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Abstract: Dermal exposure to nicotine is common due to the widespread use of tobacco products. Here,
we assessed the effects of nicotine at concentrations found in thirdhand smoke (THS) contaminated
environments and electronic cigarette (EC) spills or leaks on a 3D human skin model (EpiDermTM)
and on submerged keratinocyte cultures. Air liquid interface treatment of EpiDermTM with 10 or
400 µg/mL of nicotine for 24 h followed by proteomics analysis showed altered pathways related to
inflammation, protein synthesis, cell–cell adhesion, apoptosis, and mitochondrial function. Submerged
cultured keratinocytes were used to validate the proteomics data and further characterize the
response of skin cells to nicotine. Mitochondrial phenotype changed from networked to punctate in
keratinocytes treated with 10 or 400 µg/mL of nicotine for 48 h and 24 h, respectively. After 72 h,
all concentrations of nicotine caused a significant decrease in the networked phenotype. In Western
blots, keratinocytes exposed to 400 µg/mL of nicotine had a significant decrease in mitofusin 2, while
mitofusin 1 decreased after 72 h. The shift from networked to punctate mitochondria correlated with
a decrease in mitofusin 1/2, a protein needed to establish and maintain the networked phenotype.
Mitochondrial changes were reversible after a 24 h recovery period. Peroxisomes exposed to 400µg/mL
of nicotine for 24 h became enlarged and were fewer in number. Nicotine concentrations in THS and
EC spills altered the proteome profile in EpiDermTM and damaged organelles including mitochondria
and peroxisomes, which are involved in ROS homeostasis. These changes may exacerbate skin
infections, inhibit wound healing, and cause oxidative damage to cells in the skin.

Keywords: nicotine; thirdhand smoke; electronic cigarettes; skin; EpiDermTM; dermal exposure;
keratinocytes; mitochondria; peroxisomes

1. Introduction

The consumption of tobacco products, such as combustible cigarettes and electronic
cigarettes (ECs), contributes to environmental contamination by nicotine, a highly addictive
chemical that can cause adverse responses in humans [1,2]. When internalized, nicotine
can be fatal in both adults and children at concentrations of 30–60 mg and 10 mg, respec-
tively [3–5]. Uptake of environmental nicotine can occur through inhalation, ingestion,
or/and dermal contact. Dermal absorption of nicotine has been of interest due to occupa-
tional exposure during the harvesting of tobacco leaves [6] and the introduction of nicotine
patches [7]. In both these examples, nicotine is readily absorbed through the skin, and in
the case of the tobacco harvesters, causes nausea, dizziness, and increases in heart rate and
blood pressure [6,7]. In spite of prior work on green tobacco disease and nicotine patches,
very little is known about how the skin responds to nicotine at concentrations found in
thirdhand smoke (THS) and EC fluids.
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THS is the tobacco smoke residue that settles on indoor surfaces or clothing after
smoking has stopped. THS may accumulate over long periods of time [2,8–10] and may
react with chemicals, such as HONO, to form carcinogens [11]. Nicotine, which is a
dominant chemical in THS [12–14], has been detected on surfaces in smokers’ homes and
in homes of previous smokers [10]. Nicotine in THS can contact skin when contaminated
clothing or surfaces are touched, leading to dermal exposure and uptake [15]. Cotinine, a
nicotine metabolite, was detected in the urine of children who live in THS-contaminated
households [16]. We have previously shown that in humid conditions nicotine is more
readily extractible from fabrics, suggesting that exposure to nicotine could be greater in
humid environments [14].

ECs are nicotine delivery devices which have gained popularity during the last
10 years. EC liquids (e-liquids) often contain high concentrations of nicotine; for example,
JUULTM fluids have ~60 mg/mL [17–19], although many earlier-generation products typi-
cally had 1–25 mg/mL [18]. EC users often come into contact with nicotine when handling
products, when fluids spill, or when touching surfaces contaminated with EC fluids or
residue [20–23]. In vitro studies have demonstrated transmembrane absorbance of nicotine
from e-liquids [24], although its effects have not been characterized. Nicotine exposure
from e-liquid spills have been reported in vape shops [20], and significant amounts of
nicotine (4.571 g of nicotine/168.75 cm2 fabric) accumulated in a vape shop during a month
of monitoring [23]. In addition, many EC products are leaky, and users come into contact
with nicotine when handling ECs [22,23].

The purpose of this study was to examine the effect of nicotine on human skin using
two in vitro models. First, we exposed EpiDermTM tissue, a three-dimensional organotypic
model of human epidermis, to nicotine at concentrations found in environmental settings
(THS-contaminated areas, vape shops, and EC fluids) and examined the effect of exposure
on the EpiDermTM proteome. Exposures were performed at the air liquid interface (ALI) to
replicate exposures humans would receive in field sites or when using ECs. We then used
cultured monolayers of human keratinocytes to validate the proteomics data and to study
the cellular responses to nicotine in more detail.

