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Cosmetic products, such as mascara, eye shadow, eyeliner and eye makeup remover are used extensively to
highlight the eyes or clean the eyelids, and typically contain preservatives to prevent microbial growth. These
preservatives include benzalkonium chloride (BAK) and formaldehyde (FA)-releasing preservatives. We hypothesize that these preservatives, at concentrations (BAK = 1 mg/ml; FA = 0.74 mg/ml) approved for consumer use, are toxic to human ocular surface and adnexal cells. Accordingly, we tested the inﬂuence of BAK and
FA on the morphology, survival, and proliferation and signaling ability of immortalized human meibomian gland
(iHMGECs), corneal (iHCECs) and conjunctival (iHConjECs) epithelial cells. iHMGECs, iHCECs and iHConjECs
were cultured with diﬀerent concentrations of BAK (5 μg/ml to 0.005 μg/ml) or FA (1 mg/ml to 1 μg/ml) under
basal, proliferating or diﬀerentiating conditions up to 7 days. We used low BAK levels, because we found that
0.5 mg/ml and 50 μg/ml BAK killed iHMGECs within 1 day after a 15 min exposure. Experimental procedures
included analyses of cell appearance, cell number, and neutral lipid content (LipidTox), lysosome accumulation
(LysoTracker) and AKT signaling in all 3 cell types. Our results demonstrate that BAK and FA cause dose-dependent changes in the morphology, survival, proliferation and AKT signaling of iHMGECs, iHCECs and
iHConjECs. Many of the concentrations tested induced cell atrophy, poor adherence, decreased proliferation and
death, after 5 days of exposure. Cellular signaling, as indicated by AKT phosphorylation after 15 (FA) or 30
(BAK) minutes of treatment, was also reduced in a dose-dependent fashion in all 3 cell types, irrespective of
whether cells had been cultured under proliferating or diﬀerentiating conditions. Our results support our hypothesis and demonstrate that the cosmetic preservatives, BAK and FA, exert many toxic eﬀects on cells of the
ocular surface and adnexa.

1. Introduction
The United States has the largest cosmetics market in the world,
with revenue exceeding $62 billion in 2016.(MarketResearch.com,
2016) It has been reported that the average woman in the United States
uses 12 cosmetic products daily, and the average man uses six
(Exposures add up - Survey results, 2017; O'Dell et al., 2016). However,
few people pay attention to the dark side of the cosmetics. More than
12,000 chemicals are used in cosmetics. Many of these are synthetic
and industrial chemicals, and less than 20% have been proven to be
safe, (Anne Houtman, 2013; O'Dell et al., 2016). Once absorbed into the
body through dermal penetration, these agents can act as carcinogens,

endocrine disruptors, neurotoxins, mutagens and reproductive toxins
(O'Dell et al., 2016; Rawlins, 2017).
Despite the prevalence of their use, United States law does not
regulate cosmetic products or their ingredients, and FDA approval is not
required before new cosmetics go on the market. In contrast, the
Cosmetics Directive of the European Union (EU) sets limits to concentrations of ingredients in consumer products(Administration; EUROPEAN UNION, 2009).
Many of the chemicals used in cosmetics are added as preservatives
(O'Dell et al., 2016). Because many consumers infrequently replace
their cosmetic products, preservatives are widely added to prevent
bacterial and fungal contamination. One of the most common

Abbreviations: BAK, benzalkonium chloride; FA, formaldehyde; iHMGECs, immortalized human meibomian gland epithelial cells; iHCECs, immortalized human corneal epithelial cells;
iHConjECs, immortalized human conjunctival epithelial cells; EU, European Union; DED, Dry Eye Disease; IARC, International Agency for Research on Cancer; EGF, epidermal growth
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Fig. 1. Impact of BAK on the survival and proliferative ability of iHMGECs, iHCECs and iHConjECs. Cells were treated with vehicle or BAK in the presence or absence of growth
supplements for 5 days before cell counting. BAK induced toxic morphological changes in iHMGECs, iHCECs and iHConjECs. All images are 200× magniﬁcation. Scale bar is 50 μm (A, C,
E). Results are reported as mean ± SE. *p < 0.05, †p < 0.001 (B, D, F). Signiﬁcance signs reﬂect comparisons between basal conditions with or without BAK, or growth factorcontaining cultures with or without BAK. Data from one experiment are shown as a representative of three studies performed under the same conditions.

