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Abstract: Particulate matter (PM) pollutants impose a certain degree of destruction and toxicity to the
skin. Mast cells in the skin dermis could be activated by PMs that diffuse across the blood vessel after
being inhaled. Mast cell degranulation in the dermis provides a kind of inflammatory insult to local
fibroblasts. In this study, we evaluated human dermal fibroblast responses to conditioned medium
from KU812 cells primed with PM. We found that PM promoted the production of proinflammatory
cytokines in mast cells and that the cell secretome induced reactive oxygen species and mitochondrial
reactive oxygen species production in dermal fibroblasts. Nicotinamide mononucleotide or coenzyme
Q10 alleviated the generation of excessive ROS and mitochondrial ROS induced by the conditioned
medium from PM-activated KU812 cells. PM-conditioned medium treatment increased the NF-
κB expression in dermal fibroblasts, whereas NMN or Q10 inhibited p65 upregulation by PM.
The reduced sirtuin 1 (SIRT 1) and nuclear factor erythroid 2-related Factor 2 (Nrf2) expression
induced by PM-conditioned medium was reversed by NMN or Q10 in HDFs. Moreover, NMN
or Q10 attenuated the expression of senescent β-galactosidase induced by PM-conditioned KU812
cell medium. These findings suggest that NMN or Q10 ameliorates PM-induced inflammation by
improving the cellular oxidative status, suppressing proinflammatory NF-κB, and promoting the
levels of the antioxidant and anti-inflammatory regulators Nrf2 and SIRT1 in HDFs. The present
observations help to understand the factors that affect HDFs in the dermal microenvironment and
the therapeutic role of NMN and Q10 as suppressors of skin aging.
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1. Introduction

Positive associations between air pollution particulate matter (PM) exposure and
adverse health-related outcomes have been demonstrated [1,2]. These suspended PMs,
including PM10 and PM2.5, which are classified according to aerodynamic diameter, are
detrimental microns due to their ability to penetrate deeply into the lungs and enter the
circulatory system, which could cause harmful effects, worsen diseases and even increase
morbidity. Notably, epidemiological studies have found that long-term exposure to PM
increases the risk of metabolic syndrome incidence [3,4]. Currently, more evidence is
available on the effects of PM, which are correlated with not only the exacerbation of car-
diovascular diseases and respiratory systemic inflammation but also with the progression
of inflammatory skin diseases and allergic reactions [5,6].

The adult dermis is regarded as a postmitotic tissue settled by specialized, rarely
proliferating cells that are expected to function more on damage repair and stress response.
Fibroblasts are the most abundant cell type of the dermis and contribute most to the features
of skin plasticity by providing new extracellular matrices [7]. In addition to their role with
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respect to structural support, fibroblasts are capable of responding to tissue damage signals,
including the presence of inflammatory molecules and changes in mechanical properties
and oxygen levels [8]. It appears that harmful stress affects long-lived fibroblasts more
severely by the loss of cellular maintenance and repair mechanisms than highly proliferative
keratinocytes that are frequently replaced. The skin dermis also houses long-lived mast
cells (MCs), which represent up to 8% of the total number of cells within the dermis [9]. The
important role of MCs in skin immunity is suggested by their strategic location and their
complex interconnections with various types of skin cells. To exhibit their appropriate role
as immune sentinels in response to the environment, communication must exist between
MCs and fibroblasts within the dermal microenvironment [10]. Mast cells release several
types of proinflammatory molecules that subsequently amplify and sustain dangerous
alerts to fibroblasts [10,11]. Published studies have indicated that PM could enhance the
FcεRI-mediated signaling and MC function [12–15]. In this study, we used PM-exposed
mast cells to investigate the interactive effects between dermal neighborhood cells, which
offered biological evidence that PM-induced MC activation contributes to premature human
fibroblast senescence.

