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Abstract: Both intrinsic (i.e., an individual’s body clock) and extrinsic factors (i.e., air pollutants and
ultraviolet irradiation) accelerate premature aging. Epidemiological studies have shown a correla-
tion between pollutant levels and aging skin symptoms. Diesel particle matter in particular leads to
some diseases, including in the skin. Our recent study demonstrates that diesel particulate extract
(DPE) increases apoptosis via increases in an anti-mitogenic/pro-apoptotic lipid mediator, ceramide
in epidermal keratinocytes. Here, we investigated whether and how DPE accelerates premature skin
aging using cultured normal human dermal fibroblasts (HDF). We first demonstrated that DPE in-
creases cell senescence marker 3-galactosidase activity in HDF. We then found increases in mRNA
and protein levels, along with activity of matrix metalloprotease (MMP)-1 and MMP-3, which are
associated with skin aging following DPE exposure. We confirmed increases in collagen degrada-
tion in HDF treated with DPE. Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(NOX) is activated by DPE and results in increased ceramide production by sphingomyelinase ac-
tivation in HDF. We identified that ceramide-1-phosphate (C1P) (produced from ceramide by
ceramide kinase activation) activates MMP-1 and MMP-3 through activation of arachidonate cas-
cade, followed by STAT 1- and STAT 3-dependent transcriptional activation.

Keywords: aging; ceramide; ceramide-1-phosphate; diesel particulate extract; matrix metalloprote-

ase; skin

1. Introduction

Both intrinsic and extrinsic factors (i.e., air pollutants and ultraviolet irradiation)
drive premature aging [1,2]. Aging is unpreventable in human organs, but premature ag-
ing can be slowed down by minimizing the effects of environmental factors on cells/tis-
sues. Indeed, topical agents containing antioxidants have shown some efficacy in attenu-
ating development of visible skin aging symptoms, such as excessive melanogenesis, mel-
anin deposition, and wrinkle formation [3,4].

Diesel particle matter, produced from diesel engines and composed of a various mix-
ture of volatile components, including aldehydes, benzene, polyaromatic hydrocarbons
and their derivatives, are major components of air pollutants [2,5]. Polyaromatic hydro-
carbons and their derivatives contribute to the development of some diseases, including
skin diseases such as contact hypersensitivity and dermatitis, and to the impairment of
epidermal keratinocyte function [6,7]. Diesel particle matter also impairs epidermal per-
meability barrier integrity [8].
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In response to stimuli, such as cytokine, angiotensin, and ultraviolet irradiation, nic-
otinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) are activated,
which then generate a reactive oxygen species (ROS) [9]. Diesel particulate matter also
initiates ROS production through NOX activation [10,11]. ROS generated by NOX plays
both a positive (elimination of pathogens) and negative (diseases and aging) role in cells
and tissues.

Ceramides (lipids) are an essential component for the epidermal permeability barrier,
located in the outermost layer of the epidermis, the stratum corneum, which is comprised
of denucleated stratified keratinocyte (corneocytes) and extracellular lipid dominant la-
mellar structures. In addition, ceramides and their metabolites are lipid mediators that
regulate many cellular functions; i.e., proliferation, cell cycle arrest, differentiation, cell
death, and cell motility in most mammalian cells, including keratinocyte in the nucleated
epidermal layers (stratum basale, stratum spinosum and stratum granulosum) [12,13]. We
recently elucidated that diesel particulate extract (DPE)-activated NOX increases cellular
ceramide levels by activating sphingomyelinase (SMase), inducing apoptosis in cultured
normal human keratinocyte [14].

Epidemiological studies have shown a correlation between levels of pollutants and
skin aging symptoms [2]. Decreases in skin elasticity and wrinkle formation are hallmarks
of skin aging, which are somehow triggered by structure alterations of the extracellular
cellular matrix (ECM) in dermis. Increases in MMP-1 and MMP-3 expression and activity,
as well as decreases in production of ECM constituents, contribute to changes in ECM
structure and content. Epidermal thickness is reduced by intrinsic epidermal aging. A re-
cent intriguing study demonstrated that a critical role of collagen XVII in maintaining
keratinocyte stem cells on basement membranes [15], i.e., decreases in keratinocyte stem
cells, influences epidermal thickness and skin regeneration. Production growth factors,
including EGF and KGF, as well as responsiveness to growth factors, also determined
keratinocyte growth. Yet, the mechanism responsible for thinner epidermis is not com-
pletely elucidated. Hence, here we focus on dermal, but not epidermal, aging, and to in-
vestigate whether and/or how the lipid mediator, ceramide (and its metabolites) is in-
volved in premature skin aging induced by air pollutants using fibroblasts isolated from
normal human dermis. Exposure to DPE increases MMP-1 and MMP-3 production and
their activity in HDF. NOX is also activated by DPE, resulting in increased ceramide pro-
duction by SMase activation in HDF. We have identified that ceramide-1-phosphate (C1P)
generated from ceramide by activation of ceramide kinase increases MMP-1 and MMP-3
production, and we further characterized that C1P-mediated activation of arachidonate
cascade followed by STAT 1 and STAT 3 activation is a downstream pathway that stimu-
lates MMP-1 and MMP-3 transcription, leading to collagen degradation.

2. Results
2.1. DPE Increases Cell Senescence

We recently found that DPE induces apoptosis in keratinocyte [14]. In this current
study, we investigated the effects of DPE exposure on skin aging. We first optimized con-
centrations of DPE which do not show cell toxicity. Since up to 20 pug/mL of DPE did not
affect cell viability (Figure 1A), concentrations of 0-20 pug/mL of DPE were used in this
study. We next examined whether DPE accelerates cell senescence in HDEF. (3-galacto-
sidase activity, a marker of cell senescence, was increased in HDF following DPE exposure
(Figure 1B). These results suggest that DPE accelerates cell senescence in HDF.
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Figure 1. Cell viability and -galactosidase activity. HDF were incubated with DPE for 24 h. Cell
viability was measured by water-soluble tetrazolium salt cell quantification method (A). Cells pos-
itive for B-galactosidase activity were stained with blue-green (B). All values are mean + SD (n = 3).
Statistical significance was calculated using the unpaired Student’s t-test, and significance was de-
fined as * p < 0.01 vs. vehicle control. See details in the Materials and Methods section.