Noecker, 2008; Martone et al., 2009; Noecker et al., 2004; Pisella et al.,
2004; Tressler et al., 2011). The 2017 TFOS DEWS II Report reported
that BAK may cause or aggravate Dry Eye Disease (DED) through various mechanisms(Gomes et al., 2017). In the EU, BAK is authorized for
use in cosmetic products at maximum concentrations of 0.1% (1 mg/
ml)(EUROPEAN UNION, 2009). Administration of topical drugs containing BAK can lead to much higher prevalence of ocular surface disorders including irritation, burning, stinging, itching and foreign body
sensation, as well as to conjunctival hyperaemia, blepharitis, and
failure of glaucoma surgery(Boimer and Birt, 2013).
Formaldehyde (FA)-releasing compounds are another class of

preservatives used in cosmetics is benzalkonium chloride (BAK)
(EUROPEAN UNION, 2009; Malik and Claoue, 2012; O'Dell et al., 2016;
Review, 2012; Scheman, 2000). BAK is a quaternary ammonium, belonging to a family of detergent preservatives and cationic surfactants.
Because of its antimicrobial activity, BAK is used as an active ingredient
in many consumer products, including pharmaceutical products, cosmetics and some disinfectant solutions(Noecker, 2001). In addition to
its role as an active ingredient, BAK is also the most commonly used
preservative in topical ophthalmic solutions. However, it has been reported to be cytotoxic to corneal and conjunctival epithelial cells in
numerous in vitro and in vivo models (Baudouin et al., 2008; Kahook and
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As a result, in subsequent studies, each treatment concentration group
was seeded in a single plate. To determine the eﬀects of each reagent on
proliferation, cells were cultured for 5 days with BAK, FA or vehicle and
counted using a hemocytometer. Cellular morphology was examined
with a phase-contrast microscope.

preservatives widely used in cosmetic products(O'Dell et al., 2016;
Scheman, 2000). These compounds have an easily detachable FA
moiety, allowing them to gradually release small amounts of FA at
room temperature. There are ﬁve FA-releasing preservatives commonly
used in the United States: DMDM-hydantoin; quaternium-15; imidazolidinyl urea; diazolidinyl urea; and 2-bromo-2-nitropropane-1, 3-diol
(O'Dell et al., 2016; Scheman, 2000). Despite its prevalence in cosmetics, most studies investigating FA exposure focus on occupational
exposure in pathology and anatomy laboratories. The mutagenic, carcinogenic and pro-allergenic potential(Schmid and Speit, 2007; Speit
et al., 2007) of FA has prompted increasing public health attention. The
International Agency for Research on Cancer (IARC) classiﬁes FA as
carcinogenic to humans, based on evidence in humans and animals
studies and “strong but not suﬃcient evidence for a causal association
between
leukemia
and
occupational
exposure
to
formaldehyde.”(CANCER, 2004) In studies in vitro, cytotoxic eﬀects of
FA have been identiﬁed in human bronchial epithelial cells, HUV-EC-C
human endothelial cells, natural killer cells, lymphocytes (Li et al.,
2013; Schmid and Speit, 2007; Tyihak et al., 2001; Yaqng et al., 2016),
and rabbit corneal epithelial cells(Lai et al., 2013). The maximum limit
of FA in EU is in cosmetics is 0.2% (2 mg/ml)(EUROPEAN UNION,
2009). More recently, a cosmetic ingredient review (CIR) panel deemed
in 2012 that topical cosmetics should not contain FA more than 0.074%
(0.74 mg/ml)(Review, 2012). Studies have shown that FA levels between 0.5 and 1.0 ppm (0.5–1.0 μg/ml, or 0.00005–0.0001%) can cause
ocular irritation, including increased blinking frequency and conjunctival redness, and concentrations above 1.0 ppm can irritate the
nose and throat(Lang et al., 2008).
Given the known ocular surface uptake of BAK following topical
exposure(Champeau and Edelhauser, 1986), and the fact that FA is one
of the most rapidly penetrating tissue ﬁxatives(Burnett, 1982), we hypothesize that these cosmetic preservatives are harmful not only to
corneal and conjunctival epithelial cells, but also to human meibomian
gland epithelial cells. To begin to test our hypothesis, we investigated
the eﬀects of BAK and FA on the survival, proliferation, morphology,
signaling, and/or lipid expression of immortalized human meibomian
gland epithelial cells (iHMGECs). For comparative purposes, we also
evaluated the eﬀects of BAK and FA on immortalized human corneal
(iHCECs) and conjunctival (iHConjECs) epithelial cells.

