic and ocular diseases. The precorneal tear film plays an important role in eye health and its
analysis can provide useful information on ocular status. This review investigates the effects of different
types of smoking on the precorneal tear film, by analyzing the peer-reviewed literature on this topic.
Specifically, tear evaporation rate, stability, volume, ferning, osmolarity, and physical composition (lipids
and proteins) of tear film are detailed. Most of the reported works show that cigarette smoking reduces
tear film stability and quality by affecting its components. This review highlights that smoking severely
affects the tear film, but a single test is not sufficient to determine these effects because smoking can

impact different parts of the eye.

1. Introduction
Active tobacco smoking has been associated with different systemic (United States Surgeon General,
2014) and ocular conditions. In terms of ocular disease, smoking has been associated with cataract (Kelly
et al., 2005), age-related macular degeneration (Khan, 2006), and ocular ischemia (Solberg et al., 1998)

for example. Tobacco smoke contains many toxic elements, such as carbon monoxide, methanol,



aldehydes, nitrosamines, hydrocarbons, and heavy metals (Smith and Hansch, 2000). These compounds
can cause damage to the ocular tissues due to ischemic and oxidative effects (Solberg et al., 1998; Cheng
et al., 2000). Active tobacco smoking of cigarettes has been shown to be irritative for the ocular surface
(Moss, 2000), and damage of the corneal epithelial cells has also been recently reported (Agin et al.,
2020). Concerning dry eye disease (DED), active tobacco smoking has been suggested as a potential risk
factor (Yoon et al., 2005). However, the Epidemiology Report subcommittee of the TFOS DEWS II
stated that there was inconclusive evidence that smoking could be a risk factor of DED (Stapleton et al.,
2017).

Passive smoking, also known as environmental tobacco smoking (ETS), may also affect the eye. Indeed,
due to its exposure to the environment, the eye is particularly susceptible to air pollutants (Gupta and
Muthukumar, 2018). ETS has been reported to be the most common indoor air pollutant in developed
countries (Lois et al., 2008). This type of smoking has several implications on the eye. For example, it is
considered to be a risk factor for dry eye syndrome in children (EI-Shazly et al., 2012) and responsible for
a hypermetropic shift in the refraction of children exposed to ETS in the early years of life or with
expectant mothers smoking during gestation (Stone, 2006).

Recent years have seen an increase in the use of electronic cigarettes (ECs), also referred to as e-
cigarettes (Bertholon et al., 2013; Chatham-Stephens et al., 2016; Isa et al., 2019). ECs are handheld
devices usually composed of a battery, a flow sensor, an atomizer, and a coil with the active liquid in it
(Brown and Cheng, 2014). The liquid is made of water with propylene glycol, vegetable glycerin,
nicotine (optional) and flavoring (Kosmider et al., 2014; Tayyarah and Long, 2014). Despite having fewer
toxins than tobacco cigarettes (Margham et al., 2016), EC vapors also contain a significant amount of free
radicals (Goel et al., 2015). The free radical load depends on the glycol propylene and glycerin ratio, the
flavoring and the device temperature (Bitzer et al., 2018). In 2016 there were an estimated 10 million EC
users worldwide (Margham et al., 2016) and there are reports of eye irritation by some users (Chatham-
Stephens et al., 2016; Unger et al., 2016).

The precorneal tear film is a layer of fluid that covers the ocular surface and plays a fundamental role
both in eye health and in vision, since it is the first refractive surface of the eye (Willcox et al., 2017). The
tear fluid is formed by layers of different composition. The mucous layer is produced by both the goblet
cells and the corneal and conjunctival epithelia. It is composed mainly by transmembrane mucins,
immunoglobulins, salts, urea, enzymes, glucose, and leukocytes. It affects the stability of the upper layers,
while protecting the eye surface from the adherence of pathogens (Stahl et al., 2012). The aqueous layer
is produced both by the main lacrimal gland and by the accessory lacrimal glands of Krause and
Wolfring. It consists mainly of water, electrolytes, proteins and vitamins. These components ensure an
anti-microbial activity as well as a nutritional supply for the cornea (Stahl et al., 2012). The outer lipid
layer is secreted mainly by the meibomian glands and in part also by the glands of Moll and Zeiss. The
main function of the lipid layer is to reduce evaporation of the underlying aqueous phase in the open eye



(Georgiev et al., 2017). Generally, the structure of the tear film is described as three-layered, with an
internal mucous layer in contact with the epithelium, an aqueous intermediate layer forming the bulk of
the tear volume, and a lipid outer layer that prevents evaporation of the tears. However, a two-layer
structure of the tear film has been also proposed, with a superficial lipidic layer and an inner
mucin/aqueous glycocalyx gel (Cher, 2008; Willcox et al., 2017).

This systematic review focuses on the effects of active smoking, ETS and ECs on the properties of the

tears.

2. Method
For the purposes of this review a search of the peer-reviewed literature was carried out using PubMed in
June 2020. The terms used in the search were: smoking OR passive smoking OR nicotine OR electronic
cigarettes AND tear film. Other relevant papers were identified from the references cited by the papers

revealed from the original search terms.

3. Tear evaporation rate
The tear evaporation rate (TER) indirectly quantifies the evaporation of the aqueous layer of the tear film
and is an important factor in tear dynamics (Goto et al., 2003; Tomlinson and Khanal, 2005; Wong et al.,
2018). This measurement is performed on the exposed ocular surface by employing temperature and
humidity sensors integrated within goggles worn over the eyes. The goggles can be either closed-chamber
or open-chamber. Furthermore, some devices provide a ventilation system that adds air, at a known
relative humidity and at a specific flow rate (Wong et al., 2018). Despite the increasing relevance of TER
measurements, there is still a lack of a standardized method to measure and report results. In the
literature, there are only a few studies that compare this value in smokers and non-smokers, but the results
are in agreement. Matsumoto and coworkers employed a ventilated closed-chamber evaporimeter device
and measured a significantly higher values in smokers (7.7 £ 0.2 x 10" g cm s™) than in a non-smoking
control group (2.5 + 0.9 x 10”7 g cm™ s™%) (Matsumoto et al., 2008). Similar results were found in a more
recent study (Alanazi et al., 2019), using an unventilated closed-chamber evaporimeter. The average TER
was significantly higher (p<0.05) in the smoking group (median = 37.7 g m™ h™! corresponding to 10.5 x
107 g cm™ s, interquartile range = 59.3 g m? h™) than in the control group (median = 15.4 gm™ h*
corresponding to 4.3 x 107 g cm™ s, interquartile range = 13.1 g m™? h™%). These studies used different
evaporimeters so the values cannot be directly compared, but the order of magnitude is similar and the
ratio between the data found for smokers and non-smokers suggests a reasonable agreement between
them.
Aside from studies on active smokers, a few experiments have been performed exposing non-smokers to
cigarette smoke in order to evaluate TER with a tear evaporimeter from KAO Corporation (KAO
Corporation, Tokyo, JP) (Rummenie et al., 2008; Ward et al., 2010). Rummenie and coworkers reported a



significant increase (p< 0.05) in TER values 5 minutes after smoking exposure (1.84 £ 1.19 vs 3.34 +
2.04 x 107 g cm™ s, respectively) and a significant decrease (p< 0.05) comparing 5-minute and 24-hour
pause after exposure (3.34 + 2.04 vs 2.13 + 0.91 x 107 g cm™? s, respectively) (Rummenie et al., 2008).
Similar results were found in a more recent study where a significant increase (p< 0.05) between the TER
before and after a 2-hour break after smoking exposure in non-smokers and non-CL wearers were
reported (2.2 (0.1-3.7) and 2.7 (0.4-6.5) 107 g cm™ s, respectively) (Ward et al., 2010).