2. Materials and Methods

2.1. EpiDermTM Treatment with Nicotine

EpiDermTM (EPI-200), produced by Mat-Tek Corporation (Ashland, MA, USA), was
used to analyze the effect of nicotine on a 3D human skin model. EpiDermTM is a ready-to-
use, highly differentiated 3D tissue model consisting of normal, human-derived epidermal
keratinocytes grown on tissue culture inserts. EpiDermTM allows topical application of
chemicals at the ALI and is widely used for highly predictive in vitro applications [25,26].
EpiDermTM was shipped on cell-culture inserts in agarose. Upon receiving, inserts were
removed from the agarose and incubated overnight in 0.9 mL EPI-100-NMM medium
at 37 ◦C, 5% CO2. The following day, the culture medium was exchanged, and the api-
cal surface of the tissues treated with PBS (phosphate-buffered saline) only, 100 µg/mL
(Nic100) or 400 µg/mL (Nic400) liquid nicotine (catalog N3876, Sigma-Aldrich, St. Louis,
MO, USA) diluted in PBS. A mesh was positioned on top of the tissue to assure equal
distribution of the nicotine. Inserts were treated for 24 h, after which EpiDermTM tissues
were lysed in 0.25% sodium deoxycholate, 1.0% nonidet P-40 in Mol Bio H2O, 100 mM
triethylammonium bicarbonate (TEAB) with 2 mM phenylmethylsulfonyl fluoride (PMSF)
and 25 µL of Halt Cocktail.

2.2. Sample Preparation for Proteomics
2.2.1. Sample Digestion

Samples were analyzed at the UCLA proteomics core. Briefly, EpiDermTM protein sam-
ples were mixed with an equal volume of digestion buffer (8M urea, 0.1M Tris-HCl pH 8.5).
Each sample was reduced and alkylated via sequential 20 min incubations with 5 mM tris(2-
carboxyethyl)phosphine (TCEP) and 10 mM iodoacetamide at room temperature in the
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dark while being mixed at 1200 rpm in an Eppendorf thermomixer. Carboxylate-modified
magnetic beads (CMMB), also known as SP3 [27] and ethanol (50% final concentration),
were added to each sample to induce protein binding to CMMB beads. CMMB beads
were washed 3 times with 80% ethanol and then resuspended with 100 mM TEAB. Protein
samples were digested overnight with 0.1 µg LysC (Promega, Madison, WI, USA) and
0.8 µg trypsin (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) at 37 ◦C.

2.2.2. TMT Labeling and CIF Fractionation

Next, 100% acetonitrile was added to each sample to make the final concentration 35%.
Then, we resuspended the Tandem Mass Tag (TMT) labels with 100% acetonitrile. Next,
50 µg of each sample was labeled using TMT10plex (Thermo Fisher Scientific, Waltham,
MA, USA) and the resulting nine labeled samples were pooled. The pooled sample was frac-
tionated by CMMB-based Isopropanol Gradient Peptide Fractionation (CIF) method [28]
into 6 fractions before MS analysis.

2.2.3. LC-MS Acquisition and Analysis

Fractionated samples were separated on a 75 µM ID × 25 cm C18 column packed with
1.9 µM C18 particles (Dr. Maisch GmbH) using a 140 min gradient of increasing acetonitrile
and eluted directly into a Thermo Orbitrap Fusion Lumos mass spectrometer where MS
spectra were acquired using SPS-MS3.

Protein identification was performed using MaxQuant [29] v 1.6.17.0. The complete
human reference proteome from EMBL (UP000005640_9606 HUMAN Homo sapiens,
20,874 entries) was searched for matching MS/MS spectra. Searches were performed
using a 20 ppm precursor ion tolerance. TMT10plex was set as a static modification on
lysine and peptide N terminal. Carbamidomethylation of cysteine was set as static modifi-
cation, while oxidation of methionine residues and N-terminal protein acetylation were set
as variable modifications. LysC and trypsin were selected as the enzyme specificity with a
maximum of two missed cleavages allowed. A 1% false discovery rate was used as a filter
at both protein and peptide-spectrum match (PSM) levels.

Statistical analysis was conducted with the MSstatsTMT Bioconductor package [30].
The abundance of proteins missing from one condition but found in more than two biologi-
cal replicates of the other condition for any given comparison were estimated by imputing
intensity values from the lowest observed reporter ion intensity across samples and p-values
were randomly assigned to those between 0.05 and 0.01 for illustration purposes.

2.3. Keratinocyte Culturing

A keratinocyte cell line transformed with human papillomavirus 16 (ATCC® CRL-
2309TM, Manassas, VA, USA) was cultured in poly-L-lysine coated flasks using keratinocytes-
serum free medium (GIBCO 17005-042, Thermo Fisher Scientific, Waltham, MA, USA) with
added keratinocyte supplements (Gibco 37000-015) and Bovine Pituitary Extract (BPE;
Gibco 13028-014). Cells were cultured in a 37 ◦C/5% CO2/95% relative humidity incubator
for 24 to 48 h before processing the cells for experiments. In experiments, keratinocytes
were dispersed into single cells and seeded at a density of 100,000 cells/well in an Ibidi
µ-Slide 8 Well (#80826, IbidiGmbH, Gräfelfing, Germany). Cells were counted using
a hemocytometer.