Nicotinamide mononucleotide (NMN), as the precursor of NAD+, is expected to pro-
vide significant preventive effects on various pathophysiological changes that occur during
aging [16,17]. NMN possesses beneficial longevity properties by restoring the activity of
NAD+-dependent deacetylase sirtuin 1 (SIRT1), which in turn improves mitochondrial
function and prevents cellular senescence [18,19]. Previous studies have shown that SIRT1
protects fibroblasts from oxidative burden and DNA damage [20,21].

Coenzyme Q10 (CoQ10, ubiquinone-10) is an endogenous lipophilic quinone that
can lower levels of inflammation due to its antioxidant activity [22,23]. The malfunction
of mitochondria results in ROS formation and acceleration of cellular aging, whereas
maintenance of adequate antioxidants appears to induce reparations for oxidative damage
with important implications in the senescence process and cell death through interfering
with inflammation [24,25]. CoQ10 and NADH are two components of the mitochondrial
inner membrane. Notably, administration of NMN or CoQ10 has been reported to have
remarkable therapeutic effects on age-related diseases [26–28]. This study was performed
cellular and molecular examination of the effects of NMN and CoQ10 on inflamed HDFs
induced by PM-mediated allergic hyperresponsiveness.

2. Results
2.1. Sublethal Level of Treatments on Human Dermal Fibroblasts (HDFs)

The conditioned supernatant from PM-treated KU812 cells is proposed to be more
reflective of in vivo dermal microenvironment behavior, as it reduces the physical interac-
tion of PM with HDF membranes. We initially employed the MTS assay to measure the
cytotoxicity of PM-conditioned medium (PCM) from PM-exposed KU812 cells, NMN or
Q10, on HDFs. HDFs were treated with PCM for 8 h followed by 1 µM NMN or 100 nM
Q10 for 16 h. The concentrations of NMN and Q10 use were based on previously reported
studies [29,30]. Cell viability was expressed as a percentage compared to the control, which
was treated with a supernatant collected from DMSO-stimulated KU812 cells. The viability
of HDFs incubated with PM conditional supernatant was decreased to 90% compared
with that of the control (Figure 1). Both NMN and Q10 exhibited no apparent cytotoxicity.
Replacing PCM with the indicated concentration of NMN- or Q10-containing medium
slightly increased HDF viability. The cell viability among various treatments was more than
90%, revealing that all the applied treatments exhibited no significant cytotoxic effect on
HDFs. The PM activated mast cells to release several proinflammatory molecules, including
IL-1β, IL-6, and TNF-α (Table 1), which are implicated in inflammatory responses.
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Figure 1. (a) Schematic depicting the experimental design. (b) Effect of PCM-conditioned medium, 
NMN and Q10 on HDF viability measured using the MTS Assay. All treatments were tested in trip-
licate, and the mean values ± SEM are shown. 

Table 1. Cytokine levels in the culture medium of PM-treated KU812 cells. 

pg/mL Control PM 
IL-6 15.01 ± 1.12 75.66 ± 1.03 b 

TNF-α 14.08 ± 0.56 26.02 ± 0.32 b 
IL-1β 145.10 ± 0.24 237.77 ± 11.73 a 

Compared to the control group, a p < 0.01, b p < 0.001. 

2.2. Inhibitory Effects of NMN and Q10 on the Generation of Oxidative Stress 
Intracellular ROS production and mitochondrial ROS concentrations were estimated. 

We probed the levels of cellular ROS with the cell-permeant dye DCFH-DA. The quanti-
fied fluorescence intensity was dramatically increased in the HDFs treated with PCM, 
whereas the ROS levels were reduced in cells treated with NMN (Figure 2a). Enhanced 
mitochondrial ROS generation is a characteristic of senescent cells. Oxidative stress was 
quantified by using the MitoSOX probe, a fluorometric superoxide-detecting dye that spe-
cifically targets mitochondria. The levels of mitochondrial superoxide (mROS) in PCM-
cultured HDFs were higher than those in mock control HDFs and were significantly re-
duced in response to NMN or Q10 (Figure 2b). These results demonstrated that NMN and 
Q10 exhibit antioxidant activity and can effectively neutralize ROS and mROS induced by 
PCM in HDFs. 
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Figure 1. (a) Schematic depicting the experimental design. (b) Effect of PCM-conditioned medium,
NMN and Q10 on HDF viability measured using the MTS Assay. All treatments were tested in
triplicate, and the mean values ± SEM are shown.