4. Stability of tear film
Tear break-up time (TBUT) is used to evaluate the stability of the tear film and its measurement
represents one of the major clinical tests in DED diagnosis (Wolffsohn et al., 2017). This test can evaluate
the simultaneous contributions of the principal elements in the precorneal tear film, i.e., water, lipids, and
mucins. Traditionally, to measure TBUT, topical fluorescein is instilled into the inferior fornix of the
conjunctiva. Then, the patient is asked to blink three times and to look straight ahead without blinking.
Using a slit-lamp biomicroscope with the cobalt blue filter in place, the operator measures the interval
between the last blink and the appearance of the first dry spot, seen as a dark patch, that indicates a
breaking of the tear film in that area. Typically, the measurement is repeated three times because of its
poor repeatability (Vanley et al., 1977; Cho, 1991). Poor repeatability, reproducibility, and accuracy
represent the main criticisms of this approach, mainly as a consequence of the current impossibility of
standardization of the instilled fluorescein volume and concentration (Savini, 2008). Usually, TBUT is
measured in seconds and a value of less than 10 seconds is considered abnormal (Mengher et al., 1985),
although lower values have been suggested as the cut-off between normal tears and tears suggestive of
DED (Paugh et al., 2020).
Exposure to cigarette smoking has been associated with a statistically significant reduction of TBUT, as
reported by different authors (Satici et al., 2003; Altinors et al., 2006; Matsumoto et al., 2008; Thomas,
2012; Sayin et al., 2014; Aktas et al., 2017; Acar et al., 2017; Mohidin and Jaafar, 2020). Only two
studies reported similar values in smokers and in non-smokers (Table 1) (Agin et al., 2020; Muhafiz et al.,
2019).
Further studies have been performed to investigate the correlation between the number of cigarettes
smoked per day and the reduction of TBUT values. Few works (Yoon et al., 2005; Aktas et al., 2017;
Khalil et al., 2018) found an inverse correlation between the amount of smoked cigarettes and TBUT.
This correlation may also explain the variability of the mean TBUT values of smokers reported in the
different studies as described in Table 1.
Only one study has been conducted looking at TBUT amongst ECs users (“vapers”), where a reduction in

TBUT scores compared to the non-smoking group was seen (Isa et al., 2019).



With regard to passive smoking, studies are in good agreement with those conducted on active smokers
(both of tobacco and ECs). In fact, there is a significant decrease in the TBUT values in subjects exposed
to smoking, as reported in Table 2 (Rummenie et al., 2008; Ward et al., 2010).

Table 1. Summary of TBUT values for active smokers and non-smokers.

TBUT (s)

Study Smokers Non-smokers | Significant difference
(Satici et al., 2003) 11.9+538 149+55 Yes (p<0.05)
(Altinors et al., 2006) 5.4 (1-10) 11.2 Yes (p<0.05)
(Matsumoto et al., 2008) 3.2x0.7 142+24 Yes (p<0.001)
(Thomas, 2012) 7.26 + 1.86 11.28 + 1.27 Yes (p<0.001)
(Sayin et al., 2014) 8.24 +£2.39 11.15+1.94 Yes (p=0.000)
(Aktas et al., 2017) 8.14 + 3.49 13.67 + 4.69 Yes (p<0.001)
(Acar et al., 2017) 5.17 + 2.85 10.03 + 3.44 Yes (p<0.001)
(Khalil et al., 2018) 119+58 149+55 Yes (p<0.05)
(Muhafiz et al., 2019) 9.65+6.14 11.23+5.94 No
(Agm et al., 2020) 10.96 + 3.64 10.52 + 2.25 No
(Mohidin and Jaafar, 2020) | 3.24 £ 1.05 551+1.44 Yes (p=0.0001)

Study Vapers Non-smokers | Significant difference
(Isa et al., 2019) 2.68 (2.33-3.18) | 4.12 (3.56-5.07) | Yes (p<0.0001)

Table 2. Summary of TBUT values for non-smokers after and before exposure.

TBUT (s)
Significant Significant
Before ] ) )
] 5 min after difference 24 h after difference
Study smoking
exposure (before vs 5 exposure (before vs 24
exposure )

min after) h after)

(Rummenie et
9.30+3.34 5.90+2.94 Yes (p<0.05) 7.21+3.39 Yes (p<0.05)

al., 2008)
Significant
Before )
) 2 h after difference
Study smoking
exposure (beforevs 2 h
exposure
after)
(Ward et al.,
10 (3-17) 6.0 (2-13) (p<0.05)

2010)




5. Volume of tear film
The volume of tear film is assessed by several tests such as Schirmer’s test or similar, tear meniscus
height, and phenol red thread test (McGinnigle et al., 2012; Wolffsohn et al., 2017). Schirmer’s test is a
quantitative test used to evaluate the amount of the aqueous component of tear film (i.e., basal tear
secretion). The test can be performed with or without local anesthesia with both approaches able to detect
variations in the basal tear secretion, but the use of local anesthesia seems to assure a more reliable result
since reflex tearing is removed (Li et al., 2012). Schirmer’s test results, either with or without the addition
of an anesthetic, remain in general highly variable and poorly reproducible (Clinch, 1983; Cho and Yap,
1993).
When applied to smokers, research involving Schirmer’s tests is contradictory. Some studies reported that
Schirmer’s test results were significantly lower in the smoking group (Yoon et al., 2005; Sayin et al.,
2014; Khalil et al., 2018), whereas other works reported no significant difference between smoking and
non-smoking groups (Altinors et al., 2006; Matsumoto et al., 2008; Thomas, 2012; Aktas et al., 2017,
Acar et al., 2017; Muhafiz et al., 2019; Agin et al., 2020). On the other hand, Satici and coworkers, who
performed the test without local anesthesia, reported a significant increase of Schirmer’s test values for
smokers (Satici et al., 2003). The higher result in smokers compared to non-smokers in this study
conducted with no anesthesia (Satici et al., 2003) may suggest an increase in reflex tear secretion. In
another study (Aktas et al., 2017), the mean value was found to be higher in smokers, but the difference
was not statistically significant. Only one study has been conducted on vapers and non-smokers,
performing Schirmer’s test with topical anesthesia (Isa et al., 2019). The results showed a significant
increase in tear production in vapers compared to non-smokers.
When non-smokers were exposed to smoking, no significant difference was found in the mean Schirmer’s
test value before and after the exposure (Rummenie et al., 2008; Ward et al., 2010), as reported in Table
4,