2.2. Lipid analyses
To promote diﬀerentiation of iHMGECs, cells were cultured in a
50:50 mixture of DMEM/F12 (Mediatech, Inc., Manassas, VA), supplemented with 10% FBS (Thermo Fisher Scientiﬁc), as previously described(Sullivan et al., 2014) When indicated, Azithromycin (AZM,
10 μg/ml) was also added to the culture medium, because AZM is a
potent stimulator of iHMGEC diﬀerentiation(Liu et al., 2014a). After
treatment with BAK, FA, or vehicle, in the presence or absence of AZM
for 7 days, cells were exposed to LysoTracker Red DND-99 (50 nM;
Thermo Fisher Scientiﬁc) for 30 min, ﬁxed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 30 min, stained with LipidTOX
green neutral lipid stain (1:500, Thermo Fisher Scientiﬁc) for 2 h, and
mounted using ProLong Gold antifade reagent (Thermo Fisher Scientiﬁc). Slides were viewed using an Eclipse E800 ﬂuorescent microscope
and images captured with NIS-Elements Basic Research software, version 4.2 (Nikon Instruments, Melville, NY) (Liu and Ding, 2014; Liu
et al., 2014a, 2016, 2014b, 2015). Intensities were quantiﬁed using
ImageJ.(http://imagej.nih.gov/ij/; provided in the public domain by
the National Institutes of Health, Bethesda, MD).
2.3. SDS-PAGE and immunoblot
Cells were cultured in KSFM with EGF and BPE to 80% conﬂuence,
then a) starved in KSFM without supplements overnight or b) grown in
DMEM/F12 containing 10% FBS for 6 days, followed by starving in 1%
FBS overnight, as previously described(Ding and Sullivan, 2014). Cells
were subsequently treated with BAK for 30 min or FA for 15 min. After
treatment, cells were lysed in Laemmli buﬀer (Bio-Rad Laboratories,
Hercules, CA) supplemented with 1% protease inhibitor cocktail,
200 μM sodium orthovanadate and 5% β-mercaptoethanol (all from
Sigma-Aldrich Corp.), denatured at 95 °C for 10 min, separated by SDSPAGE on 4%–20% Tris-glycine gels (Thermo Fisher Scientiﬁc), and
transferred to polyvinylidene diﬂuoride (PVDF). Membranes were incubated with primary antibodies speciﬁc to phospho-phosphoinositide
3-kinase-protein kinase B (P-AKT) (1:4000, rabbit) or β-actin (1:10,000,
mouse; both from Cell Signaling Technology, Danvers, MA), followed
by horseradish peroxidase (HRP)-conjugated goat anti-rabbit or goat
anti-mouse IgG secondary antibodies (1:5000, Sigma-Aldrich Corp.).
Blocking and antibody incubation were performed in Tris-buﬀered
saline containing 5% bovine serum albumin and 0.1% Tween 20. Proteins were visualized with Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientiﬁc, Rockford, IL) using a G-Box gel documentation station (Syngene, Frederick, MD). Image analysis and densitometry
were performed by ImageJ.