Table 1. Cytokine levels in the culture medium of PM-treated KU812 cells.

pg/mL Control PM

IL-6 15.01 ± 1.12 75.66 ± 1.03 b

TNF-α 14.08 ± 0.56 26.02 ± 0.32 b

IL-1β 145.10 ± 0.24 237.77 ± 11.73 a

Compared to the control group, a p < 0.01, b p < 0.001.

2.2. Inhibitory Effects of NMN and Q10 on the Generation of Oxidative Stress

Intracellular ROS production and mitochondrial ROS concentrations were estimated.
We probed the levels of cellular ROS with the cell-permeant dye DCFH-DA. The quantified
fluorescence intensity was dramatically increased in the HDFs treated with PCM, whereas
the ROS levels were reduced in cells treated with NMN (Figure 2a). Enhanced mitochon-
drial ROS generation is a characteristic of senescent cells. Oxidative stress was quantified
by using the MitoSOX probe, a fluorometric superoxide-detecting dye that specifically
targets mitochondria. The levels of mitochondrial superoxide (mROS) in PCM-cultured
HDFs were higher than those in mock control HDFs and were significantly reduced in
response to NMN or Q10 (Figure 2b). These results demonstrated that NMN and Q10
exhibit antioxidant activity and can effectively neutralize ROS and mROS induced by PCM
in HDFs.

2.3. NMN and Q10 Downregulated Inflammatory and Antioxidant-Related Pathways in HDFs

NF-κB is a key transcriptional regulator of inflammatory responses and plays an impor-
tant role in the regulation of inflammation and in the development of cellular injuries [31].
We further investigated whether the inhibition of ROS stress by NMN and Q10 is mediated
through the NF-κB pathway. PCM enhanced the level of the inflammatory marker NF-kB.
NMN treatment significantly inhibited PCM activation of NF-κB expression. The condi-
tioned medium-induced activation of NF-κB was reduced by Q10 treatment (Figure 3a).
The results indicated that NMN and Q10 could counteract the effects of oxidative and
proinflammatory signals caused by PCM treatment by acting against p65 production.
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Figure 2. Representative levels of (a) intracellular ROS and (b) mitochondrial ROS (mROS) in HDFs
treated with PCM or in combination with NMN or Q10. Data represent the mean ± SD of three
independent experiments. *** p < 0.01 as compared with untreated control and ## p < 0.01 as compared
with PCM.
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Figure 3. Representative western blots of (a) p-65, (b) Nrf2 and (c) SIRT1 in HDFs treated with mock
control, PCM-conditioned medium, 1 µM NMN or 100 nM Q10 following incubation with PCM.
The relative ratio of protein to total protein levels is presented as the mean ± SD (B). Fold change of
control, *** p < 0.001. Fold change in PM-conditioned medium, # p < 0.05, ## p < 0.01.
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The expression of proteins related to the Nrf2 pathway was also investigated. As
shown in Figure 3b, PCM treatment produced a considerable lowering of Nrf2 levels with
respect to the control group. NMN treatment increased the Nrf2 level with respect to the
control and counteracted the depressive effect exerted by PCM. Q10 also increased Nrf2,
which efficiently counteracted PCM pretreatment (p < 0.05).

SIRT1 expression presented a trend similar to that of Nrf2 (Figure 3c). PCM treatment
markedly decreased SIRT1 in HDFs. The application of NMN restored SIRT1 expression
to levels similar to those in the control group. Adding Q10 after PCM pretreatment
significantly increased SIRT1. Our results demonstrated the antioxidative mechanisms of
NMN and Q10 in the stress induced by the PM-stimulated allergic secretome.