Table 3. Summary of Schirmer’s test results for active smokers and non-smokers. with or without

anesthesia.
Schirmer’s test (mm of moisture on the filter paper in 5 minutes)
Study Anesthesia Smokers Non-smokers Significant
difference

(Satici et al., 2003) No 30.3+16.7 238+12.4 Yes (p<0.05)
(Yoon et al., 2005) Yes 6.29 + 2.85 10.04 + 3.87 Yes (p<0.05)
(Altinors et al., 2006) Yes 10.23 10.63 No
(Sayin et al., 2014) Yes 13.30 + 4.63 15.45 + 4.11 Yes (p<0.05)
(Acar et al., 2017) Yes 14.25 +5.94 15.48 + 7.01 No




TAktas etal., 2017) No 25.88 + 8.88 24.22 +8.92 No
(Agm et al., 2020) Yes 13.12 + 3.76 13.08 + 2.65 No
(Matsumoto et al., 2008) | No 133121 171+26 No
(Thomas, 2012) Yes 20.21 £ 6.62 19.12 +5.93 No
(Khalil et al., 2018) Yes 13.91£6.81 16.58 £7.41 Yes (p<0.05)
(Muhafiz et al., 2019) Yes 8.90 £ 4.95 13.08 £ 8.61 No
Anesthesia Vapers Non-smokers Stgnificant
difference
(Isaetal., 2019) Yes 14.5 (12.0-17.0) 8.0 (7.0-11.0) Yes (p=0.001)

Table 4. Summary of Schirmer’s test results for non-smokers after and before exposure.

Schirmer’s test (mm of moisture on the filter paper in 5 minutes)

) Significant Significant
Before 5min ) _
) ) difference | 24 h after | difference
Study Anesthesia smoking after
(before vs 5 | exposure (before vs
exposure exposure ]
min after) 24 h after)
(Rummenie et 19.35+ 18.95 %
No 19.25 +12.03 No (p>0.05) No (p>0.05)
al., 2008) 10.71 9.28
Significant
Before )
) ) 2 h after | difference
Study Anesthesia smoking
exposure | (before vs 2
exposure
h after)
(Ward et al.,
No 122+2.2 125+ 3.5 | No (p>0.05)
2010)

Tear film volume can also be evaluated by measuring the tear meniscus height. Only one study has

employed this test to compare tear volume in non-smokers and vapers (Isa et al., 2019). The results

showed a significant (p= 0.002) decrease in tear meniscus height in vapers (vaper group: 235.0 (210.0—

253.50) um; non-smoking group: 203.0 (193.0-225.5) um), suggesting that EC smoking reduces the tear

volume by increasing evaporation of the tear reservoir (Golding et al., 1997).

6. Tear osmolarity

In 2008, the US Food and Drug administration approved a TearLab osmometer (TearLab, San Diego, CA,

US) (Tashbayev et al., 2020), making tear osmolarity measurement available for clinical purposes. Since

then, osmolarity measurement has become a fast and straightforward diagnostic test, and other devices

have entered the market (Willcox et al., 2017). Tear film dysfunction and DED lead to an increase in tear



osmolarity values, mainly due to a higher concentration of sodium ions (Pflugfelder, 2011).
Hyperosmolarity has been suggested to play a key role in DED pathogenesis (Craig et al., 2017) and it is
considered the best current objective biomarker clue for a correct diagnosis (McGinnigle et al., 2012).
This parameter is directly correlated with tear evaporation and flow rate, whereas it has an inverse
behavior when compared to goblet cell density and granulocyte survival (Holland et al., 2013). A meta-
analysis provided a reference value of tear osmolarity in normal subjects, which corresponds to 302.0 +
9.7 mOsm/L (Tomlinson et al., 2006). An osmolarity above 308 mOsm/L has been defined to be a
potential diagnostic biomarker for DED (Lemp et al., 2011; Craig et al., 2017). A recent study focused on
the effect of smoking on the tear film osmolarity (Aktas et al., 2017). The reported values for the non-
smoking control group (301.14 + 7.04 mOsm/L) were found to be in good agreement with the reference
values reported in the literature. In contrast, the smoking group displayed a significant hyperosmolarity
(305.38 £ 9.81 mOsm/L, p<0.05). Based on a previous study on tear osmolarity (Li et al., 2004), the
authors suggested that this result is caused by tear film instability (Aktas et al., 2017).

7. Tear film ferning
Tear ferning (TF) test is based on characteristic crystallization patterns generated by drying a small
volume of tear sample (Masmali et al., 2014). A microscope is used to observe the TF patterns and they
are assigned a grade from a five-point grading scale (Masmali et al., 2015). A study performed on control
and DED patients evidenced that grades above 2 correspond to abnormal patterns (Masmali et al., 2015).
The same approach was employed to investigate the effect of smoking on the tear film, reporting TF
grades significantly higher in the smoking group (0.96 + 0.54) than in non-smoking controls (0.41 £ 0.38)
(Masmali et al., 2016).

8. Tear Lipids
The ocular surface is constantly exposed to oxidative stress caused by ultraviolet light and atmospheric
oxygen, enhancing the formation of reactive oxygen species (ROS) (Hammond et al., 2014), and a
decreasing presence of molecules with an antioxidant function, such as cysteine, glutathione, urate, and
tyrosine (Choy et al., 2001).
Cigarette smoking has strong effects on inflammation and oxidative stress, as demonstrated on humans,
animals, and in-vitro models (van der Vaart, 2004). It has been reported that each smoke puff carries a
large amount of free radicals (in tar and gas phase) and of oxidizing molecules that cause an enormous
oxidative stress at the eye level in smokers (Pryor, 1987; Duthie et al., 1993; Kirkham et al., 2004).
Lipids can be affected by oxidative attack of radicals, causing lipid peroxidation. The tear film lipid layer
plays a fundamental role in minimizing the evaporation of the aqueous component of the tear film in
physiologic states and in adverse environments (Doane, 1994). Thus, a damage of the lipid layer can lead
to tear film instability and subsequent dry eye symptoms.



Lipid layer abnormalities can be investigated by interferometry (Altinors et al., 2006). This technique,
based on the specular light reflected by the tear film, evidences the lipids spread. A normal tear film
generates a uniform grey pattern, whereas altered conditions result in multicolor non-uniform images. In
the study by Altinors and coworkers, control subjects had a smooth distribution (Altinors et al., 2006),
corresponding to grade 1 or 2 of the grading established by Yokoi and coworkers (Yokoi et al., 1996). For
both levels of the grading scale, the pattern is grey, but with different levels of uniformity. The smoking
group (smokers who smoked >20 cigarettes/day for >5 years), had higher grades of interferometry,
scoring 3 or 4. This means that their patterns were not uniform and presented a variable number of
different colors. Moreover, the images displayed many areas lacking lipid spread over the cornea. These
effects are often associated with dry eye changes and the subjects reported also clinical signs of this
pathology, such as burning, grittiness, foreign-body sensation, scratchiness.