2. Materials and methods
2.1. Cell culture
iHCECs (Robertson et al., 2005)were provided by Dr. James V.
Jester (Irvine, CA), iHConjECs (Gipson et al., 2003) were provided by
Dr. Ilene Gipson (Boston, MA), and iHMGECs (Liu et al., 2010)were
generated in our laboratory. Epithelial cells were cultured in keratinocyte serum-free medium (KSFM), supplemented with 5 ng/ml epidermal growth factor (EGF) and 50 μg/mL bovine pituitary extract
(BPE) (Thermo Fisher Scientiﬁc, Grand Island, NY). This supplemented
medium has been shown to induce proliferation of iHMGECs (Liu et al.,
2013), and to be eﬀective in our laboratory in promoting growth of
iHCECs and iHConjECs (see Fig. 1). Cells (n = 3 wells/treatment/experiment) were treated with varying concentrations of benzalkonium
chloride (BAK, Sigma-Aldrich, St. Louis, MO) or formaldehyde (FA,
Electron Microscopy Sciences, Hatﬁeld, PA). Initial treatment concentrations were selected based on cosmetic preservative concentrations approved for consumer use (BAK = 1 mg/ml; FA = 0.74 mg/ml).
We decreased BAK levels because we found in our preliminary studies
that 0.5 mg/ml and 50 μg/ml BAK killed iHMGECs within 1 day after a
single 15 min exposure (data not shown). The following doses were
selected for all further studies: BAK, 0.5 ng/ml to 5 μg/ml; FA, 0.1 μg/
ml to 1 mg/ml. In our pilot study we found that cellular exposure to
high concentrations of FA led to FA vapor release from the treated wells
and the death all of the cells in the culture plate within several hours.

2.4. Statistical analyses
One-way analysis of variance was performed using Prism 7
(GraphPad Software, Inc., La Jolla, CA). Each experiment was performed in triplicate under the same conditions and repeated at least 3
times.
3. Results
3.1. Inﬂuence of BAK and FA on proliferation of human ocular surface and
adnexal cells
In order to test our hypothesis that BAK and FA are toxic to human
ocular surface and adnexal cells at concentrations approved for
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4. Discussion

consumer use, we treated cells (n = 3 wells/treatment/experiment)
with various doses of BAK or FA in KSFM with or without EGF and BPE
for 5 days.