2.4. NMN and Q10 Attenuate PM-Conditioned Medium-Induced Senescence

SA-β-gal staining was used as a general marker of cellular senescence. The pretreat-
ment of HDFs with PCM induced senescence. The expression and the percentage of cells
positive for SA-β-Gal were higher in cultures of PCM than in the control. NMN or Q10
attenuated the stimulatory effects of PCM on senescence markers (Figure 4). In addition,
the levels of NF-κB, a pivotal regulator of the senescence phenotype, were also higher in
HDFs cultured with PCM. Collectively, these data confirmed that the PM-induced mast cell
secretome is stressful, corresponding with an intensified ROS and senescence-associated
secretory phenotype (SASP) to long-lived dermal fibroblasts.
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Figure 4. The effect of PCM on senescence in HDFs for 24 h and 48 h. The upper panel represents
the cytochemical staining of SA-β-Gal (blue). The levels of positively stained area within various
treatments were quantitatively compared in triplicate with mean values ± SEM. ** p < 0.01 compared
with mock control and # p < 0.05, ## p < 0.01 compared with PM-conditioned medium group.

3. Discussion

The skin dermal layer houses fibroblasts and immune cells, such as macrophages and
lymphocytes, and high numbers of mature mast cells. Previous reports have shown the ex-
istence of microdomains within the dermis in which leukocytes formed stable perivascular
sheaths. These resident mast cells act as the first line of defenders against invading insults
and prime adaptive immunity [32]. The present work imitated the biological habitation of
mast cells, which should be more reflective of the dermal microenvironment by matching
its frontline defender role, concomitantly reducing the direct physical contact of PM with
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fibroblasts. The secretome of mast cells stimulated with PM via the paracrine route spread-
ing to surrounding HDFs was established to investigate the relevant mechanisms [33]. Our
results suggest that mast cells exposed to PM act as initiators or busters of immune injuries.
PM- irritated mast cells cause fibroblast senescence by spreading ROS stress, which in turn
worsens dermal aging.

Altered cellular oxidative status is able to promote stress-induced premature senes-
cence, as documented by a dose-dependent increase in β-gal positivity. Following incu-
bation with PCM, a significant increase in ROS levels was observed, indicating increased
cellular oxidative status as a consequence of impaired mitochondrial functionality. Accu-
mulated intracellular oxidative stress is critical in steering cellular biochemical pathways
toward adaptive antioxidant defenses such as the Nrf2 response or cellular dysfunction.
After exposure to NMN or Q10, we observed a significant decrease in mitochondrial super-
oxide production as well as a decline in the accumulation of cellular ROS. Similarly, in our
presented experimental model, attenuated oxidative stress also significantly reduced the
levels of β-gal formation.

Nrf2 activation is a major process of cellular defense against oxidative damage. This
regulatory mechanism controls the expression of antioxidant response element (ARE)-
related genes whose protein products are involved in the induction of the expression of
antioxidant enzymes to neutralize electrophilic substances and high ROS insults. Therefore,
diminished Nrf2 activity contributes to increased oxidative stress and the pathogenesis of
various diseases [34]. Previous studies have confirmed crosstalk between Nrf2 and NF-κB.
Nrf2 deficiency elevates the expression of NF-κB, leading to increased production of inflam-
matory factors [35]. Our results indicated that PM enhances mast cell activation and that
these stimuli cause cytosolic ROS overproduction in fibroblasts, inducing mitochondrial
oxidative levels, negatively regulating Nrf2 and sensitizing the NF-κB inflammatory path-
way. Since SIRT1 counterregulates the inflammatory factor NF-κB p65, our results further
showed that PM-activated MCs promoted NF-κB accumulation and SIRT1 inhibition. In
contrast, both NMN and Q10 are able to reverse the blockade of Nrf2, positively regulate
SIRT1 and downregulate the expression of p65. Supplementation with the NAD+ precur-
sor NMN could trigger a sequence of events culminating in SIRT1 expression that also
confers mitochondrial rejuvenation and antioxidative and anti-inflammatory capacities
in HDFs [36,37]. Coenzyme Q10 is a molecule that acts as an essential cofactor of the
electron transport chain as well as an endogenous antioxidant [38,39]. Q10 supplementa-
tion blocked cellular senescence that could be associated with changes in redox states and
mitochondrial function. The use of Q10 significantly upregulated SIRT1 levels along with
an increase in Nrf2 expression compared with the PM-treated group. Furthermore, Q10
administration markedly decreased p65 levels and significantly improved the senescence
phenotype. Our data demonstrated that Q10 protects HDFs from PM via the induction of
SIRT1 and Nrf2 expression.