2.4. Cell Transfection

Keratinocytes were transiently transfected with sfGFP-Peroxisomes-2 (Plasmid #54601)
and pMitoTimer (Plasmid #52659) purchased from Addgene (Cambridge, MA USA). Cells
were transfected using a NEPA21 electron-kinetic transfection system (Bulldog Bio). Briefly,
106 cells were electroporated with 10 µg/mL of sfGFP-Peroxisomes-2 and pMitoTimer plas-
mids. After transfection, cells were distributed equally (100,000 cells/well) into Ibidi cham-
ber slides in keratinocytes-serum free medium (GIBCO 17005-042) with added keratinocyte
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supplements (Gibco 37000-015) and Bovine Pituitary Extract (BPE; Gibco 13028-014). Cells
reached 70–80% confluency prior to nicotine treatment.

2.5. Mitochondrial Morphology Analysis

Keratinocytes, transfected with the pMitoTimer plasmid were treated with nicotine
concentrations found in THS-contaminated environments and in EC liquid spills or leaks
(10 µg/mL (Nic10), 100 µg/mL (Nic100), 400 µg/mL (Nic400)) [15,23] for 24, 48, and
72 h prior to live cell imaging. Each cell was classified manually into three different
clusters based on mitochondrial morphology. Cells with mitochondrial networks and
at least 60 punctate mitochondria were categorized as “network”; cells with mitochon-
drial networks and more than 60 punctate mitochondria were classified as “network and
punctate”; cells with only punctate and swollen mitochondria were classified as “punctate
and swollen”.

2.6. Peroxisome Morphology Analysis

After transfection with sfGFP-Peroxisomes-2 plasmid, keratinocytes were treated with
Nic10, Nic100, Nic400 of nicotine for 24 h. Peroxisome image analysis was performed man-
ually using ImageJ [30]. Each peroxisome was traced using ImageJ to acquire peroxisome
total area and the number of peroxisomes/cell [31].

2.7. Fluorescence Microscopy

Live cell imaging was performed using an Eclipse Ti microscope (Nikon Instruments,
Melville, NY, USA) with a 60× objective. Images were captured with a high-resolution
Andor Zyla VSC-04941 camera (Andor Technology, Belfast, UK). For live cell imaging,
cells were maintained in a humidity-regulated incubation chamber (Pathology Devices
Inc., San Diego, CA, USA) at 37 ◦C, 5% CO2, and 90% relative humidity. Only cells
transfected with sfGFP-Peroxisomes-2 were stained with a nuclei live cell probe, NucBlueTM

Live ReadyProbesTM (Thermo Fisher Scientific, Waltham, MA, USA) 10 min prior to live
cell imaging.

2.8. Western Blot

Keratinocytes were plated at a concentration of 100,000 cells/well in 6-well plates.
Cells were attached for 24 h prior to treatment with Nic10, Nic100, and Nic400. After
treatment, plates were placed on ice, washed with PBS to remove medium reside, and
100 µL of Radio-Immunoprecipitation Assay (RIPA) buffer with protease inhibitor cocktails
(ChemCruz, Dallas, TX, USA) was added to each well. The cells were scraped using a
plastic cell scraper, collected, and incubated at 30 min at 4 ◦C on a plate shaker. The cells
were spun at 16,000× g for 15 min in a 4 ◦C precooled centrifuge, and the supernatant
was transferred to a fresh tube kept on ice. Protein concentration was performed using
the Pierce BCA assay (Thermo Fisher Scientific, Waltham, MA, USA). Laemmli buffer
(Bio-Rad, Hercules, CA, USA) was added to 10 µg of each sample and boiled at 95 ◦C for
5 min. Samples were loaded on a Mini-PROTEAN TGX Precast SDS-PAGE gel (Bio-Rad,
Hercules, CA, USA) with molecular weight markers. The gel was run at 100 volts on
the Bio-Rad Powerpac Basic power supply (Bio-Rad, Hercules, CA, USA). Proteins were
transferred to a PVDF membrane (Bio-Rab, Hercules, CA, USA) overnight at 150 mAmps.
The following day, the membrane was blocked in 5% milk in Tween in tris-buffered saline
(TBST) for 30 min at room temperature. Membranes were washed 3× prior to adding the
primary antibodies. Primary antibodies (Cell Signaling, Danvers, MA, USA) of mitofusin 1
(D6E2S), mitofusin 2 (D2D10) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(14C10) (Cell Signaling, Danvers, MA, USA) were diluted in 3% albumin in TBST sepa-
rately. GAPDH was used as a loading control. Each individual antibody was added to its
corresponding membrane and incubated at 4 ◦C overnight. The membranes were washed
and incubated with HRP-conjugated antirabbit secondary antibodies diluted in 5% milk in
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TBST (Tris-buffered saline, 0.1% Tween 20) for 2 h at room temperature. The protein bands
were imaged using Clarity Western ECL substrate (Bio-Rad, Hercules, CA, USA).