A following study employed interferometry to measure the lipid spread time, determined as the time
necessary to obtain a stable layer fringe pattern after a complete blink (Matsumoto et al., 2008). The mean
lipid spread time was significantly higher in heavy smokers (2.5 £ 0.5 s) than in non-smoker controls (1.2
+ 0.2 s). Moreover, two types of lipid layer spread abnormality were observed in smokers, but not in non-
smoker controls: a complete lipid spread after a full blink followed by instant appearance of multiple
break-up points or an incomplete and irregular lipid spread.

The same approach was employed to study the effect of passive smoking, measuring the lipid spread time
5 minutes and 24 hours after smoking exposure (Rummenie et al., 2008). Passive smoking caused an
irregular and incomplete lipid spread over the ocular surface. Furthermore, the lipid spread time changed
significantly, increasing from 1.07 + 0.56 s before smoking exposure to 1.56 £ 0.72 sand 1.54 £ 0.35s 5
minutes and 24 hours after smoking exposure, respectively.

In order to investigate the connection between the lipid layer instability and the oxidative stress caused by
cigarette smoking, Matsumoto and coworkers measured the amount of hexanoyl-lysine (HEL), which is a
biomarker for initial stage of lipid oxidation (Kato et al., 2005). The mean tear HEL level was
significantly elevated in smokers (380 + 18 nmol/L) compared to non-smoker controls (336 + 20 nmol/L)
(Matsumoto et al., 2008). Passive smoking caused similar effects, increasing the mean tear HEL levels
(297 £ 66 nmol/L) of non-smoker controls to 330 = 51 and 409 + 188 nmol/L, 5 minutes and 24 hours
after smoking exposure, respectively. Despite this evidence, the increase in tear HEL levels could be
ascribed either to toxic changes resulting from lipid peroxidation or to a physiological response to an
increase in reactive oxygen species.

As far as lipids are concerned, it is worth mentioning that a possible explanation for tear film alteration
induced by smoking can be ascribed to changes in the meibomian glands (MG), which secrete lipids.
Among several negative effects on the anterior eye, smoking has been related to a statistically significant
decrease in MG density (Agin et al., 2020) and to MG loss of the upper eyelid (Muhafiz et al., 2019).
Smoking may cause a hyperkeratinization of orifices and excretory ducts, causing a block of meibum



expression that could lead to acinar atrophy. A similar obstructive process was proposed to be at the basis
of meibomian gland dysfunction (MGD) (Knop et al., 2011). Smoking is considered a risk factor for
MGD, and MGD-affected patients that smoke are associated with increased scores of lid margin
abnormality and a decrease in meibum secretion (Wang et al., 2016). Additionally, the lid margin

abnormality score was found to be significantly and positively correlated with the smoking index.

9. Tear proteins
Smoking affects not only the lipid layer, but also the proteins present in the aqueous layer underneath.
Heavy smokers have been reported to have an alteration of their tear protein profile (Grus et al., 2002;
Yoon et al., 2005; Uchino et al., 2016). A rapid approach to investigate protein abnormalities is by SDS-
PAGE (Sodium Dodecyl Sulphate - PolyAcrylamide Gel Electrophoresis), which separates proteins by
gel electrophoresis according to their molecular weight. Grus and coworkers compared non-smokers,
smokers, and severe smokers (>20 cigarettes/day), and reported no significant variation in the
concentration of the most abundant tear proteins, represented by lactoferrin, IgA, albumin, lipocalin, and
lysozyme (Grus et al., 2002). However, in this study there was a significant increase in the number of
proteins in tears of severe smokers. In particular, the region between 25-40 kDa was the most important in
discriminating between smokers and non-smokers. This can be ascribed to the oxidative damage of
proteins, leading to degradation and thus to an increase in smaller fragments, and to an altered body
vessel permeability to proteins (Grus et al., 2002).
In contrast with these results, a following study reported a significant decrease (p<0.05) in tear lysozyme
concentration (1217 £ 478 pg/mL in smokers, 1472 + 419 pg/mL in non-smokers) (Satici et al., 2003).
There are different explanations for low concentration of lysozyme in smoking subjects: this difference
may be explained either by the destruction of this enzyme in the conjunctival sac or by its binding to
toxins in the smoke or by dilution caused by excessive tearing in smokers or by chemical conjunctivitis
caused by smoking (Sen and Sarin, 1986). Smoking has been reported to cause a reduction not only in
lysozyme but also in mucin (MUC5AC) quantity (Uchino et al., 2016), a glycoprotein that is thought to
be responsible for the attainment of tear stability (Gipson et al., 2004). Indeed, in the study of Uchino and
coworkers, the smoking group had a significant lower MUC5AC concentration (4.1 + 3.9 ng/mg) than the
control group (7.6 9.3 ng/mg, p=0.024) (Uchino et al., 2016). A statistically significant reduction was
reported also for passive smoking. In a recent study, it has been highlighted that the number of MUC5AC
MRNA copies decreased drastically from 2036.00 + 1977.20 to 755.94 + 586.79 copies/ng at 24 hours
after smoking exposure (Rummenie et al., 2008). This reduction might be caused by the decrease in
conjunctival goblet cells, which solely secrete this major mucin. Nevertheless, a difference in cell density
between smokers and non-smokers is still controversial: a significant difference was reported in some

recent studies (Matsumoto et al., 2008; Uchino et al., 2016; Acar et al., 2017), but not in previous ones



(Satici et al., 2003; Yoon et al., 2005; Altinors et al., 2006). A drastic decrease in goblet cell density was
reported also 24 hours after smoking exposure (Rummenie et al., 2008).

Goblet cell density is strongly influenced by inflammatory states (Kinoshita, 1983; Tseng et al., 1984).
For this reason, a recent study focused on cytokines, which play a fundamental role in modulating the
immune response: all cytokines increased after smoking exposure, with a significant increase in

interleukin 6 levels 24 hours after exposure (Rummenie et al., 2008).