Our ﬁndings show that BAK and FA cause a dose-dependent decrease in cell survival, proliferation and AKT signaling in iHCECs,
iHConjECs and iHMGECs. Our results support our hypothesis that BAK
and FA are toxic to iHMGECs, as well as to iHCECs and iHConjECs, and
aﬀect their morphology, survival and proliferation capacity. The concentrations of these two cosmetic preservatives used in our study
ranged from the approved levels to hundreds- or even thousands-fold
lower concentrations, yet they led to cellular atrophy, poor adherence,
and death. By contrast, exposure did not interfere with the ability of
AZM to stimulate cellular neutral lipid and lysosome accumulation in
iHMGECs.
The eﬀects of topical drugs on corneal and conjunctiva epithelial
cells have been investigated in short-term studies (≤30 min treatment)
(Epstein et al., 2009; Lai et al., 2013; Noecker et al., 2004; Paimela
et al., 2012), likely because it is thought that the compounds will be
washed out within minutes. However, BAK has a long half-life retention
in tissues (e.g. 20 h in the corneal and conjunctival epithelium and 11 h
in deeper conjunctival structures) and can be found 168 h after a single
30 μl drop of 0.01% BAK in rabbits(Champeau and Edelhauser, 1986).
Furthermore most cosmetics users apply these products, which consistently remain unless make-up remover is applied, at least once each
day. A long-term study would be better to test the eﬀects of cosmetic
ingredients on the ocular surface.
In this study, we exposed cells to BAK and FA from the approved
levels (1 mg/ml BAK, 0.74–2 mg/ml FA) to much lower concentrations
(0.005 μg/ml BAK, 1 μg/ml FA) for an extended period (5–7 days), to
mimic the daily use of preservative-containing cosmetics. Of particular
interest, 1 mg/ml FA, which is 50% of the EU-approved limit, ﬁxed the
ocular surface and adnexal cells within a short period of time; this
process is irreversible. Moreover, at concentrations hundreds-fold
below the approved levels, BAK and FA killed all the cells within 18 h.
Even at concentrations that are 20,000 fold lower (0.005 μg/ml vs
1 mg/ml BAK) and 740-2000 fold lower (1 μg/ml FA vs 0.74–2 mg/ml
FA) than their limits in commercial products, BAK and FA are toxic to
all 3 ocular cell lines tested.
No data about the bioaccumulation and tissue concentration of BAK
or FA in humans have been published. However, because the doses that
we used are hundreds-to thousands-fold lower than the approved
commercial concentrations, it is more than likely that the tissue concentrations that accumulate in cosmetic users are included in our study.
Given that our studies were limited to cellular exposure in vitro, pharmacokinetic studies in vivo are necessary to determine the extent to
which these topical preservatives gain entry into the meibomian gland,
as compared to the cornea and conjunctiva.
Our results are consistent with previous reports on the toxicity of
these two reagents. In humans(Charnock, 2006; Ishibashi et al., 2003;
Wilson et al., 1975), BAK has been reported to decrease tear ﬁlm breakup time, and topical administration of 0.1% (1 mg/ml) BAK for 14 days
or 0.2% (2 mg/ml) BAK for 7 days has been shown to induce dry eye
signs in mice(Lin et al., 2011) and rabbits(Xiong et al., 2008), respectively. In rats(Pauly et al., 2007), ocular irritation was visible using
macroscopic and slit lamp examinations in animals treated with 0.25%
and 0.5% BAK. However, in vivo confocal microscopy and Sub-G1 assays revealed epithelial defects and apoptosis at lower doses (0.01%
and 0.1%)(Pauly et al., 2007). Investigators have shown that incubation
with BAK for 1 h at concentrations ranging from 10 μg/ml to 1 mg/ml
caused 58%–82% toxicity in iHCECs and 54%–87% toxicity in iHConjECs(Epstein et al., 2009).
Other studies have investigated the eﬀects of FA on the ocular
surface. Investigators have shown that a 37% FA solution (370 mg/ml)
directly contacting the eye can cause severe damage to the cornea and
possible blindness(Maurer et al., 2001). Others have found that exposing rabbit corneal epithelial cells to up to 100 ppm (0.1 mg/ml) FA
for 3 min decreased cell survival and increased the proportion of