3. Results

3.1. Proteomics Analysis of EpiDermTM Treated with Nic10 or Nic400

Volcano plots show the differentially expressed proteins for the two comparisons
(Nic10 vs. PBS and Nic400 vs. PBS) (Figure 1a,b). In the Nic10 vs. PBS set, a total of 352 pro-
teins were significantly affected (206 upregulated and 146 downregulated) (Figure 1a). In
the Nic400 vs. PBS set, a total of 313 proteins were significantly affected (150 upregulated
and 163 downregulated) (Figure 1b). There were 110 proteins that overlapped in the Nic10
vs. PBS and Nic400 vs. PBS sets (Figure 1c). Figure 1d shows the number of proteins that
were up- and downregulated in the Nic10 and Nic400 groups. When separated into up-
and downregulated proteins, there were 50 overlapping proteins for downregulated and
56 for upregulated (Figure 1d).
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Figure 1. Volcano plots and Venn diagrams for the proteomics analysis. (a) Volcan plot for the
10 (Nic10) µg/mL of nicotine vs. PBS comparison; (b) volcano plot for the 400 (Nic400) µg/mL of
nicotine vs. PBS comparison; (c) Venn diagram comparing proteins in the Nic10 and Nic 400 groups;
(d) Venn diagram comparing up- and downregulated proteins in the Nic10 and Nic400 groups. In
volcano plots, black dots = proteins not significantly affected by treatment; blue dots = significantly
affected proteins with a log2 fold-change of >0.1; red dots = significant affected proteins with a log2
fold-change of >0.5.

3.2. Canonical Pathways Affected in Nicotine-Treated EpiDermTM

The Nic10 vs. PBS set pathways with positive activated z-scores included “Protein
Synthase Related Pathways” (EIF2 Signaling) and “Mitochondrial Related Pathway” (ox-
idative phosphorylation) (Table 1). Pathways with negative z-scores included “Apoptosis
Related Pathways” (apoptosis signaling, induction of apoptosis by HIV1, TNFR1 signaling),
“Cell-Cell Adhesion Related Pathway” (ILK signaling), and “Immune Related Pathways”
(role of MAPK signaling in promoting the pathogenesis of influenza, IL-6 signaling, and
IL-1 signaling, LPS-stimulated MAPK signaling, IL-15 production, IL-8 signaling) (Table 2).
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Table 1. IPA Canonical pathways for the 10 µg/mL of nicotine vs. PBS.

Canonical
Pathways

−log(p-
Value) z-Score Proteins

Protein-Synthesis-Related Pathway

EIF2 Signaling 19.2 2.53

EIF1, EIF3C, EIF3D, EIF3L, EIF4A2,
MAP2K1, PTBP1, RPL15, RPL18A, RPL19, RPL24,

RPL30, RPL38, RPL5, RPL6, RPL7A, RPS11,
RPS13, RPS17, RPS2, RPS21, RPS24, RPS26, RPS3,

RPS4X, RPS4Y2, RPS8, RPS9, RPSA

Oxidative-Stress-Related Pathway

Oxidative Phos-
phorylation 4.39 1 MT-ATP6, NDUFA4, NDUFB5, NDUFB8,

NDUFS1, NDUFS6, UQCRC1, UQCRC2, UQCRQ

Table 2. Canonical Pathways for the 10 µg/mL of Nicotine vs. PBS with Negative z-scores.

Canonical
Pathways

−log(p-
Value) z-Score Proteins

Apoptosis-Related Pathways

Apoptosis
Signaling 3.27 −0.378 BAX, CASP7, CASP8, LMNA, MAP2K1, NFKBIB,

RELA

Induction of
Apoptosis by

HIV1
2.73 −1.342 BAX, CASP8, FADD, NFKBIB, RELA

TNFR1
Signaling 3.17 −2.236 CASP7, CASP8, FADD, NFKBIB, RELA

Cell–Cell Adhesion-Related Pathways

ILK Signaling 2.22 −1.342 DSP, GSK3A, ITGB4, KRT18, MTOR, RAC2,
RELA, TMSB10/TMSB4X

Immune-Related Pathways

Role of MAPK
Signaling in

Promoting the
Pathogenesis of

Influenza

1.68 −0.447 ATP6V1C1, BAX, MAP2K1, MAP2K3, NFKBIB

IL-6 Signaling 2.1 −0.816 IL36B, MAP2K1, MAP2K3, NFKBIB, RELA, TAB1

IL-1 Signaling 1.34 −1 MAP2K3, NFKBIB, RELA, TAB1

LPS-Stimulated
MAPK

Signaling
1.55 −1 MAP2K1, MAP2K3, NFKBIB, RELA

IL-15
Production 1.59 −1.342 CSK, MAP2K1, MAP2K3, PTK2B, RELA

IL-8 Signaling 2.04 −1.89 BAX, EIF4EBP1, MAP2K1, MTOR, NFKBIB,
PTK2B, RAC2, RELA

In the Nic400 vs. PBS set, pathways included “Protein Synthesis Related Pathway”
(EIF2 signaling), which had a positive z score (Table 3). Pathways with negative z scores in-
cluded “Immune Related Pathways” (IL-1 signaling, ERK/MAPK signaling, MIF-mediated
glucocorticoid regulation, MIF regulation of innate immunity), and “Apoptosis Related
Pathway” (death receptor signaling) (Table 4).
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Table 3. Canonical pathways for the 400 µg/mL of nicotine vs. PBS with positive z-scores.

Canonical
Pathways

−log(p-
Value) z-Score Proteins

Protein-Synthesis-Related Pathway

EIF2 Signaling 6.91 2
EIF1, EIF2B2, EIF2S2, EIF3M, EIF4A2, PTBP1,
RPL18A, RPL38, RPS12, RPS15, RPS24, RPS26,

RPS3, RPS4X, RRAS2

Table 4. Canonical pathways for the 400 µg/mL of nicotine vs. PBS with negative z-scores.