2.2. DPE Activates MMP-1 and MMP-3

Next we investigated levels of MMP-1 and MMP-3, which are involved in skin aging
development by alteration of the extracellular matrix structure [16], in HDF. mRNA ex-
pression of MMP-1 and MMP-3 were significantly increased in HDF incubated with DPE
in a dose-dependent fashion (Figure 2A,B). We then found dose-dependent significant
increases in MMP-1 and MMP-3 protein levels (Figure 2C) and their activities (Figure
2D,E) in cultured medium. These results suggest that DPE could accelerate skin aging by
activation of MMP-1 and MMP-3.
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Figure 2. MMP-1 and MMP-3 mRNA, protein levels, and activity. HDF were incubated with DPE
or vehicle for 24 h. MMP-1 and MMP-3 mRNA (A,B), protein expression (C), and enzymatic activity
(D,E) were measured by gRT-PCR, Western blot, or the fluorometric-based assay, respectively. All
values are mean + SD (1 = 3). * p <0.01 vs. vehicle control. See details in Section 4.
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2.3. DPE Activates NOX

NOX activity was significantly increased in HDF following DPE treatment in a dose-
dependent fashion (Figure 3).
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Figure 3. NADPH Oxidase activity. HDF were incubated with DPE or vehicle for 24 h. Activity of
NAPDH oxidases (NOX) was determined by measuring the ratio of NADP* to NADPH with LC-
ESI-MS/MS (API 3200 QTRAP mass, AB/SCIEX) by multiple-reaction monitoring mode (MRM). All
values are mean + SD (1 = 3). * p <0.01 vs. vehicle control. See details in Section 4.

2.4. Changes in Ceramide and Its Metabolite Profile

We next assessed ceramide and its metabolites (C1P and S1P) levels in HDF treated
with DPE. Ceramide levels are significantly increased in HDF following DPE exposure
(Figure 4A), in parallel with activation of acidic and neutral SMase (Figure 5A). Ceramide
species containing shorter chains of amide-linked fatty acid (C16) amounts were signifi-
cantly increased in HDF, while longer chain ceramide species were modestly decreased
(C24>) (Figure 4B). Analysis of ceramide metabolites revealed that C1P containing C16
fatty acid levels are significantly increased (Figure 4C,D), while S1P is not changed fol-
lowing DPE treatment (Figure 4E). Ceramide kinase was significantly activated by DPE
(Figure 5B). Two isoforms of sphingosine kinase 1 and 2 activity were not changed (Figure
5C,D). These results suggest that DPE increases ceramide production through SMase ac-
tivation, followed by increased conversion from ceramide to C1P by ceramide kinase ac-
tivation.
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Figure 4. (A-E) Ceramide, C1P and S1P content. HDF were treated with DPE for 24 h, followed by
extraction of lipids. Ceramide, C1P and S1P content were measured by LC-ESI-MS/MS. All values

are mean *

SD (1 =3). * p <0.01 vs. vehicle control. See details in Section 4.



Int. J. Mol. Sci. 2022, 23, 2691

6 of 15

A Acidic Neutral B
40 1 * " 5.0
#*
£ e L
zE gt
£3 - s
00 =1
;5 £ E T
% ?E,: 20 3 g 2.5
= [
== 2E
(=] £7Q
£ 5 g
RS o a
0 ' v v 0
Vehicle DPE Vehicle DPE Vehicle DPE
C D .
5.0 0.6,
. T
g =
£E £E
= 2 =
k¥ S 52
g5 F
£ ZE
i) 57
g £
0 )
Vehicle DPE Vehicle DPE

Figure 5. Sphingomyelinases, ceramide kinase, and sphingosine kinase activity. HDF were incu-
bated with 20 pg/mL of DPE or vehicle for 24 h. Acidic and neutral SMase (A), ceramide kinase (B),
sphingosine kinase 1 (C), and sphingosine kinase 2 (D) were assessed by LC-ESI-MS/MS. All values
are mean * SD (1= 3). p <0.01 vs. vehicle control. See details in Section 4.

2.5. C1P Modulates MMP-1 and MMP-3 Activation

Because both ceramide and C1P are lipid mediators that modulate cellular functions
[17,18], we next investigated whether ceramide and/or C1P is (are) responsible for activa-
tion of MMP-1 and MMP-3. First, inhibition of acidic and neural SMase by a specific phar-
macological inhibitor, imipramine (for acidic SMase) and GW4869 (for neutral SMase),
respectively, suppressed DPE-mediated upregulation of both MMP-1 and MMP-3 mRNA
expression (Table 1) and protein production (Figure 6). These results suggest that
ceramide and/or its metabolite(s) increase(s) MMP-1 and MMP-3 expression.

Table 1. MMP-1 and MMP-3 mRNA expression.