4. Materials and Methods

The cell line identified as an immature human basophilic leukocyte KU812 cell line
was purchased from the Bioresource Collection and Research Center, Taiwan. Human
dermal fibroblasts and the associated culture medium were purchased from PromoCell
GmbH (Sickingenstr, Heidelberg, Germany). CoQ10 and NMN were purchased from
Sigma–Aldrich Chemical Co. (Merck KGaA, Darmstadt, Germany). ELISA kits for cytokine
assays were purchased from eBioscience (San Diego, CA, USA). Primary antibodies against
GAPDH were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Primary
antibodies against NF-κB p65, SIRT 1 and Nrf2 were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, MA, USA). The urban particulate matter and chemical reagents used
in this study were purchased from Sigma–Aldrich Chemical Co.
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4.1. Preparation of Conditioned Medium

PM master stock was prepared at a concentration of 10 mg/mL in dimethyl sulfoxide
(DMSO). Prior to the preparation of culture treatments, the master stock was sonicated
in a sonic bath for 1 h at 25 ◦C with regular vortexing to avoid any agglomeration of
particles. After the addition of PM to KU812 medium for 24 h, KU812 cells were removed,
and the supernatant collected was denoted as PM-conditioned medium (labeled PCM
in the figures). HDF experiments were performed within 1 h to limit any variability in
supernatant preparation.

4.2. Cell Culture

KU812 cells were grown in RPMI-1640 medium containing 10% heat-inactivated fetal
calf serum and 1% antibiotics under standard cell culture conditions (37 ◦C, 5% CO2 in a
humidified incubator). KU812 cells were incubated with 10 µg/mL PM2.5 for 24 h. Primary
human dermal fibroblasts (HDFs) were grown in Fibroblast Growth Medium 2 (PromoCell
GmbH, Germany) under standard cell culture conditions (37 ◦C, 5% CO2 in a humidified
incubator). For exposure experiments, fibroblasts were exposed to a supernatant obtained
from PM-primed KU812 cells for 8 h, and a fresh medium containing 100 nM Q10 or 1 µM
NMN was subsequently replaced for 16 h.

4.3. Cell Proliferation Assay

The viability of HDFs was determined using a CellTiter 96* aqueous nonradioactive
cell proliferation assay (MTS; Promega, Madison, WI, USA). In brief, 20 µL MTS solution
was added to each well of a 96-well plate and incubated for 2 h in a humidified incubator
at 37 ◦C containing 5% CO2. The formazan product was quantitated by measuring the
absorbance at 490 nm with a microplate spectrophotometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

4.4. ROS Measurements

ROS were analyzed by flow cytometry using a 5 µg/mL final concentration of 2′,7′-
dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma Aldrich, St. Louis, MO, USA).
Similarly, to measure the production of mitochondrial superoxide, cells were incubated
in 5 µM MitoSOX Red (Invitrogen, Carlsbad, CA, USA) for 10 min. Next, the cells were
washed in PBS and analyzed by a microplate spectrophotometer.