10. Discussion and conclusions
Most studies support the hypothesis that smoking is harmful to ocular health and detrimental to the tear
film. In fact, active, but also passive and ECs smoking, have been proven to reduce tear film stability and
quality. The mechanism is highly complex and still not fully understood because smoke interacts with
every component of the tear fluid, but it seems that the most critical aspect concerns the natural functions
of the lipid layer.
This review highlighted a strong consistency among studies regarding a significant decrease in TBUT
values in subjects exposed either to active or passive smoking. A possible mechanism underlying this
decrease in tear film stability could be ascribed to a damage of the lipid layer, caused by lipid
peroxidation by radicals (Pryor, 1987; Duthie et al., 1993; Kirkham et al., 2004). The alteration of the
lipid layer in smokers was directly demonstrated by employing interferometry (Altinors et al., 2006;
Matsumoto et al., 2008; Rummenie et al., 2008). Damage to the lipidic component causes an impairment
of its function of delaying the evaporation of the aqueous component of the tear film. Also with regard to
evaporation, TER was directly tested and found to be increased in smokers, as well as osmolarity (Aktas
et al., 2017). Specifically, the increase of TER has been associated with an irregular distribution of the
lipid layer for both active (Altinors et al., 2006; Matsumoto et al., 2008) and passive smoking (Rummenie
et al., 2008).
Another important effect of cigarette smoke exposition is the increasing ocular surface symptoms such as
dryness, burning, and itching sensation (Wieslander et al., 2000; Isa et al., 2019; Agin et al., 2020).
Li and coworkers have recently tried to elucidate the mechanism responsible for the dry eye symptoms
induced by cigarette smoke exposition on in-vitro cultured human corneal epithelial cells and in-vivo
ocular surfaces of mice (Li et al., 2020). They found that longer-term cigarette smoke exposure leads to
damage of ocular surfaces (defects and ultrastructural changes in corneal epithelial cells, decrease in
conjunctival goblet cell density, thickening of the corneal and conjunctival epithelium) and induces dry
eye symptoms in mice. This cell and tissue damage (i.e., apoptosis of the corneal and conjunctival
epithelia) leads to inflammation and pathological changes, which are mediated via the secretion of
proinflammatory cytokines IL-1p and IL-6, chiefly dependent on the activation of NF-kB. Damage of the
corneal epithelial cells has also been recently reported in vivo in humans as an effect of chronic cigarettes
smoking (Agm et al., 2020).



In order to mitigate or avoid the negative effects of smoke exposure on the tear film the best approach
would be a cessation, or at least a reduction, in smoking. If this is not possible, several options to manage
dry eye could be used (Jones et al., 2017). Prescribing artificial tear substitutes to increase the volume
(aqueous supplementation products) or to stabilize the tear film (viscosity-enhancing agents), which
ultimately reduce the hyperosmolarity shift (also osmoprotectants could be considered), might be
beneficial for smokers to avoid the ocular surface damage and the ignited inflammatory response,
especially in long-term perspective. Finally, antioxidant eye drops to prevent oxidative stress of smoking
could be considered, as well as lipid containing eye drops or sprays to directly impact the damage of the

lipid layer caused by oxidative attack of free radicals and oxidizing molecules carried by smoking.

References

Acar, D.E., Acar, U., Ozen Tunay, Z., Ozdemir, O., Germen, H., 2017. The effects of smoking on dry eye
parameters in healthy women. Cutan Ocul Toxicol 36, 1-4.
https://doi.org/10.3109/15569527.2015.1136828

Agm, A., Kocabeyoglu, S., Colak, D., Irkeg, M., 2020. Ocular Surface, Meibomian Gland Alterations,
and In Vivo Confocal Microscopy Characteristics of Corneas in Chronic Cigarette Smokers.
Graefes Arch Clin Exp Ophthalmol 258, 835-841. https://doi.org/10.1007/s00417-019-04547-0

Aktas, S., Tetikoglu, M., Kocak, A., Kocacan, M., Aktas, H., Sagdik, H.M., Ozcura, F., 2017. Impact of
Smoking on the Ocular Surface, Tear Function, and Tear Osmolarity. Current Eye Research 42,
1585-1589. https://doi.org/10.1080/02713683.2017.1362005

Alanazi, S.A., Abusharha, A., Fagehi, R., Alsagr, A.M., El-Hiti, G.A.-R., Alahmari, R.A., Alenazi, F.A.,
Alnassar, K.M., Masmali, A.M., 2019. Assessment of the Tear Evaporation Rate in Chronic
Smokers Using Delfin VapoMeter. International Journal of Ophthalmology & Visual Science 4,
37. https://doi.org/10.11648/j.ijovs.20190402.12

Altinors, D.D., Akea, S., Akova, Y.A., Bilezikei, B., Goto, E., Dogru, M., Tsubota, K., 2006. Smoking
Associated With Damage to the Lipid Layer of the Ocular Surface. American Journal of
Ophthalmology 141, 1016-1021.el. https://doi.org/10.1016/j.aj0.2005.12.047

Bertholon, J.F., Becquemin, M.H., Annesi-Maesano, |., Dautzenberg, B., 2013. Electronic Cigarettes: A
Short Review. Respiration 86, 433—438. https://doi.org/10.1159/000353253

Bitzer, Z.T., Goel, R., Reilly, S.M., Foulds, J., Muscat, J., Elias, R.J., Richie, J.P., 2018. Effects of
Solvent and Temperature on Free Radical Formation in Electronic Cigarette Aerosols. Chem. Res.
Toxicol. 31, 4-12. https://doi.org/10.1021/acs.chemrestox.7b00116

Brown, C.J., Cheng, J.M., 2014. Electronic cigarettes: product characterisation and design considerations.
Tob Control 23, ii4-ii10. https://doi.org/10.1136/tobaccocontrol-2013-051476

Chatham-Stephens, K., Law, R., Taylor, E., Kieszak, S., Melstrom, P., Bunnell, R., Wang, B., Day, H.,
Apelberg, B., Cantrell, L., Foster, H., Schier, J.G., 2016. Exposure Calls to U. S. Poison Centers
Involving Electronic Cigarettes and Conventional Cigarettes—September 2010-December 2014.
J. Med. Toxicol. 12, 350-357. https://doi.org/10.1007/s13181-016-0563-7

Cheng, A.C., Pang, C.P., Leung, A.T., Chua, J.K., Fan, D.S., Lam, D.S., 2000. The association between
cigarette smoking and ocular diseases. Hong Kong Med J 6, 195-202.

Cher, 1., 2008. A new look at lubrication of the ocular surface: fluid mechanics behind the blinking
eyelids. Ocul Surf 6, 79-86. https://doi.org/10.1016/s1542-0124(12)70271-9

Cho, P., 1991. Stability of the precorneal tear film: a review. Clinical and Experimental Optometry 74,
19-25. https://doi.org/10.1111/j.1444-0938.1991.tb04603.x

Cho, P., Yap, M., 1993. Schirmer Test. II. A Clinical Study of Its Repeatability: Optometry and Vision
Science 70, 157-159. https://doi.org/10.1097/00006324-199302000-00012

Choy, C.K., Cho, P., Chung, W.Y., Benzie, I.F., 2001. Water-soluble antioxidants in human tears: effect
of the collection method. Invest. Ophthalmol. Vis. Sci. 42, 3130-3134.