Treatment Relative mRNA Expression vs. Vehicle Control
MMP1 MMP3

Control 1.00 +0.12 1.00 +0.05
Imipramine 1.04 +0.09 0.98 +0.08

GW4869 1.11 £0.14 0.98 +0.06

NVP231 1.16 £ 0.19 1.01 +0.13

DPE 3.34 £ 0.34 320 +0.49
DPE+Imipramine 1.86 +0.21* 155 +0.15*
DPE+GW4869 1.66 +0.17* 1.44 +0.09*
DPE+NVP231 1.63 +0.18* 1.50 +0.09*

*p <0.01 vs. DPE



Int. J. Mol. Sci. 2022, 23, 2691

7 of 15

Next, blocking of C1P synthesis by a specific inhibitor of ceramide kinase, NVP-231
reduced MMP-1 and MMP-3 mRNA expression (Table 1) and protein production (Figure
6). Thus, increases in C1P rather than in ceramide stimulates MMP-1 and MMP-3 produc-
tion. We further investigated whether activation of MMP-1 and MMP-3 increases collagen
degradation. Collagen levels were decreased in HDF exposed to PDE (Figure 7A,B). When
SMase and ceramide kinase were inhibited, decreases in collagen were suppressed (Figure
7A,B). These results appear to confirm that DPE-increased C1P simulates MMP-1 and
MMP-3, leading to collagen hydrolysis.
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Figure 6. MMP-1 and MMP-3 protein expression. HDF were incubated with or without imipramine
(acidic SMase inhibitor), GW4869 (neutral SMase inhibitor), VP231 (ceramide inhibitor), or Aspirin
(cyclooxygenase-2 [COX-2] inhibitor) for 30 min, and then incubated with 20 pg/mL of DPE for 24
h. MMP-1 and MMP-3 protein expressions were assessed by Western blot assay.
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Figure 7. Collagen type I content. HDF were incubated with or without imipramine (acidic SMase
inhibitor), GW4869 (neutral SMase inhibitor), VP231 (ceramide kinase inhibitor), or Aspirin (cy-
clooxygenase-2 [COX-2] inhibitor) for 30 min, and then incubated with 20 ug/mL of DPE for 24 h.
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Collagen type I content was measured using ELISA (A). All values are mean + SD (n = 3). p < 0.01
vs. vehicle control. Immunofluorescence staining of collagen type I (B). See details in Section 4.

2.6. Activation of Arachidonate Pathway and STAT1 and STAT3 Are Responsible for C1P
Mediated MMP-1 and MMP-3 Activation

Finally, we characterized how CI1P stimulates MMP-1 and MMP-3 expression. C1P
activates cytosolic phospholipase A2 (cPLA2) that then initiates an arachidonate pathway
followed by activation of transcription factors STAT1 and STAT3 [19], leading to an in-
flammatory response [20]. Moreover, MMP-1 and MMP-3 mRNA expression are in-
creased by STAT1 and STAT 3 activation [21].

Inhibition of cyclooxygenase by acetylsalicylic acid (aspirin) diminished increases in
MMP-1 and MMP-3 protein (Figure 6) and decreased in collagen levels in HDF exposed
to DPE (Figure 7). STAT1 and STAT3 phosphorylation were also evident in HDF exposed
to DPE, while inhibition of sphingomyelinases and ceramide kinase, as well as cyclooxy-
genase-2, suppressed STAT1 and STAT3 phosphorylation (Figure 8). Thus, C1P stimulates
MMP-1 and MMP-3 production through a cPLA2-mediated arachidonate pathway of
STAT1 and STATS3 activation.
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Figure 8. Phosphorylation of STAT1 and STAT3. HDF were incubated with or without imipramine
(acidic sphingomyelin inhibitor), GW4869 (neutral sphingomyelin inhibitor) and VP231 (ceramide
kinase inhibitor) for 30 min, and then incubated with 20 ug/mL of DPE for 24 h. Both total and
phosphorylated levels of STAT1 (Tyr-701) or STAT3 (Tyr-705) were assessed by Western blot assay.
See details in the Materials and Methods section.

3. Discussion

We demonstrated here that DPE exposure activates MMP-1 and MMP-3, and de-
creases type 1 collagen levels in HDF. We identified that MMP-1 and MMP-3 activation
was initiated by C1P through increases in ceramide production by activation of both acidic
and neutral SMase, followed by increased conversion from ceramide to C1P by ceramide
kinase activation. We further characterized that C1P-initiated activation of arachidonate
pathway followed by STAT1 and STAT3 activation is a downstream mechanism of in-
creased MMP-1 and MMP-3 synthesis (Figure 9)

Prior studies have demonstrated that C1P modulates cellular functions; i.e., adipo-
genesis, cell migration, and autophagy [17,18]. We also have reported that endoplasmic
reticulum (ER) stress-driven increases in C1P promote major epidermal antimicrobial
peptide production (human -defensin [hBD]2 and hBD3) in normal human keratnocyte
[22]. Our current study reveals that DPE-increased C1P could accelerate premature skin
aging. NOX (which lead to increasing in ceramide and then C1P production) are activated
by not only DPE, but also other external and internal stressors, such as ultraviolet irradi-
ation, cigarette smoke, inflammatory cytokines, and epidermal permeability barrier per-
turbation [9,11,23,24]. Therefore, C1P could play a critical role in skin aging in response to
diverse oxidative stressors.
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Blocking of sphingomyelinase to reduce C1P production suppresses C1P-mediated
MMP-1 and MMP-3 production. Yet, because ceramide is needed to maintain normal ep-
idermal functions, including epidermal permeability barrier formation, specific suppres-
sion of C1P rather than ceramide production should be an appropriate therapeutic target
to suppress MMP-1 and MMP-3 activation. Inhibition of cPLA2 (which is activated by
C1P) to block arachidonate cascade is a potent therapeutic approach to treat inflammatory
diseases [25]. However, cPLA2 is activated by multiple pathways and it has not only
pathological, but also physiological roles in cells [25,26]. Thus, the inhibition of cPLA2
could lead to unpredictable adverse consequences. Hence, specific modulation of C1P
production rather than inhibition of cPLA2, i.e., suppression of C1P production and/or its
activity, should be a safer approach to suppressing premature skin aging.