Canonical Pathways −log(p-
Value) z-Score Proteins

Immune-Related Pathways

IL-1 Signaling 2.15 −0.447 MAP2K3, NFKBIB, PRKAR1A, RELA,
TAB1

ERK/MAPK Signaling 2.29 −0.707 PAK1, PLA2G4A, PLA2G4D, PPP2R5A,
PRKAR1A, PRKCI, PTK2B, RRAS2

MIF-Mediated
Glucocorticoid Regulation 4.05 −1.342 MIF, NFKBIB, PLA2G4A, PLA2G4D,

RELA

MIF Regulation of Innate
Immunity 3.6 −1.342 MIF, NFKBIB, PLA2G4A, PLA2G4D,

RELA

Apoptosis-Related Pathway

Death Receptor Signaling 1.54 −1 ARHGDIB, CASP8, NFKBIB, RELA

3.3. IPA Toxicity Analysis

Because treatment involved nicotine, a chemical with potentially harmful effects, a tox-
icological analysis was also performed using IPA (Table 5). The IPA toxicity list for the Nic10
vs. PBS set included terms consistent with “Mitochondrial Dysfunction” and “Oxidative
Stress.” Proteins associated with “Mitochondria Dysfunction” were part of the protein com-
plexes in the electron transport chain (NDUFA8, NDUFA9, NDUFB8, NDUFS1, NDUFS6,
UQCRC1, UQCRC2). Only two proteins (MFN1, PKM) were involved in the “Decreases
Respiration of Mitochondria.” Proteins involved in “Increases Transmembrane Potential
of Mitochondria” and “Mitochondrial Membrane” included BAX, CASP7, DNAJB1. Pro-
teins involved in apoptosis were downregulated (BAX, CASP7, CASP8), suggesting an
anti-apoptosis response to nicotine treatment.

Table 5. Toxicity lists for the 10 µg/mL of Nicotine vs. PBS comparison.

IPA Toxicity Lists −log(p-Value) Proteins

Mitochondrial Dysfunction 5.41
CASP8, CPT1A, MT-ATP6, NDUFA4, NDUFB5,

NDUFB8, NDUFS1, NDUFS6, PARK7, UQCRC1,
UQCRC2, UQCRQ

NRF2-Mediated Oxidative Stress
Response 2.27 AKR1A1, BACH1, DNAJB1, DNAJB11, DNAJB2,

DNAJC11, DNAJC5, MAP2K1, MAP2K3

Decreases Respiration of
Mitochondria 1.83 MFN1, PKM

Pro-Apoptosis 1.72 BAX, CASP7, CASP8

Increases Transmembrane
Potential of Mitochondria and

Mitochondrial Membrane
1.52 BAX, CASP7, DNAJB1

Mechanism of Gene Regulation by
Peroxisome Proliferators via

PPARα
1.4 MAP2K1, NFKBIB, RELA, TAB1
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The IPA toxicity list for the Nic400 vs. PBS set was similar to the lower concentration
(NIC10) in that it included terms related to “Mitochondrial Dysfunction” and “Oxidative
Stress” (Table 6). Additional terms that appeared with the higher nicotine concentration
were related to “PXP/RXR Activation”, “Hypoxia-inducible Factor Signaling”, “Aryl Hy-
drocarbon Receptor Signaling”, “Cholesterol Biosynthesis”, and “LXR/RxR Activation”.

Table 6. Toxicity lists for the 400 µg/mL of nicotine vs. PBS comparison.

IPA Toxicity Lists −log(p-Value) Proteins

Mitochondrial Dysfunction 4.34
CASP8, COX7A2, COX7C, NDUFA4,

NDUFA8, NDUFA9, NDUFB5, NDUFS1,
TXN2, UQCRQ

PXR/RXR Activation 2.95 GSTM2, PCK2, PRKAR1A, RELA, SCD

NRF2-Mediated Oxidative
Stress Response 2.59 AKR1A1, BACH1, CDC34, DNAJC13,

DNAJC5, GSTM2, MAP2K3, PRKCI, RRAS2

Mechanism of Gene
Regulation by Peroxisome

Proliferators via PPARα
2.23 FAT1, NFKBI, PRKAR1A, RELA, TAB1

Decreases Depolarization of
Mitochondria and

Mitochondrial Membrane
2.07 PAK1, PLA2G4A, PPIA

Hypoxia-Inducible Factor
Signaling 1.99 EIF1, EIF2B2, EIF2S2, UBE2N

RAR Activation 1.91 PRKAR1A, PRKCI, PRMT1, RDH12, RELA,
SDR16C5, SMARCC2

Aryl Hydrocarbon Receptor
Signaling 1.87 ALDH3A1, CDKN2A, CTSD,

GSTM2,NEDD8, RELA

Cholesterol Biosynthesis 1.81 IDI1, SQLE

LXR/RXR Activation 1.77 ACACA, IL36B, PLTP, RELA, SCD

Oxidative Stress 1.5 GSTM2, RELA, S100A7

3.4. Nicotine Alters Mitochondrial Morphology in Human Keratinocytes

Based on the IPA canonical pathways and toxicity lists, mitochondria were identified
as targets of nicotine at both treatment concentrations. Mitochondrial morphology was
further assessed in vitro using human keratinocytes transfected with the MitoTimer plas-
mid that specifically labels mitochondria and enables mitochondrial morphology to be
evaluated (Figure 2a–l). Mitochondria in control cells were generally elongated networks
(Figure 2a–c), while cells in treated groups appeared to have more punctate mitochondria,
which were sometimes swollen (Figure 2d–l).