4.5. Senescence Assay

SA-β-gal staining was performed according to the manufacturer’s instructions (Abcam,
Cambridge, UK.). Fifteen random images were taken per well at 100×magnification, and
after randomization, positive and negative cells were counted in a blinded fashion by using
ImageJ software.

4.6. Western Blot Analysis

Cells were lysed in RIPA buffer containing 5 µg/mL aprotinin, 100 µg/mL phenyl-
methylsulfonyl fluoride, 1 µg/mL pepstatin A, and 1 mM ethylenediaminetetraacetic
acid (EDTA) at 4 ◦C for 20 min. Total lysates were quantified using a microBCA kit
(Thermo Fisher Scientific, Waltham, MA, USA). Proteins (20 µg) were resolved by SDS-
polyacrylamide gel electrophoresis and electrophoretically transferred to a polyvinylidene
fluoride membrane. The membrane was blocked in 5% fat-free milk in PBST (PBS with
0.05% Tween-20), followed by overnight incubation with the following primary antibodies
diluted in PBST: p65 Ab (1:1000) and pSTAT5a Ab (1:1000). The primary antibodies were
removed, and the membranes were washed extensively in PBST. Subsequent incubation
with horseradish peroxidase-conjugated secondary antibodies (1:20,000, Santa Cruz Biotech,
Dallas, TX, USA) was performed at room temperature for 2 h. The membrane was again
extensively washed in PBST to remove any excess secondary antibodies, and the blots



Int. J. Mol. Sci. 2022, 23, 7539 8 of 10

were visualized using an enhanced chemiluminescence reagent (GE Healthcare, South
Jakarta, Indonesia).

4.7. Statistical Analysis

Data were obtained from three independent experiments and are presented as the
means ± standard error (SD). The results were statistically evaluated using one-way
analysis of variance (ANOVA) using the Statistical Package for the Social Sciences (SPSS,
version 21. IBM, Endicott, NY, USA.). The p value of the data was compared with the
control and calculated by Student’s t-test (* p < 0.05 was considered significant, ** p < 0.01,
*** p < 0.001).

5. Conclusions

Collectively, these findings reveal that paracrine factors of PM-stimulated mast cells
induce bystander fibroblast senescence via inflammatory p65 activation and ROS induction.
These molecular mechanisms of cellular senescence are predominantly mediated by SIRT1
and Nrf2 downregulation. NMN or Q10 ameliorated PM-induced inflammation by improv-
ing the cellular oxidative status, suppressing proinflammatory NF-κB, and promoting the
levels of the antioxidant and anti-inflammatory regulators Nrf2 and SIRT1 in HDFs. The
present observations could elucidate the factors that affect HDFs in the dermal microenvi-
ronment of PM-exposed mast cells and reposition the therapeutic roles of NMN and Q10
as suppressors of skin aging.

Author Contributions: Conceptualization, T.-M.C. and H.-C.H.; methodology: T.-Y.Y.; software:
T.-Y.Y.; validation: T.-M.C. and H.-C.H.; investigation, T.-M.C. and H.-C.H.; data curation, T.-Y.Y.;
writing—original draft preparation, H.-C.H.; writing—review and editing, T.-M.C.; visualization,
T.-Y.Y.; supervision, H.-C.H.; project administration, T.-M.C. and H.-C.H.; funding acquisition, T.-M.C.
and H.-C.H. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Ministry of Science and Technology under grant numbers
MOST 108-2314-B-039-050 and MOST 110-2622-8-241-001-TE4 and a grant from China Medical
University, Taiwan (CMU110-Z-01).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the experiments and data analysis performed in part
through the use of the Medical Research Core Facilities Office of Research & Development at China
Medical University, Taichung, Taiwan. The authors also acknowledge the financial support provided
by the Higher Education Sprout project funded by the Ministry of Education (MOE) in Taiwan.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Han, F.; Yang, X.; Xu, D.; Wang, Q.; Xu, D. Association between outdoor PM2.5 and prevalence of COPD: A systematic review

and meta-analysis. Postgrad. Med. J. 2019, 95, 612–618. [CrossRef] [PubMed]
2. Morgenstern, V.; Zutavern, A.; Cyrys, J.; Brockow, I.; Koletzko, S.; Krämer, U.; Behrendt, H.; Herbarth, O.; Von Berg, A.; Bauer,