3.1.1. Benzalkonium chloride
In our pilot studies, we exposed iHMGECs to 0.5 mg/ml and 50 μg/
ml BAK in supplemented KSFM for 15 min, then washed out the preservative and cultured the cells for 24 h (data not shown). After that
time period, all iHMGECs were dead. We also exposed all 3 cell types to
5 μg/ml BAK in serum-containing medium, and all cells died by 2 h
after treatment (data not shown). In order to mimic chronic exposure in
vivo, we intended to treat the cells for a longer period; therefore, we
decreased the concentration. As illustrated in Fig. 1, 0.005–0.5 μg/ml
BAK in KSFM signiﬁcantly decreased iHCEC, iHConjEC and iHMGEC
survival, compared to KSFM alone. When cells were exposed to the
growth factors EGF and BPE, they were slightly more resistant to the
eﬀects of BAK. Morphologically, 0.005–0.5 μg/ml BAK induced cell
rounding, accumulation of perinuclear vesicles, cellular atrophy, poor
adherence, and detachment in all 3 cell types.
3.1.2. Formaldehyde
At the EU-approved concentration of 1 mg/ml, FA ﬁxed all of the
ocular surface and adnexal cells tested. After 5 days of exposure, the
cells were plasticized and could not be trypsinized within 60 min (data
not shown). At lower concentrations, 0.1 mg/ml FA killed all the cells
after 4 h of exposure; 0.01 mg/ml and 5 μg/ml FA killed the cells within
18 h (data not shown). As illustrated in Fig. 2, concentrations of
1.0–2.5 μg/ml FA signiﬁcantly decreased iHMGEC suvival without, and
proliferation with, growth factors. In iHCECs, however, supplementation with EGF and BPE protected cells from the toxic eﬀects of 1 μg/ml
FA. In iHConjECs, 2.5 μg/ml FA signiﬁcantly impacted cell number with
or without EGF and BPE, but lower concentrations had no eﬀect.
Morphologically, all 3 types of epithelial cells exhibited rounding, poor
adherence, perinuclear vesicle accumulation, cellular atrophy and detachment when treated with 1.0–2.5 μg/ml FA.
3.2. Impact of BAK and FA on AKT signaling in human ocular surface and
adnexal cells
To begin to identify the eﬀects of BAK or FA on the activity of cell
survival mediators, we explored whether these reagents alter phosphoinositide 3-kinase (PI3K)–protein kinase B (AKT) signaling.
Activation of this pathway, as indicated by AKT phosphorylation, promotes cell growth, proliferation, and survival(Song et al., 2005). As
illustrated in Figs. 4 and 5, we discovered that both BAK and FA caused
a signiﬁcant, dose-dependent decrease in the levels of phosphorylated
AKT, as compared to controls. After 30 min exposure, 50 μg/ml and
5 μg/ml BAK, but not lower concentrations, signiﬁcantly suppressed
AKT phosphorylation, in both serum-free and serum-containing
medium conditions (Fig. 3). Concentrations of 0.01–1 mg/ml FA resulted in a signiﬁcant decrease in P-AKT in both medium conditions
after 15 min exposure (Fig. 4).
3.3. Impact of BAK or FA on neutral lipid and lysosome accumulation in
iHMGECs
To investigate whether BAK or FA inﬂuence iHMGEC diﬀerentiation, we cultured the cells (n = 2 wells/treatment/experiment) in
serum-containing medium and treated them with preservatives, alone
or in combination with AZM, for 7 days. We processed the cells for the
analysis of neutral lipids and lysosomes, using LipidTox and
LysoTracker, respectively. Neither BAK nor FA altered the neutral lipid
or lysosome accumulation in iHMGECs. Moreover, these treatments did
not aﬀect the ability of cells to accumulate lipid in response to AZM
treatment (Fig. 5).
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Fig. 2. Impact of FA on the survival and proliferative ability of iHMGECs, iHCECs and iHConjECs. Cells were treated with vehicle or FA in the presence or absence of growth supplements
for 5 days before cell counting. FA induced toxic morphological changes in iHMGECs, iHCECs and iHConjECs. All images are 200× magniﬁcation. Scale bar is 50 μm (A, C, E). Results are
reported as mean ± SE. *p < 0.05, †p < 0.001 (B, D, F). Signiﬁcance signs reﬂect comparisons between basal conditions with or without FA, or growth factor-containing cultures with
or without FA. Data from one experiment are shown as a representative of three studies performed under the same conditions.

inﬂammation in the cornea and conjunctiva of animals and humans in
vivo and in vitro(Lin et al., 2011; Paimela et al., 2012; Pauly et al.,
2007). FA can react with proteins, nucleic acids and amino acids, cause
DNA-protein crosslinks(Cheng et al., 2003; Conaway et al., 1996; Merk
and Speit, 1998) and induce chromosome changes(Kreiger and Garry,
1983; Orsiere et al., 2006; Ye et al., 2005). Treatment of mice with FA
causes chromosome damage, oxidative stress, protein modiﬁcations and
apoptosis(Matsuoka et al., 2010; Tang et al., 2011). Decreased extracellular signal-regulated kinase (pERK2) in cornea and increased c-Jun
amino - terminal kinase (JNK) activation (pJNK) in cornea and conjunctiva, were reported in rabbits after exposure to 50–200 ppm