Mitochondrial phenotypes were quantified in each group (Figure 2m–o). In ker-
atinocytes treated with Nic400 for 24, 48, or 72 h, there was a decrease in the percent of
mitochondria with “network” morphology at all times and a corresponding increase in the
percentage with “network and punctate” (24 h) and “punctate and swollen” (48 and 72 h)
(Figure 2j–o). In the Nic10-treated group, “network” morphology decreased (48 and 72 h)
and “network and punctate” morphology increased (48 h). In the Nic100-treated group,
network morphology decreased following 48 and 72 h treatments. These data show that
nicotine induces a progressive time- and dose-dependent transition from mainly networked
mitochondria to the punctate and swollen form in human keratinocytes.
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Figure 2. Mitochondria in keratinocytes treated with Nic10, Nic100, or Nic400 for 24, 48, or 72 h.
(a–l) Micrographs of mitochondria treated with various concentrations of nicotine and imaged at
different times; (m) mitochondrial morphology 24 h after nicotine treatment; (n) mitochondrial
morphology 48 h after nicotine treatment; (o) mitochondrial morphology 72 h after nicotine treatment.
CN = control medium. All data are means ± the standard error of the mean for three independent
experiments. * = p < 0.05, ** = p < 0.01.

3.5. Mitofusin 1/2 Decreased in Keratinocytes Treated with Nic400

Mitochondria normally undergo cyclic fusion and fission, which are regulated by
the mitofusins 1 and 2 [32]. The previous experiment suggested that nicotine impaired
mitochondrial fusion, which would favor an increase in the punctate form. We tested the
hypothesis that nicotine suppressed the expression of mitofusins 1/2 using Western blotting.
Mitofusin 1 levels decreased after 72 h in the Nic400 group (Figure 3a–c). Mitofusin 2 levels
significantly decreased in the Nic400 group at all exposure times (Figure 2d–f).
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Figure 3. Mitofusin 1/2 protein in keratinocytes after nicotine treatment. Mitofusin 1 in Western
blots after 24 h (a); 48 h (b); and 72 h (c) of nicotine treatment. Mitofusin 2 in Western blots after
24 h (d); 48 h (e); and 72 h (f) of nicotine treatment. CN = control medium. All data are means ± the
standard error of the mean for three independent experiments represented by black dots. * = p < 0.05,
** = p < 0.01.

3.6. Recovery of Mitochondrial Morphology in Keratinocytes after Nicotine Treatment

To determine if the changes observed in mitochondrial morphology and mitofusin
levels were reversible, a follow up experiment was performed, in which cells were treated
with Nic400 and allowed to recover in nicotine-free medium for 24 or 48 h. The percent of
“network” and “network and punctate” mitochondria in the Nic400-treated group returned
to control levels following a 24 or 48 h recovery period in cell medium without nicotine
(Figure 4i,j). To determine if longer treatment required longer recovery periods, cells were
exposed to nicotine for 48 h prior to recovery. In this case, it took 48 h for mitochondrial
morphology to return to control levels (Figure 4k,l).
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Figure 4. Mitochondrial morphology in nicotine treated keratinocytes returns to normal after 24 h
and 48 h of recovery in culture medium. (a–h) Micrographs showing untreated controls, cells treated
with nicotine, and cells that recovered 24 h or 48 h after treatment. (i) Mitochondrial morphology in
keratinocytes treated for 24 h and after 24 h of recovery. (j) Mitochondrial morphology in keratinocytes
treated for 24 h and after a 48 h recovery. (k) Mitochondrial morphology in keratinocytes treated for
48 h and after 24 h of recovery. (l) Mitochondrial morphology in keratinocytes treated for 48 hours
and after 48 h of recovery. CN = Control Medium. All data are means +/− the standard error of the
mean for three independent experiments. * = p < 0.05, ** = p < 0.01.
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Western blots were performed to determine if mitofusin 1/2 recovered after nicotine
treatment. In the Nic400-treated group, cells were exposed for 72 h to produce a decrease
in mitofusin1 as shown in Figure 3c. Mitofusin 1 recovered to control levels after 24 h in
culture medium without nicotine (Figure 5a). For mitofusin 2, exposure was reduced to
24 h, since this was adequate time to decrease the levels of this protein (Figure 3d). In this
case, recovery to control levels occurred in 48 h (Figure 5b).
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Figure 5. Mitofusin 1/2 protein expression in nicotine treated keratinocytes after 24 and 48 h of
recovery. (a) Expression of mitofusin 1 in a Western blot after 72 h of exposure to Nic400 and after
24 h of recovery; (b) expression of mitofusin 2 after 24 h of exposure to Nic400, followed by 24 and
48 h of recovery. CN = control medium. All data are means ± the standard error of the mean for
three independent experiments. * = p < 0.05.