Our prior studies have shown that C16 ceramide is a major backbone constituent of
sphingomyelin in skin [27,28]. We found that: (1) C16 ceramide and C16 C1P are signifi-
cantly increased in HDF following DPE treatment in parallel with SMase activation, and
(2) SMase inhibition decreases MMP-1 and MMP-3 activation. Therefore, ceramide de-
rived sphingomyelin, not de novo ceramide synthesis or glycosylceramide (major back-
bone ceramide containing longer fatty acids) hydrolysis, is the source of ceramide that
generates C1P for upregulation of MMP-1 and MMP-3.

Longer chain ceramide species are decreased in HDF following DPE exposure. DPE
may affect either/both synthesis and/or activity of ceramide synthase(s) (CerS2 and CerS3,
which are synthesized longer chain ceramides) and/or ELOVL1, which synthesizes long
chain fatty acids (C24) [29], and results in decreases in longer chain ceramide. Prostaglan-
din E2 promotes INF-y production [30]. INF-y suppresses CerS3 expression [31]. There-
fore, DPE could change Cer2, CerS3 and/or ELOVL1 expression in cells, and results in
decreases in longer chain ceramide.
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Figure 9. Acceleration of premature skin aging by DPE via NADPH) oxidases -mediated C1P path-
way.
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S1P is another ceramide metabolite that regulates diverse cell functions, such as cell
proliferation, differentiation, apoptosis, angiogenesis and cell motility [32-34]. However,
S1P levels were decreased in HDF following DPE exposure. Our prior studies showed that
ceramide levels were increased, but S1P levels decreased in normal human keratinocyte
following DPE treatment [14]. We previously found that both acidic and neutral cerami-
dase activities are decreased in normal human keratinocyte after UVB irradiation [35].
These results suggest that, under oxidative stress, hydrolysis of ceramide by ceramidase
to sphingosine followed by S1P production by sphingosine kinase is likely attenuated.
Thus, ceramide could be preferentially metabolized to C1P. It is currently unknown
whether and why ceramidase is sensitive to oxidative stress.

Chronic exposure of low levels of DPE may increase in ceramide and its metabolites
that are at sub-apoptotic levels, affecting cell proliferation and differentiation. Yet, the
mechanism that is responsible for thinner epidermis is still not characterized very well. In
addition, the effect of C1P on keratinocyte proliferation and differentiation is unknown.
Thus, it is not clear whether C1P contributes to epidermal thinning and regeneration in
response to air pollutants and other external stressors. However, we here characterized
that C1P activates an arachidonate pathway, leading to stimulation of MMP-1 and MMP-
3 mediated collagen hydrolysis. Activation of this arachidonate pathway promotes in-
flammatory cytokine/chemokine production. Increased secretion of certain inflammatory
cytokine/chemokines leads to a senescence-associated secretory phenotype (SASP). C1P
may be a driver of SASP.

Penetration of pollutants into skin is not completely elucidated yet either, but a recent
study showed that topical diesel engine exhaust penetrated into the dermis and activated
MMP-9 in ex vivo cultured human skin [36]. Thus, MMP-1 and MMP-3 could be activated
in skin following exposure to DPE.

In conclusion, C1P should be a driver to accelerate premature skin aging through
activation of MMP-1 and MMP-3, leading to collagen degradation in dermal fibroblasts
following DPE exposure.

4. Materials and Methods
4.1. Materials

Diesel particulate extract (DPE) used in the present study is Standard Reference Ma-
terial 1975 (SRM 1975), purchased from the National Institute of Standards and Technol-
ogy (NIST) (Gaithersburg, MD, USA). Nicotinamide, NADPH, NADP, 2,7-dichlorofluo-
rescin diacetate, GW4869, NVP213 and acetylsalicylic acid were obtained from Sigma-Al-
drich (St. Louis, MO, USA). C17-C1P, C17-S1P, S1P (d18:1), sphingosine, ceramides (fatty
acid lengths C12, C16, C18, C22, C24, and C24:1), C17-ceramide (d17:1/C18:0), and C12-
sphingomyeline sphingosine, ceramides (fatty acid lengths C12, C16, C18, C22, C24, and
C24:1) were obtained from Avanti Polar Lipids (Alabaster, AL, USA). Organic solvents for
sphingolipid extraction or LC-MS/MS analysis were purchased from Merck (Darmstadt,
Germany).

4.2. Cell Culture

Normal human dermal fibroblasts (HDF) (Thermo Fisher Scientific, Waltham, MA,
USA) were grown as described previously [37,38]. Briefly, HDF were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin. Culture medium was switched to serum-free DMEM one day
prior to DPE treatment.

4.3. Cell Viability

Cell viability was measured by the water-soluble tetrazolium salt (WST) method us-
ing the cell counting kit-8 (CCK-8) assay kit (Dojindo, Kumamoto, Japan), in accordance
with the manufacturer’s instructions.
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4.4. Enzyme Activity
4.4.1. B-Galactosidase

To determine cellular senescence, (3-galactosidase activity was measured using se-
nescence [3-galactosidase staining kit (Cell signaling, Danvers, MA, USA), in accordance
with the manufacturer’s instructions. Images were taken with an inverted microscope
(CK-41, Olympus, Tokyo, Japan).

4.4.2. MMP-1 and MMP-3

MMP-1 and MMP-3 activity were assessed by the fluorometric-based method using
the MMP-1 or MMP-3 activity assay kit (abcam, Cambridge, MA, USA) according to the
manufacturer’s instructions.

4.4.3. NADPH Oxidases

Activity of NADPH oxidase (NOX) was measured by the lucigenin chemilumines-
cence assay kit using N,N’-Dimethyl-9,9'-bicridium dinitrate (Sigma-Aldrich), in accord-
ance with the manufacturer’s instructions. NADPH oxidases activity was measured by
the ratio of NADP+ to NADPH using LC-ESI-MS/MS (API 3200 QTRAP mass, AB/SCIEX,
Framingham, MA, USA) by multiple reaction monitoring mode, as we described previ-
ously [14].