Clinch, T.E., 1983. Schirmer’s Test: A Closer Look. Arch Ophthalmol 101, 1383.
https://doi.org/10.1001/archopht.1983.01040020385009

Craig, J.P., Nichols, K.K., Akpek, E.K., Caffery, B., Dua, H.S., Joo, C.-K., Liu, Z., Nelson, J.D., Nichols,
J.J., Tsubota, K., Stapleton, F., 2017. TFOS DEWS Il Definition and Classification Report. The
Ocular Surface 15, 276-283. https://doi.org/10.1016/j.jt0s.2017.05.008

Doane, M.G., 1994. Abnormalities of the Structure of the Superficial Lipid Layer on the in Vivo Dry-Eye
Tear Film, in: Sullivan, D.A. (Ed.), Lacrimal Gland, Tear Film, and Dry Eye Syndromes. Springer
US, Boston, MA, pp. 489-493. https://doi.org/10.1007/978-1-4615-2417-5_82

Duthie, G.G., Arthur, J.R., Beattie, J.A.G., Brown, K.M., Morrice, P.C., Robertson, J.D., Shortt, C.T.,
Walker, K.A., James, W.P.T., 1993. Cigarette Smoking, Antioxidants, Lipid Peroxidation, and
Coronary Heart Disease. Ann NY Acad Sci 686, 120-129. https://doi.org/10.1111/].1749-
6632.1993.tb39165.x

El-Shazly, A.A.-F., El-Zawahry, W.M.A.E.R., Hamdy, A.M., Ahmed, M.B., 2012. Passive Smoking as a
Risk Factor of Dry Eye in Children. Journal of Ophthalmology 2012, 1-5.
https://doi.org/10.1155/2012/130159

Georgiev, G.A., Eftimov, P., Yokoi, N., 2017. Structure-function relationship of tear film lipid layer:
A contemporary perspective. Exp Eye Res 163, 17-28. https://doi.org/10.1016/j.exer.2017.03.013

Gipson, I.K., Hori, Y., Argueso, P., 2004. Character of Ocular Surface Mucins and Their Alteration in
Dry Eye Disease. The Ocular Surface 2, 131-148. https://doi.org/10.1016/S1542-0124(12)70149-
0

Goel, R., Durand, E., Trushin, N., Prokopczyk, B., Foulds, J., Elias, R.J., Richie, J.P., 2015. Highly
Reactive Free Radicals in Electronic Cigarette Aerosols. Chem. Res. Toxicol. 28, 1675-1677.
https://doi.org/10.1021/acs.chemrestox.5b00220

Golding, T.R., Bruce, A.S., Mainstone, J.C., 1997. Relationship between tear-meniscus parameters and
tear-film breakup. Cornea 16, 649-661.

Goto, E., Endo, K., Suzuki, A., Fujikura, Y., Matsumoto, Y., Tsubota, K., 2003. Tear Evaporation
Dynamics in Normal Subjects and Subjects with Obstructive Meibomian Gland Dysfunction.
Invest. Ophthalmol. Vis. Sci. 44, 533. https://doi.org/10.1167/iovs.02-0170

Grus, F.H., Sabuncuo, P., Augustin, A., Pfeiffer, N., 2002. Effect of smoking on tear proteins. Graefe’s
Arch Clin Exp Ophthalmol 240, 889-892. https://doi.org/10.1007/s00417-002-0539-y

Gupta, P., Muthukumar, A., 2018. Minor to Chronic Eye Disorders Due to Environmental Pollution: A
Review 2, 5.

Hammond, B.R., Johnson, B.A., George, E.R., 2014. Oxidative photodegradation of ocular tissues:
Beneficial effects of filtering and exogenous antioxidants. Experimental Eye Research 129, 135—
150. https://doi.org/10.1016/j.exer.2014.09.005

Holland, E.J., Mannis, M.J., Lee, W.B. (Eds.), 2013. Ocular surface disease: cornea, conjunctiva and tear
film. Elsevier/Saunders, London.

Isa, N.A.M., Koh, P.Y., Doraj, P., 2019. The Tear Function in Electronic Cigarette Smokers. Optom Vis
Sci 96, 678-685. https://doi.org/10.1097/0OPX.0000000000001422

Jones, L., Downie, L.E., Korb, D., Benitez-Del-Castillo, J.M., Dana, R., Deng, S.X., Dong, P.N.,
Geerling, G., Hida, R.Y., Liu, Y., Seo, K.Y., Tauber, J., Wakamatsu, T.H., Xu, J., Wolffsohn, J.S.,
Craig, J.P., 2017. TFOS DEWS Il Management and Therapy Report. Ocul Surf 15, 575-628.
https://doi.org/10.1016/j.jt0s.2017.05.006

Kato, Y., Mizukawa, N., Yano, J.-1., Hosokawa, T., Yoshida, A., Naito, M., Kawai, Y., Tsuji, K.,
Kitamoto, N., Kitamura, M., Osawa, T., 2005. Quantification of Advanced Glycation End Product
and Oxidative Stress Biomarkers in Human Urine. Annals of the New York Academy of Sciences
1043, 910-910. https://doi.org/10.1196/annals.1333.124

Kelly, S.P., Thornton, J., Edwards, R., Sahu, A., Harrison, R., 2005. Smoking and cataract: Review of
causal association: Journal of Cataract & Refractive Surgery 31, 2395-2404.
https://doi.org/10.1016/j.jcrs.2005.06.039

Khalil, H.E., Aboud, S., Azzab, M., 2018. Comparative study between smokers and nonsmokers
regarding dry eye. Delta J Ophthalmol 19, 9. https://doi.org/10.4103/DJO.DJO_25 17

Khan, J.C., 2006. Smoking and age related macular degeneration: the number of pack years of cigarette
smoking is a major determinant of risk for both geographic atrophy and choroidal



neovascularisation. British Journal of Ophthalmology 90, 75-80.
https://doi.org/10.1136/bj0.2005.073643

Kinoshita, S., 1983. Goblet Cell Density in Ocular Surface Disease: A Better Indicator Than Tear Mucin.
Arch Ophthalmol 101, 1284. https://doi.org/10.1001/archopht.1983.01040020286025

Kirkham, P.A., Spooner, G., Rahman, I., Rossi, A.G., 2004. Macrophage phagocytosis of apoptotic
neutrophils is compromised by matrix proteins modified by cigarette smoke and lipid peroxidation
products. Biochemical and Biophysical Research Communications 318, 32-37.
https://doi.org/10.1016/j.bbrc.2004.04.003

Knop, E., Knop, N., Millar, T., Obata, H., Sullivan, D.A., 2011. The international workshop on
meibomian gland dysfunction: report of the subcommittee on anatomy, physiology, and
pathophysiology of the meibomian gland. Invest Ophthalmol Vis Sci 52, 1938-1978.
https://doi.org/10.1167/iovs.10-6997¢

Kosmider, L., Sobczak, A., Fik, M., Knysak, J., Zaciera, M., Kurek, J., Goniewicz, M.L., 2014. Carbonyl
Compounds in Electronic Cigarette Vapors: Effects of Nicotine Solvent and Battery Output
Voltage. Nicotine & Tobacco Research 16, 1319-1326. https://doi.org/10.1093/ntr/ntu078

Lemp, M.A., Bron, A.J., Baudouin, C., Benitez del Castillo, J.M., Geffen, D., Tauber, J., Foulks, G.N.,
Pepose, J.S., Sullivan, B.D., 2011. Tear Osmolarity in the Diagnosis and Management of Dry Eye
Disease. American Journal of Ophthalmology 151, 792-798.e1.
https://doi.org/10.1016/j.aj0.2010.10.032