3.7. Nicotine Treatment Altered the Number and Size of Peroxisomes

Peroxisomes are involved in neutralizing ROS [33]. Since we observed changes in
the proteomics data related to oxidative stress, we examined the effect of nicotine on
peroxisomes in keratinocytes transfected with the sfGFP-Peroxisomes-2 plasmid to visualize
peroxisome size and number. Peroxisome morphology was altered in keratinocytes treated
with Nic400 for 24 h (Figure 6a,b). The peroxisomes in the treated cells appeared to
be fewer, larger, and more fluorescent (Figure 6b). Peroxisome numbers and size were
quantified manually. Nicotine treatment decreased the number of peroxisomes in all groups,
with Nic400 being significantly lower than the untreated control (Figure 6c). The area of
peroxisomes/cell increased in the Nic400-treated group (Figure 6d).
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Figure 6. Peroxisome morphology in keratinocytes after nicotine treatment. (a,b) Micrographs of
peroxisomes (green) in keratinocytes following treatment with (a) control medium and (b) Nic 400.
(c) Number of peroxisomes per cell following treatment with control medium, Nic10, Nic100, and
Nic400 for 24 h; (d) area of peroxisomes per cell following treatment with control medium, Nic10,
Nic100, and Nic400 for 24 h. CN = control medium. All data are means ± the standard error of the
mean for three independent experiments.** = p < 0.01.

4. Discussion

The effects of nicotine in THS and EC products on human skin have not been well char-
acterized. To our knowledge, this is the first proteomics study showing how EpiDermTM,
a 3D model of human skin, responds to concentrations of nicotine found in THS and EC
fluids during ALI exposure. Nicotine stimulated responses in the EpiDermTM model that
may negatively impact the skin and included: (1) an anti-inflammatory response that
could promote bacterial infections and impair wound healing; (2) altered EIF2 protein
synthesis that may initiate a stress response and suppress apoptosis; (3) an increase in
proteins involved in oxidative phosphorylation; and (4) alterations in mitochondrial-related
pathways. Cultured human keratinocytes confirmed and extended the proteomics data.
The nicotine-induced responses could lead to skin damage, infections, and progression
to disease.

Nicotine concentrations used in this study were comparable to those in THS-contaminated
environments and EC liquid spills or leaks. The lowest concentration (Nic10) was based
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on nicotine concentrations in extracts from fabrics lightly exposed to cigarette smoke
over 18 months in a laboratory setting [14]. Higher concentrations (Nic100 and Nic 400)
were used to simulate environmental settings without smoking bans, heavily exposed to
cigarette smoke, and not frequently cleaned. The Nic400 concentration was also used to
assess nicotine exposure through the handling of e-fluid, although this concentration is
slightly outside the lower end of the nicotine range in e-fluids (1–60.9 mg/mL) [17–19].

At Nic10 and Nic400 concentrations, we observed inhibition of inflammatory-related
pathways in the EpiDermTM skin model, similar to in vivo animal and human studies [34–38].
Although nicotine’s anti-inflammatory properties may be beneficial for inflammatory skin
diseases [39], such as psoriasis and atopic dermatitis, it can also facilitate bacterial infec-
tions in the skin and impair wound healing [34,36,40]. In vivo animal studies show that
nicotine stimulated the cholinergic anti-inflammatory pathway and reduced antimicrobial
peptide activity, allowing susceptibility to Staphylococcus aureus infection in the skin of
mice [34,41,42]. Activation of α7 nAChR by nicotine inhibited the NF-kB pathway and
toll-like receptor 2 (TLR2) signaling, causing a decrease in receptor response to bacterial and
other pathogens [42]. Inhibition of TLR2 activity is detrimental for proper modulation of
the pro-inflammatory signals needed to initiate wound healing. Recruitment of neutrophils
to wounds helps eliminate pathogens, and macrophages secrete growth factors that stim-
ulate cell proliferation to replace damage tissue [43–45]. TLR2 signaling is also involved
in stimulating cell migration for proper wound healing. In keratinocytes, migration in
scratch assays was attenuated by nicotine (10−9 M) through activation of α7 nAChR and
suppression of TRL2 [42]. In EpidermTM, nicotine (Nic10) decreased cell–cell adhesion
proteins consistent with an increase in cell migration. Variations in results may depend
on the cell type and nicotine concentrations. We used a 3D skin model without wound
incision and alteration of cell–cell adhesion proteins were only observed in Nic10 treatment.
Other studies have also reported increases in cell migration in human keratinocytes at
different nicotine concentrations (10–7–10−5 M), [46,47]. We show that EpiDermTM exposed
to nicotine concentrations found in THS decreased inflammation-related pathways, which
could contribute to pathogen infections and improper wound healing. In mice exposed
to THS, wound healing in skin was impaired, and wounds were fragile [48]. Nicotine’s
anti-inflammatory properties may be the main contributor to the delay in wound healing
observed in THS exposed mice [48].

Proteomics analysis of EpiDermTM treated with nicotine (Nic10 and Nic400) predicted
an activated state of the EIF2 signaling pathway, which is involved in global protein
synthesis. However, under stress conditions, eukaryotic translation initiation factor 2 alpha
(eIF2α) may become phosphorylated and selectively translate only a subset of mRNAs
necessary for cell survival and stress recovery, such as inhibitors of apoptosis [49,50].
Nicotine phosphorylation of EIF2 is depended on treatment concentration, cell type, and
experimental model [51–53]. In our 3D EpiDermTM model, increased expression of proteins
involved in the EIF2 pathway may be associated with stress-related protein synthesis,
since: (1) mitochondrial-stress-related pathways were also observed (Nic10); (2) apoptosis
pathways were decreased; and (3) expression of RPL19, a ribosomal protein involved in the
activation of the unfolded protein response, was increased [54].