4.4.4. Sphingomyelinase

Activities of acidic or neutral sphingomyelinase were measured as we described pre-
viously [14]. Briefly, cells suspended in assay buffers (acidic sphingomyelinase: 250 mM
sodium-acetate, 0.2% Triton X-100, pH 4.5, and neutral sphingomyelinase: 20 mM HEPES,
0.2% Triton X-100, pH 7.4) were incubated with 5 nmol of C12-sphingomyeline for 20 min
at 37 °C. The reaction was stopped by the addition of CHCls:CH3OH (2:1, v/v). The organic
phases were dried and were resolved in MeOH, and then analyzed by LC-MS/MS. The
activities of both sphingomyelinases are expressed as pmol (C12-ceramide) per mg pro-
tein per min.

4.4.5. Ceramide Kinase

Ceramide kinase activity was determined as we described previously [39] with mod-
ification. Briefly, cell lysates were incubated with 20 uM of C8-ceramide in 20 mM MOPS,
pH 7.4, 137 mM NacCl, 5.4 mM KCl, 0.8 mM MgClz, 0.34 mM Na:HPOs, 5.6 mM glucose,
0.44 mM KH2POs, 4.2 mM NaHCOs, 1.9 mM CaCl;, and 0.1% BSA with 1 mM ATP at 37
°C for 30 min. Enzyme reactions were terminated by the addition of cold MeOH contain-
ing 30 pmoles of d17:1/C18:0 ceramide as the internal standard and the activity was quan-
tified by LC-MS/MS. The activity of ceramide kinase is expressed as pmol (C8-ceramide)
per mg protein per min.

4.4.6. Sphingosine Kinase

Sphingosine kinase 1 and Sphingosine kinase 2 activities were assessed, as we de-
scribed previously [14,40]. Briefly, cell lysates were incubated with 200 uM C17-Sphingo-
sine as a substrate. To assay each isoform of sphingosine kinase activity, 0.5% Triton X-
100 or 1 M KCl for sphingosine kinase 1 and sphingosine kinase 2, respectively, were
added into assay buffer and then incubated at 37 °C for 30 min. Enzyme reactions were
terminated by the addition of CHCls:MeOH:HCI (8:4:3, v/v/v). C17-dihydrosphingosine-
1-phosphate (100 pmol) was added as an internal standard. The organic phage was sepa-
rated by addition of CHCIs, dried and redissolved in MeOH, and then analyzed by LC-
MS/MS. The activity of Sphingosine kinase was expressed as C17-S51P pmol per mg pro-
tein per min.
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4.5. Detection of Cellular Reactive Oxygen Species

Production of cellular reactive oxygen species (ROS), including superoxide (Oz) and
hydrogen peroxide (H202) was detected by the oxidant-sensing probe 2,7-dichlorodihy-
drofluorescein diacetate (DCFH-DA) (abcam), as described previously [38]. ROS produc-
tion was analyzed using a fluorescence microscopy (Eclipse Ti-U; Nikon Corporation, To-
kyo, Japan) and fluorospectrophotometer (Molecular devices M2e, Molecular Devices,
Sunnyvale, CA, USA) with 485 nm of excitation and 520 nm of emission filters and was
expressed as a fluorescence intensity (a.u.).

4.6. Measurement of Ceramide, Ceramide-1-Phosphate and Sphingosine-1-Phosphate

Total lipids were extracted from cells by the method of Bligh and Dyer (1959), with
modification, as described previously [40,41]. Ceramide, Ceramide-1-phosphate (C1P)
and Sphingosine-1-Phosphate (S1P) were quantitated using LC-ESI-MS/MS (API 3200
QTRAP mass), as described previously [40-42]. The ceramide MS/MS transitions (m/z)
were 510—264 for Cl4-ceramide, 538—264 for C16-ceramide, 552—264 for C17-ceramide,
566—264 for C18-ceramide, 594—264 for C20-ceramide, 648—264 for C24:1-ceramide,
650—264 for C24-ceramide, 676—264 for C26:1-ceramide, and 678—264 for C26-ceramide,
respectively. The C1P MS/MS transitions (m/z) were 590—264 for C14-C1P, 618—264 for
Cl6- C14-C1P, 646—264 for C18- C14-C1P, 674—264 for C20- C14-C1P, 728—264 for
C24:1- C14-C1P, 730—264 for C24- C14-C1P, 756—264 for C26:1- C14-C1P, and 758—264
for C26- C14-C1P, respectively. The S1P MS/MS transitions (m/z) were 366—250 for C17
S1P as an internal standard and 380—264 for C18 sphingosine 1-phosphate, respectively.
Data were acquired using Analyst 1.7.1 software (Applied Biosystems, Foster City, CA,
USA). Sphingolipid levels are expressed as pmol per mg protein.

4.7. Western Blot Analysis

Protein levels of MMP-1 and MMP-3 were assessed by Western blot analysis, as we
described previously [40]. Briefly, cell lysates, prepared in radioimmunoprecipitation as-
say buffer, were resolved by electrophoresis on 4-12% Bis-Tris protein gel (Invitrogen,
Carlsbad, CA, USA). Resultant bands were blotted onto polyvinylidene difluoride mem-
branes, probed with anti-MMP-1 and MMP-3 (Santa Cruz Biotechnology, Dallas, TX,
USA), anti-phospho-STAT1 (Tyr-701) anti-phospho-STAT3 (Tyr-705) (Cell Signaling
Technology, Boston, MA, USA), and anti-human p-actin (Sigma-Aldrich), and detected
using enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA). The
intensity of bands was measured with a LAS-3000 (Fujifilm, Tokyo, Japan).