Li, D.-Q., Chen, Z., Song, X.J., Luo, L., Pflugfelder, S.C., 2004. Stimulation of Matrix
Metalloproteinases by Hyperosmolarity via a JNK Pathway in Human Corneal Epithelial Cells.
Invest. Ophthalmol. Vis. Sci. 45, 4302. https://doi.org/10.1167/iovs.04-0299

Li, J., Zhang, G., Nian, S., Lv, Y., Shao, Y., Qiao, N., Liang, R., Huang, L., Luo, A., 2020. Dry eye
induced by exposure to cigarette smoke pollution: An in vivo and in vitro study. Free Radic Biol
Med 153, 187-201. https://doi.org/10.1016/j.freeradbiomed.2020.04.007

Li, N., Deng, X.-G., He, M.-F., 2012. Comparison of the Schirmer I test with and without topical
anesthesia for diagnosing dry eye. Int J Ophthalmol 5, 478-481.
https://doi.org/10.3980/j.issn.2222-3959.2012.04.14

Lois, N., Abdelkader, E., Reglitz, K., Garden, C., Ayres, J.G., 2008. Environmental tobacco smoke
exposure and eye disease. British Journal of Ophthalmology 92, 1304-1310.
https://doi.org/10.1136/bj0.2008.141168

Margham, J., McAdam, K., Forster, M., Liu, C., Wright, C., Mariner, D., Proctor, C., 2016. Chemical
Composition of Aerosol from an E-Cigarette: A Quantitative Comparison with Cigarette Smoke.
Chem. Res. Toxicol. 29, 1662-1678. https://doi.org/10.1021/acs.chemrestox.6b00188

Masmali, A.M., AL-Qhtani, S., Al-Gasham, T.M., El-Hiti, G.A., Purslow, C., Murphy, P.J., 2015.
Application of a new grading scale for tear ferning in non-dry eye and dry eye subjects. Contact
Lens and Anterior Eye 38, 39-43. https://doi.org/10.1016/j.clae.2014.09.007

Masmali, A.M., Al-Shehri, A., Alanazi, S.A., Abusharaha, A., Fagehi, R., EI-Hiti, G.A., 2016.
Assessment of Tear Film Quality among Smokers Using Tear Ferning Patterns. Journal of
Ophthalmology 2016, 1-5. https://doi.org/10.1155/2016/8154315

Masmali, A.M., Purslow, C., Murphy, P.J., 2014. The tear ferning test: a simple clinical technique to
evaluate the ocular tear film: The tear ferning test. Clin Exp Optom 97, 399-406.
https://doi.org/10.1111/cx0.12160

Matsumoto, Y., Dogru, M., Goto, E., Sasaki, Y., Inoue, H., Saito, I., Shimazaki, J., Tsubota, K., 2008.
Alterations of the tear film and ocular surface health in chronic smokers. Eye (Lond) 22, 961-968.
https://doi.org/10.1038/eye.2008.78

McGinnigle, S., Naroo, S.A., Eperjesi, F., 2012. Evaluation of Dry Eye. Survey of Ophthalmology 57,
293-316. https://doi.org/10.1016/j.survophthal.2011.11.003

Mengher, L.S., Bron, A.J., Tonge, S.R., Gilbert, D.J., 1985. Effect of fluorescein instillation on the pre-
corneal tear film stability. Current Eye Research 4, 9-12.
https://doi.org/10.3109/02713688508999961

Mohidin, N., Jaafar, A.B., 2020. Effect of Smoking on Tear Stability and Corneal Surface. J Curr
Ophthalmol 32, 232-237. https://doi.org/10.4103/JOCO.JOCO_70_20



Moss, S.E., 2000. Prevalence of and Risk Factors for Dry Eye Syndrome. Arch Ophthalmol 118, 1264.
https://doi.org/10.1001/archopht.118.9.1264

Muhafiz, E., Aslan Bayhan, S., Bayhan, H.A., Gurdal, C., 2019. Effects of chronic smoking on the
meibomian glands. Int Ophthalmol 39, 2905-2911. https://doi.org/10.1007/s10792-019-01139-z

Paugh, J.R., Tse, J., Nguyen, T., Sasai, A., Chen, E., De Jesus, M.T., Kwan, J., Nguyen, A.L., Farid, M.,
Garg, S., Jester, J.V., 2020. Efficacy of the Fluorescein Tear Breakup Time Test in Dry Eye.
Cornea 39, 92-98. https://doi.org/10.1097/1C0O.0000000000002148

Pflugfelder, S.C., 2011. Tear Dysfunction and the Cornea: LXVIII Edward Jackson Memorial Lecture.
American Journal of Ophthalmology 152, 900-909.e1. https://doi.org/10.1016/j.a2j0.2011.08.023

Pryor, W.A., 1987. Cigarette smoke and the involvement of free radical reactions in chemical
carcinogenesis. Br. J. Cancer Suppl. 8, 19-23.

Rummenie, V.T., Matsumoto, Y., Dogru, M., Wang, Y., Hu, Y., Ward, S.K., lgarashi, A., Wakamatsu, T.,
Ibrahim, O., Goto, E., Luyten, G., Inoue, H., Saito, I., Shimazaki, J., Tsubota, K., 2008. Tear
cytokine and ocular surface alterations following brief passive cigarette smoke exposure. Cytokine
43, 200-208. https://doi.org/10.1016/j.cyt0.2008.05.011

Satici, A., Bitiren, M., Ozardali, I., Vural, H., Kilic, A., Guzey, M., 2003. The effects of chronic smoking
on the ocular surface and tear characteristics: a clinical, histological and biochemical study. Acta
Ophthalmol Scand 81, 583-587. https://doi.org/10.1111/j.1395-3907.2003.00158.x

Savini, G., 2008. The challenge of dry eye diagnosis. OPTH 31. https://doi.org/10.2147/OPTH.S1496

Sayin, N., Kara, N., Pekel, G., Altinkaynak, H., 2014. Effects of chronic smoking on central corneal
thickness, endothelial cell, and dry eye parameters. Cutaneous and Ocular Toxicology 33, 201—
205. https://doi.org/10.3109/15569527.2013.832688

Sen, D.K,, Sarin, G.S., 1986. Biological variations of lysozyme concentration in the tear fluids of healthy
persons. British Journal of Ophthalmology 70, 246-248. https://doi.org/10.1136/bjo.70.4.246

Smith, C.J., Hansch, C., 2000. The relative toxicity of compounds in mainstream cigarette smoke
condensate. Food and Chemical Toxicology 38, 637—-646. https://doi.org/10.1016/S0278-
6915(00)00051-X

Solberg, Y., Rosner, M., Belkin, M., 1998. The Association Between Cigarette Smoking and Ocular
Diseases. Survey of Ophthalmology 42, 535-547. https://doi.org/10.1016/S0039-6257(98)00002-
2