Mitochondrial-related pathways were the top hit on IPA’s tox list analysis in the
EpiDermTM treatments. Alterations in mitochondrial dynamics and oxidative stress have
been observed in cells treated with nicotine [55,56]. Nicotine binds to acetylcholine recep-
tors in keratinocytes to stimulate a Ca2+ influx [57]. Proteins altered in EpiDermTM treated
with nicotine included those in the electron transport chain. THS and nicotine altered
mitochondrial morphology in mouse neural stem cells (mNSCs) [56]. In our study, nicotine
at concentrations found in THS-exposed fabric decreased mitochondrial networks, while
punctate and swollen mitochondria increased. Mitochondrial fragmentation was dependent
on both nicotine concentration and time. The shift from networked to punctate mitochon-
dria correlated with a decrease in mitofusin 1/2, proteins involved in mitochondrial fusion,
which are needed to maintain the networked phenotype. A similar nicotine-induced mito-
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chondrial fission accompanied by a decrease in mitofusin 1/2 was observed in neonatal rat
ventricular cardiomyocytes and [55] in human multipotent embryonal carcinoma cells [58].
Mitochondrial fragmentation was reversible in human keratinocytes, suggesting skin could
recuperate after THS exposure. Alterations in mitochondria could lead to ROS imbalance
and oxidative stress in skin.

Changes in mitochondrial phenotype have been observed in stem cells exposed to
THS, e-liquid, and nicotine [56,59]. Unlike keratinocytes, which have networked mito-
chondria, stem cell mitochondria are punctate and have low activity. When cells are
stressed, mitochondria in mNSCs undergo fusion, a response referred to as stress-induced
mitochondrial hyperfusion (SIMH), resulting in increased ATP production [59]. SIMH
occurs in neural stem cells during exposure to THS, e-liquid, or nicotine, and is a survival
mechanism [56,59]. Our results show that mitochondria in stem cells and differentiated
keratinocytes respond differently to nicotine. Stem cells mount a survival response via
SIMH, while mitochondria fragment in differentiated keratinocytes, which may occur in
parallel with a survival response initiated by EIF2.

Peroxisomes are essential for various cellular functions, including maintenance of ROS
homeostasis and degradation of hydrogen peroxide [33,60,61]. Abnormalities in peroxi-
somes can impair catalase activity and lead to inadequate detoxification of ROS, which
in turn can cause oxidative stress and contribute to impaired mitochondrial function [33].
In our study, peroxisomes in keratinocytes exposed to Nic400 showed both a decrease in
number and an increase in size relative to the controls. Changes in number can be caused
by increased pexophagy, which occurs when peroxisomes are damaged [62] and can be
triggered by excess ROS [63]. The increase in size could be due to swelling of damaged
peroxisomes, which has been reported in a PEX 11 knockout cell line [64] and in liver cells
from mice with dysfunctional peroxisomes [65]. Swelling may also occur when peroxi-
somes are proliferating [64], which may have occurred in our system to replace those lost
by pexophagy.

Dysfunctional peroxisomes can activate eIF2 transcription of stress pathways and
increase ROS, leading to mitochondrial dysfunction [51,66,67]. In a mouse model with
dysfunctional peroxisomes, increased phosphorylation of eIF2-α led to activation of tran-
scription factors that regulate expression of stress-related genes [51,67,68]. EIF2 signaling
was affected in our proteomics analysis and may be a response to peroxisome dysregu-
lation. Impaired peroxisomes also increase ROS and can trigger mitochondrial dysfunc-
tion [67,69–71], which was observed in both our proteomics data and phenotype analysis
of mitochondria. In keratinocytes, peroxisomes were abnormal by 24 h of treatment, while
mitochondrial swelling was observed after 72 h. Our data support the conclusion that
treatment of human keratinocytes with nicotine leads to peroxisome dysfunction, which
may in turn activate stress responses and contribute to mitochondrial dysfunction.

Our data establish a foundation upon which future studies can be performed. We
tested multiple nicotine concentrations, but they may not include all concentrations in
environmental settings or EC fluids, both of which are both highly variable. Our EpiDerm™
data come from one individual (male). Future studies could use gender and age matched
groups and include chronic exposures.

5. Conclusions

Nicotine concentrations associated with environmental THS and ECs penetrate Epi-
Derm™ and cultured keratinocytes and: (1) produce an anti-inflammatory response which
could exacerbate skin infections and impair wound healing, (2) alter the EIF2 signaling
pathway, which may activate a cellular stress response and inhibit apoptosis, (3) increase
oxidative stress, and (4) alter both mitochondrial and peroxisome morphologies and disrupt
ROS homeostasis. Even a short exposure to low concentrations of nicotine was sufficient
to alter the EpiDermTM proteome and adversely affect organelles involved in oxidative
stress. These data, in conjunction with our earlier study showing alterations in the human
nasal epithelium following inhalation of THS chemicals [72], provide strong evidence that
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humans are adversely affected by both dermal and inhalation exposure to THS. Together,
these data demonstrate a need for a better understanding of the effects of nicotine in
THS and ECs on humans, broadening restrictions on indoor smoking and vaping, and
developing policies for remediating contaminated environments.
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