4.8. Quantification RT-PCR Analysis

Relative mRNA expression was assessed by quantitative RT-PCR (gRT-PCR), as we
described previously [40]. Total RNA was isolated from cell lysates using RNeasy mini kit
(Qiagen, Germantown, MD), followed by preparation of cDNA using SensiFAST™ cDNA
synthesis kit (Bioline/Meridian, Taunton, MA, USA). The following primer sets were used:
MMP-1, 5-ATGAAGCAGCCCAGATGTGGAG-3' and 5-TGGTCCACATCTGCTCTT-
GGCA-3; MMP-3, 5-CACTCACAGACCTGACTCGGTT-3' and 5- AAGCAG-
GATCACAGTTGGCTGG-3'; GAPDH, 5-GGAGTCAACGGATTTGGTCGTA-3' and 5'-
GCAACAATATCCACTTTACCAGAGTTAA-3'". The thermal cycling conditions were 95
°C for 10 min, 95 °C for 15 s, 60 °C for 15 s, and 72 °C for 15 s, repeated 40 times on ABI
Prism 7500 (Applied Biosystems, Waltham, MA, USA). mRNA expression was normal-
ized to levels of GAPDH. Values shown represent mean (+SD) for three independent as-
says.
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4.9. Collagen Type I Analysis

Collagen type I content was measured by total collagen type I assay kit (Biovision,
Milpitas, CA, USA) according to the manufacturer’s instructions. Collagen type I was
probed with anti-collagen type I (abcam).

4.10. Statistical Analyses

Results were expressed as the mean + standard deviation (SD). Statistical analyses
were performed using the Prism Version 6.0 Software (GraphPad Software, San Diego,
CA, USA). Significance between groups was determined by unpaired Student’s ¢-test. The
p values were set at <0.01.

Author Contributions: Conceptualization, K.-O.S., Y.U. and K.P.; data curation, K.-O.S.; formal
analysis, K.-O.S.; funding acquisition, K.P.; investigation, K.-O.S.; methodology, K.-O.S.; project ad-
ministration, K.-O.S. and K.P.; resources, K.P.; supervision, K.P.; writing—original draft, K.-O.S.,
Y.U. and K.P.; writing —review and editing, K.-O.S., Y.U. and K.P. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the Main Research Program (E0210600-01) of the Korea Food
Research Institute (KFRI) funded by the Ministry of Science and ICT, supported by the Basic Science
Research Program through the National Research Foundation of Korea (NRF), funded by the Min-
istry of Education (2021R1A6A1A03044501), and by the Ministry of Environment (MOE) of the Re-
public of Korea (NIBR202118101).

Institutional Review Board Statement: Not applicable for this study.
Informed Consent Statement: Not applicable for this study
Data Availability Statement: Data are not avaiable.

Acknowledgments: We gratefully thank Joan Wakefield for superb editorial assistance (University
of California, San Francisco).

Conflicts of Interest: K.-O.S. is a current employee of LaSS Inc. The other authors have no conflict
of interest to declare.

References

1.

Araviiskaia, E.; Berardesca, E.; Bieber, T.; Gontijo, G.; Viera, M.S.; Marrot, L.; Chuberre, B.; Dreno, B. The impact of airborne
pollution on skin. J. Eur. Acad. Dermatol. Venereol. 2019, 33, 1496—-1505. https://doi.org/10.1111/jdv.15583.

Schikowski, T.; Hiils, A. Air Pollution and Skin Aging. Curr. Environ. Heal. Rep. 2020, 7, 58-64. https://doi.org/10.1007/s40572-
020-00262-9.

Burke, K.E. Mechanisms of aging and development— A new understanding of environmental damage to the skin and preven-
tion with topical antioxidants. Mech. Ageing Dev. 2018, 172, 123-130. https://doi.org/10.1016/j.mad.2017.12.003.

Kim, J.; Kim, J.; Lee, Y.I; Almurayshid, A.; Jung, J.Y.; Lee, ].H. Effect of a topical antioxidant serum containing vitamin C,
vitamin E, and ferulic acid after Q-switched 1064-nm Nd:YAG laser for treatment of environment-induced skin pigmentation.
J. Cosmet. Dermatol. 2020, 19, 2576-2582.

Rajagopalan, P.; Jain, A.P.; Nanjappa, V.; Patel, K.; Mangalaparthi, K.K.; Babu, N.; Cavusoglu, N.; Roy, N.; Soeur, J.; Breton, L.;
et al. Proteome-wide changes in primary skin keratinocytes exposed to diesel particulate extract—A role for antioxidants in
skin health. . Dermatol. Sci. 2019, 96, 114-124. https://doi.org/10.1016/j.jdermsci.2019.08.009.

Costa, C.; Catania, S.; De Pasquale, R.; Stancanelli, R.; Scribano, G.; Melchini, A. Exposure of human skin to benzo[a]pyrene:
Role of CYP1Al and aryl hydrocarbon receptor in oxidative stress generation. Toxicology 2010, 271, 83-86.
https://doi.org/10.1016/j.tox.2010.02.014.

Soeur, J.; Belaidi, J.-P.; Chollet, C.; Denat, L.; Dimitrov, A.; Jones, C.; Perez, P.; Zanini, M.; Zobiri, O.; Mezzache, S.; et al. Photo-
pollution stress in skin: Traces of pollutants (PAH and particulate matter) impair redox homeostasis in keratinocytes exposed
to UVAL. J. Dermatol. Sci. 2017, 86, 162-169. https://doi.org/10.1016/j.jdermsci.2017.01.007.

Hieda, D.S.; Carvalho, L.A.D.C.; de Mello, B.V; de Oliveira, E.A.; de Assis, S.R.; Wu, J.; Du-Thumm, L.; da Silva, C.L.V.; Rou-
bicek, D.A.; Maria-Engler, S.S.; et al. Air Particulate Matter Induces Skin Barrier Dysfunction and Water Transport Alteration
on a Reconstructed Human Epidermis Model. ] Investig. Dermatol. 2020, 140, 2343-2352.e3.
https://doi.org/10.1016/j.jid.2020.03.971.