Stahl, U., Willcox, M., Stapleton, F., 2012. Osmolality and tear film dynamics. Clinical and Experimental
Optometry 95, 3-11. https://doi.org/10.1111/j.1444-0938.2011.00634.x

Stapleton, F., Alves, M., Bunya, V.Y, Jalbert, I., Lekhanont, K., Malet, F., Na, K.-S., Schaumberg, D.,
Uchino, M., Vehof, J., Viso, E., Vitale, S., Jones, L., 2017. TFOS DEWS Il Epidemiology Report.
The Ocular Surface 15, 334-365. https://doi.org/10.1016/j.jt0s.2017.05.003

Stone, R.A., 2006. Associations between Childhood Refraction and Parental Smoking. Investigative
Ophthalmology & Visual Science 47, 4277-4287. https://doi.org/10.1167/iovs.05-1625

Tashbayev, B., Utheim, T.P., Utheim, @.A., Reeder, S., Jensen, J.L., Yazdani, M., Lagali, N., Vitelli, V.,
Dartt, D.A., Chen, X., 2020. Utility of Tear Osmolarity Measurement in Diagnosis of Dry Eye
Disease. Scientific Reports 10, 5542. https://doi.org/10.1038/s41598-020-62583-x

Tayyarah, R., Long, G.A., 2014. Comparison of select analytes in aerosol from e-cigarettes with smoke
from conventional cigarettes and with ambient air. Regulatory Toxicology and Pharmacology 70,
704-710. https://doi.org/10.1016/j.yrtph.2014.10.010

Thomas, J., 2012. The effect of smoking on the ocular surface and the precorneal tear film. AMJ 5, 221—
226. https://doi.org/10.4066/AMJ.2012.1035

Tomlinson, A., Khanal, S., 2005. Assessment of Tear Film Dynamics: Quantification Approach. The
Ocular Surface 3, 81-95. https://doi.org/10.1016/S1542-0124(12)70157-X

Tomlinson, A., Khanal, S., Ramaesh, K., Diaper, C., McFadyen, A., 2006. Tear Film Osmolarity:
Determination of a Referent for Dry Eye Diagnosis. Invest. Ophthalmol. Vis. Sci. 47, 43009.
https://doi.org/10.1167/iovs.05-1504

Tseng, S.C.G., Hirst, L.W., Maumenee, A.E., Kenyon, K.R., Sun, T.-T., Green, W.R., 1984. Possible
Mechanisms for the Loss of Goblet Cells in Mucin-deficient Disorders. Ophthalmology 91, 545—
552. https://doi.org/10.1016/S0161-6420(84)34251-8



Uchino, Y., Uchino, M., Yokoi, N., Dogru, M., Kawashima, M., Komuro, A., Sonomura, Y., Kato, H.,
Argleso, P., Kinoshita, S., Tsubota, K., 2016. Impact of Cigarette Smoking on Tear Function and
Correlation between Conjunctival Goblet Cells and Tear MUC5AC Concentration in Office
Workers. Sci Rep 6, 27699. https://doi.org/10.1038/srep27699

Unger, J.B., Escobedo, P., Allem, J.-P., Soto, D.W., Chu, K.-H., Cruz, T., 2016. Perceptions of
Secondhand E-cigarette Aerosol among Twitter Users. tobacco reg sci 2, 146-152.
https://doi.org/10.18001/TRS.2.2.5

United States Surgeon General, 2014. The Health Consequences of Smoking -- 50 Years of progress: A
Report of the Surgeon General: (510072014-001). https://doi.org/10.1037/e510072014-001

van der Vaart, H., 2004. Acute effects of cigarette smoke on inflammation and oxidative stress: a review.
Thorax 59, 713-721. https://doi.org/10.1136/thx.2003.012468

Vanley, G.T., Leopold, I.H., Gregg, T.H., 1977. Interpretation of Tear Film Breakup. Archives of
Ophthalmology 95, 445-448. https://doi.org/10.1001/archopht.1977.04450030087010

Wang, S., Zhao, H., Huang, C., Li, Z., Li, W., Zhang, X., Liu, Z., 2016. Impact of Chronic Smoking on
Meibomian Gland Dysfunction. PLOS ONE 11, e0168763.
https://doi.org/10.1371/journal.pone.0168763

Ward, S.K., Dogru, M., Wakamatsu, T., Ibrahim, O., Matsumoto, Y., Kojima, T., Sato, E.A., Ogawa, J.,
Schnider, C., Negishi, K., Tsubota, K., 2010. Passive Cigarette Smoke Exposure and Soft Contact
Lens Wear: Optometry and Vision Science 1. https://doi.org/10.1097/0PX.0b013e3181d95188

Wieslander, G., Lindgren, T., Norbéack, D., Venge, P., 2000. Changes in the ocular and nasal signs and
symptoms of aircrews in relation to the ban on smoking on intercontinental flights. Scand J Work
Environ Health 26, 514-522. https://doi.org/10.5271/sjweh.576

Willcox, M.D.P., Argleso, P., Georgiev, G.A., Holopainen, J.M., Laurie, G.W., Millar, T.J., Papas, E.B.,
Rolland, J.P., Schmidt, T.A., Stahl, U., Suarez, T., Subbaraman, L.N., Ucakhan, O.0., Jones, L.,
2017. TFOS DEWS Il Tear Film Report. The Ocular Surface 15, 366—403.
https://doi.org/10.1016/j.jt0s.2017.03.006

Wolffsohn, J.S., Arita, R., Chalmers, R., Djalilian, A., Dogru, M., Dumbleton, K., Gupta, P.K., Karpecki,
P., Lazreg, S., Pult, H., Sullivan, B.D., Tomlinson, A., Tong, L., Villani, E., Yoon, K.C., Jones,
L., Craig, J.P., 2017. TFOS DEWS Il Diagnostic Methodology report. Ocul Surf 15, 539-574.
https://doi.org/10.1016/j.jt0s.2017.05.001

Wong, S., Murphy, P.J., Jones, L., 2018. Tear evaporation rates: What does the literature tell us? Contact
Lens and Anterior Eye 41, 297-306. https://doi.org/10.1016/j.clae.2017.12.003

Yokoi, N., Takehisa, Y., Kinoshita, S., 1996. Correlation of Tear Lipid Layer Interference Patterns With
the Diagnosis and Severity of Dry Eye. American Journal of Ophthalmology 122, 818-824.
https://doi.org/10.1016/S0002-9394(14)70378-2

Yoon, K.-C., Song, B.-Y., Seo, M.-S., 2005. Effects of Smoking on Tear Film and Ocular Surface.
Korean J Ophthalmol 19, 18. https://doi.org/10.3341/kjo0.2005.19.1.18



HIGHLIGHTS

e Active, passive and e-cigarette smoking affects tear film

e Passive and e-cigarette smoking effects on tear film are similar to active smoking
e Smoking causes lipid oxidation, damaging the lipid layer

o Smoking alters tear volume, stability, ferning, osmolarity and composition

e Asingle test is not sufficient to describe the effect of smoking on tear film