apoptotic/necrotic cells and those in the sub-G1 phase of the cell cycle
(Lai et al., 2013).
The mechanisms of the toxicity of BAK and FA are not fully understood. In our study, both BAK and FA reduced AKT phosphorylation
in 3 ocular surface and adnexal epithelial cell lines after only 15 or
30 min exposure. The AKT pathway is an important regulator of cell
cycle progression and cell survival(Song et al., 2005), and the eﬀects of
chronic exposure to these preservatives on p-AKT may contribute to
their toxicity at low concentrations.
In addition to inhibiting the AKT pathway, others have reported that
0.001–0.5% (0.01–5 mg/ml) BAK can increase markers of apoptosis and
192
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Fig. 3. BAK alters iHMGEC, iHCECs and iHConjECs signaling. Cells were treated with vehicle or BAK in serum-free (KSFM) or serum-containing medium for 30 min. BAK-treated cells
showed a signiﬁcant decrease in -AKT phosphorylation. Results are reported as mean ± SE. *p < 0.05, †p < 0.001. Data from one experiment are shown as a representative of three
studies performed under the same conditions.
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Fig. 4. FA alters iHMGEC, iHCECEs and iHConjECs signaling. Cells were treated with vehicle or FA in serum-free (KSFM) or serum-containing medium for 15 min before lysate and
evaluated on immunoblotting for P-AKT. FA-treated cells exhibited a signiﬁcant decrease in P-AKT, compared to controls. Results are reported as mean ± SE. *p < 0.05, †p < 0.001.
Data from one experiment are shown as a representative of three studies performed under the same conditions.

concentrations of FA (5 μg/ml) killed all, and BAK (0.5 μg/ml) signiﬁcantly decreased the survival and proliferative ability of, iHMGECs,
these preservative levels exerted no inﬂuence on cellular diﬀerentiation
(i.e. neutral lipid and lysosome accumulation)? Two non-exclusive
possibilities may explain these ﬁndings. First, cellular proliferation is

(0.05–0.2 mg/ml) FA for 5 min. The ERK and JNK pathways are activators of apoptotic and necrotic pathways, indicating that FA exposure
in rabbits may promote entrance of corneal and conjunctival tissues
into these types of cell death(Lai et al., 2013).
An apparent confounding observation in our study was that while
194
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Fig. 5. Eﬀect of BAK and FA on intracellular accumulation of neutral lipid and lysosomes in iHMGECs. Immortalized human meibomian gland epithelial cells were treated with BAK (A)
or FA (B) in the presence (right side) or absence (left side) of AZM and stained for neutral lipids (LipidTox Neutral Green) and lysosomes (LysoTracker Red). All images are 400×
magniﬁcation. Data from one experiment are shown as a representative of three studies performed under the same conditions. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the Web version of this article.)

BAK and/or FA may cause severe damage to the ocular surface and
surrounding skin keratinocytes (Lee et al., 2016; Varani et al., 2007) as
a result of chronic exposure. Considering their potential for ocular
toxicity, consumers should be more aware of the ingredients in cosmetic products. However, it appears that few people are suﬃciently
educated and/or motivated to pay attention to the ingredients in cosmetics as they do in food. One survey showed that 70% of respondents
(119/169) said they do not look at ingredients when deciding what
cosmetics products to purchase(O'Dell et al., 2016). Research shows the
use of multiple eye cosmetics is extensive and associated with the
perception of ocular discomfort(Ng et al., 2012). Adverse reactions to
eye cosmetics, including simple irritation, keratitis, corneal epithelial
inﬂammation, eyelid dermatitis and dry eye symptoms have been reported(Coroneo et al., 2006; Gao and Kanengiser, 2004; Scheman,

quite distinct from diﬀerentiation, and toxic or non-toxic compounds
that signiﬁcantly reduce proliferation may have no eﬀect on diﬀerentiation(Liu and Levy, 1997; Rajabalian et al., 2009). Indeed, these
cellular processes appear to be controlled by diﬀerent regulatory mechanisms(Liu and Levy, 1997). Second, we performed iHMGEC diﬀerentiation studies with culture media containing serum, which contains
very high amounts of albumin. Albumin, in turn, is known to bind both
BAK (Jono et al., 1986) and FA(Bogdanﬀy et al., 1987). This binding
may have signiﬁcantly decreased the eﬀective media concentration,
and the cellular uptake, of both BAK and FA. Thus, even though BAK
and FA were added to culture media at levels 2000- and 400-fold less
than permitted in cosmetics by the EU, the actual amounts impacting
the iHMGECs were likely far less.
Because of the daily use of cosmetic products, those that contain
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2000). Further investigation into the possible eﬀects of cosmetic ingredients on the ocular surface, as well as more patient education
emphasizing that the delicate eyelids and ocular surface need
thoughtful and special care, are extremely important.
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