Bedard, K.; Krause, K.-H. The NOX Family of ROS-Generating NADPH Oxidases: Physiology and Pathophysiology. Physiol.
Rev. 2007, 87, 245-313. https://doi.org/10.1152/physrev.00044.2005.



Int. J. Mol. Sci. 2022, 23, 2691 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chen, J.-H.; Chou, F.-P.; Lin, H.-H.; Wang, C.-]. Gaseous nitrogen oxide repressed benzo[a]pyrene-induced human lung fibro-
blast cell apoptosis via inhibiting JNK1 signals. Arch. Toxicol. 2005, 79, 694-704. https://doi.org/10.1007/s00204-005-0001-0.
Tarafdar, A.; Pula, G. The Role of NADPH Oxidases and Oxidative Stress in Neurodegenerative Disorders. Int. |. Mol. Sci. 2018,
19, 3824. https://doi.org/10.3390/ijms19123824.

Uchida, Y.; Park, K. Ceramides in Skin Health and Disease: An Update. Am. ]. Clin. Dermatol. 2021, 22, 853-866.
https://doi.org/10.1007/s40257-021-00619-2.

Uchida, Y. Ceramide signaling in mammalian epidermis. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2014, 1841, 453-462.
https://doi.org/10.1016/j.bbalip.2013.09.003.

Lee, H.-S.; Park, H.Y.; Kwon, S.P.; Kim, B.; Lee, Y.; Kim, S.; Shin, K.-O.; Park, K. NADPH Oxidase-Mediated Activation of Neu-
tral Sphingomyelinase Is Responsible for Diesel Particulate Extract-Induced Keratinocyte Apoptosis. Int. J. Mol. Sci. 2020, 21,
1001. https://doi.org/10.3390/ijms21031001.

Liu, N.; Matsumura, H.; Kato, T.; Ichinose, S.; Takada, A.; Namiki, T.; Asakawa, K.; Morinaga, H.; Mohri, Y.; De Arcangelis, A.;
et al. Stem cell competition orchestrates skin homeostasis and ageing. Nature 2019, 568, 344-350. https://doi.org/10.1038/s41586-
019-1085-7.

Cole, M. A ; Quan, T.; Voorhees, ].J.; Fisher, G.J. Extracellular matrix regulation of fibroblast function: Redefining our perspective
on skin aging. J. Cell Commun. Signal. 2018, 12, 35-43. https://doi.org/10.1007/s12079-018-0459-1.

Gomez-Larrauri, A.; Ouro, A.; Trueba, M.; Gomez-Muiioz, A. Regulation of cell growth, survival and migration by ceramide 1-
phosphate-implications in lung cancer progression and inflammation. Cell. Signal. 2021, 83, 109980.
https://doi.org/10.1016/j.cellsig.2021.109980.

Presa, N.; Gomez-Larrauri, A.; Dominguez-Herrera, A.; Trueba, M.; Gomez-Mufoz, A. Novel signaling aspects of ceramide 1-
phosphate. Biochim. Biophys. Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1865, 158630. https://doi.org/10.1016/j.bbalip.2020.158630.
Yellaturu, C.R.; Rao, G.N. Cytosolic Phospholipase A2 Is an Effector of Jak/STAT Signaling and Is Involved in Platelet-derived
Growth Factor BB-induced Growth in Vascular Smooth Muscle Cells. ]. Biol. Chem. 2003, 278, 9986-9992.
https://doi.org/10.1074/jbc.m211276200.

Burgermeister, E.; Pessara, U.; Tibes, U.; Kiister, A.; Heinrich, P.C.; Scheuer, W.V. Inhibition of cytosolic phospholipase A2
attenuates activation of mitogen-activated protein kinases in human monocytic cells. Eur. ]. Pharmacol. 2000, 388, 195-208.
https://doi.org/10.1016/s0014-2999(99)00816-x.

Cutler, S.J.; Doecke, ].D.; Ghazawi, I; Yang, ].; Griffiths, L.R.; Spring, K.; Ralph, S.J.; Mellick, A.S. Novel STAT binding elements
mediate IL-6 regulation of MMP-1 and MMP-3. Sci. Rep. 2017, 7, 8526. https://doi.org/10.1038/s41598-017-08581-y.

Kim, Y.I; Park, K.; Kim, J.Y.; Seo, H.S.; Shin, K.O,; Lee, Y.M.; Holleran, W.M.; Elias, P.M.; Uchida, Y. An endoplasmic reticulum
stress-initiated sphingolipid metabolite, ceramide-1-phosphate, regulates epithelial innate immunity by stimulating beta-de-
fensin production. Mol. Cell. Biol. 2014, 34, 4368-4378.

Chatterjee, S.; Balram, A.; Li, W. Convergence: Lactosylceramide-Centric Signaling Pathways Induce Inflammation, Oxidative
Stress, and Other Phenotypic Outcomes. Int. ]. Mol. Sci. 2021, 22, 1816. https://doi.org/10.3390/ijms22041816.

Sticozzi, C.; Pecorelli, A,; Lim, Y.; Maioli, E.; Pagnin, E.; Davis, P.A.; Valacchi, G. Modulation of skin oxidative stress and in-
flammatory markers by environmental stressors. Differences between young and old. J. Dermatol. Sci. 2012, 65, 226-228.
https://doi.org/10.1016/j.jdermsci.2011.11.004.

Soubhye, J.; Van Antwerpen, P.; Dufrasne, F. Targeting Cytosolic Phospholipase A2a for Novel Anti-Inflammatory Agents.
Curr. Med. Chem. 2018, 25, 2418-2447. https://doi.org/10.2174/0929867325666180117103919.

Leslie, C.C. Cytosolic phospholipase A2: Physiological function and role in disease. ]. Lipid Res. 2015, 56, 1386-1402.
https://doi.org/10.1194/jlr.r057588.

Goto-Inoue, N.; Hayasaka, T.; Zaima, N.; Nakajima, K.; Holleran, W.M.; Sano, S.; Uchida, Y.; Setou, M. Imaging Mass Spectrom-
etry Visualizes Ceramides and the Pathogenesis of Dorfman-Chanarin Syndrome Due to Ceramide Metabolic Abnormality in
the Skin. PLoS ONE 2012, 7, e49519. https://doi.org/10.1371/journal.pone.0049519.

Uchida, Y.; Hara, M.; Nishio, H.; Sidransky, E.; Inoue, S.; Otsuka, F.; Suzuki, A.; Elias, P.M.; Holleran, W.M.; Hamanaka, S.
Epidermal sphingomyelins are precursors for selected stratum corneum ceramides.. J. Lipid Res. 2000, 41, 2071-2082.

Sassa, T.; Ohno, Y.; Suzuki, S.; Nomura, T.; Nishioka, C.; Kashiwagi, T.; Hirayama, T.; Akiyama, M.; Taguchi, R.; Shimizu, H.;
et al. Impaired Epidermal Permeability Barrier in Mice Lacking Elovll, the Gene Responsible for Very-Long-Chain Fatty Acid
Production. Mol. Cell. Biol. 2013, 33, 2787-2796. https://doi.org/10.1128/mcb.00192-13.

Tanaka, S.; Barbour, S.E.; Best, A.; Schenkein, H.A.; Tew, ].G. Prostaglandin E2-Mediated Regulation of Immunoglobulin G2 via
Interferon Gamma. J. Periodontol. 2003, 74, 771-779. https://doi.org/10.1902/jop.2003.74.6.771.

Tawada, C.; Kanoh, H.; Nakamura, M.; Mizutani, Y.; Fujisawa, T.; Banno, Y.; Seishima, M. Interferon-gamma decreases
ceramides with long-chain fatty acids: Possible involvement in atopic dermatitis and psoriasis. J. Investig. Dermatol. 2014, 134,
712-718.

Green, C.D.; Maceyka, M.; Cowart, L.A.; Spiegel, S. Sphingolipids in metabolic disease: The good, the bad, and the unknown.
Cell Metab. 2021, 33, 1293-1306. https://doi.org/10.1016/j.cmet.2021.06.006.

Maceyka, M.; Spiegel, S. Sphingolipid metabolites in inflammatory disease. Nature 2014, 510, 58-67. https://doi.org/10.1038/na-
turel3475.

Cartier, A.; Hla, T. Sphingosine 1-phosphate: Lipid signaling in pathology and therapy. Science 2019, 366, eaar5551.
https://doi.org/10.1126/science.aar5551.



Int. J. Mol. Sci. 2022, 23, 2691 15 of 15

35.

36.

37.

38.

39.

40.

41.

42.

Uchida, Y.; Houben, E.; Park, K.; Douangpanya, S.; Lee, Y.-M.; Wu, B.X,; Hannun, Y.A; Radin, N.S; Elias, P.M.; Holleran, W.M.
Hydrolytic Pathway Protects against Ceramide-Induced Apoptosis in Keratinocytes Exposed to UVB. J. Investig. Dermatol. 2010,
130, 2472-2480. https://doi.org/10.1038/jid.2010.153.

Hoskin, R.; Pambianchi, E.; Pecorelli, A.; Grace, M.; Therrien, J.-P.; Valacchi, G.; Lila, M. Novel Spray Dried Algae-Rosemary
Particles Attenuate Pollution-Induced Skin Damage. Molecules 2021, 26, 3781. https://doi.org/10.3390/molecules26133781.
Boukamp, P.; Petrussevska, R.T.; Breitkreutz, D.; Hornung, J.; Markham, A.; Fusenig, N.E. Normal keratinization in a sponta-
neously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 1988, 106, 761-771.
https://doi.org/10.1083/jcb.106.3.761.

Rosenkranz, A.R.; Schmaldienst, S.; Stuhlmeier, K.M.; Chen, W.; Knapp, W.; Zlabinger, G.J. A microplate assay for the detection
of oxidative products using 2’,7’-dichlorofluorescin-diacetate. J. Immunol. Methods 1992, 156, 39-45.

Nishino, S.; Yamashita, H.; Tamori, M.; Mashimo, M.; Yamagata, K.; Nakamura, H.; Murayama, T. Translocation and activation
of sphingosine kinase 1 by ceramide-1-phosphate. J. Cell. Biochem. 2019, 120, 5396-5408. https://doi.org/10.1002/jcb.27818.

Park, K.; Ikushiro, H.; Seo, H.S.; Shin, K.-O.; Kim, Y.I.; Kim, J.Y.; Lee, Y.-M.; Yano, T.; Holleran, W.M.; Elias, P.; et al. ER stress
stimulates production of the key antimicrobial peptide, cathelicidin, by forming a previously unidentified intracellular S1P
signaling complex. Proc. Natl. Acad. Sci. USA 2016, 113, E1334-E1342. https://doi.org/10.1073/pnas.1504555113.

Park, K.; Elias, P.M.; Shin, K.-O.; Lee, Y.-M.; Hupe, M.; Borkowski, A.W.; Gallo, R.; Saba, J.; Holleran, W.M.; Uchida, Y. A Novel
Role of a Lipid Species, Sphingosine-1-Phosphate, in Epithelial Innate Immunity. Mol. Cell. Biol. 2013, 33, 752-762.
https://doi.org/10.1128/mcb.01103-12.

Wijesinghe, D.S.; Allegood, J.C.; Gentile, L.B.; Fox, T.E.; Kester, M.; Chalfant, C.E. Use of high performance liquid chromatog-
raphy-electrospray ionization-tandem mass spectrometry for the analysis of ceramide-1-phosphate levels. . Lipid Res. 2010, 51,
641-651. https://doi.org/10.1194/j1r.d000430.