C.P.; et al. Atopic Diseases, Allergic Sensitization, and Exposure to Traffic-related Air Pollution in Children. Am. J. Respir. Crit.
Care Med. 2008, 177, 1331–1337. [CrossRef]

3. Zang, S.-T.; Luan, J.; Li, L.; Wu, Q.-J.; Chang, Q.; Dai, H.-X.; Zhao, Y.-H. Air pollution and metabolic syndrome risk: Evidence
from nine observational studies. Environ. Res. 2021, 202, 111546. [CrossRef] [PubMed]

4. Chen, J.; Hoek, G.J.E.i. Long-term exposure to PM and all-cause and cause-specific mortality: A systematic review and meta-
analysis. Environ. Int. 2020, 143, 105974. [CrossRef]

5. Krutmann, J.; Liu, W.; Li, L.; Pan, X.; Crawford, M.; Sore, G.; Seite, S. Pollution and skin: From epidemiological and mechanistic
studies to clinical implications. J. Dermatol. Sci. 2014, 76, 163–168. [CrossRef]

6. Brauer, M.; Hoek, G.; Smit, H.A.; De Jongste, J.C.; Gerritsen, J.; Postma, D.S.; Kerkhof, M.; Brunekreef, B. Air pollution and
development of asthma, allergy and infections in a birth cohort. Eur. Respir. J. 2007, 29, 879–888. [CrossRef] [PubMed]

http://doi.org/10.1136/postgradmedj-2019-136675
http://www.ncbi.nlm.nih.gov/pubmed/31494575
http://doi.org/10.1164/rccm.200701-036OC
http://doi.org/10.1016/j.envres.2021.111546
http://www.ncbi.nlm.nih.gov/pubmed/34265350
http://doi.org/10.1016/j.envint.2020.105974
http://doi.org/10.1016/j.jdermsci.2014.08.008
http://doi.org/10.1183/09031936.00083406
http://www.ncbi.nlm.nih.gov/pubmed/17251230


Int. J. Mol. Sci. 2022, 23, 7539 9 of 10

7. Achterberg, V.F.; Buscemi, L.; Diekmann, H.; Smith-Clerc, J.; Schwengler, H.; Meister, J.-J.; Wenck, H.; Gallinat, S.; Hinz, B. The
Nano-Scale Mechanical Properties of the Extracellular Matrix Regulate Dermal Fibroblast Function. J. Investig. Dermatol. 2014,
134, 1862–1872. [CrossRef] [PubMed]

8. Sorrell, J.M.; Caplan, A.I. Fibroblast heterogeneity: More than skin deep. J. Cell Sci. 2004, 117, 667–675. [CrossRef]
9. Weber, A.; Knop, J.; Maurer, M. Pattern analysis of human cutaneous mast cell populations by total body surface mapping. Br. J.

Dermatol. 2003, 148, 224–228. [CrossRef]
10. Wulff, B.C.; Wilgus, T.A. Mast cell activity in the healing wound: More than meets the eye? Exp. Dermatol. 2013, 22, 507–510.

[CrossRef]
11. Garbuzenko, E.; Nagler, A.; Pickholtz, D.; Gillery, P.; Reich, R.; Maquart, F.-X.; Levi-Schaffer, F. Human mast cells stimulate

fibroblast proliferation, collagen synthesis and lattice contraction: A direct role for mast cells in skin fibrosis. Clin. Exp. Allergy
2002, 32, 237–246. [CrossRef] [PubMed]

12. Hyun, Y.J.; Piao, M.J.; Kang, K.A.; Zhen, A.X.; Madushan Fernando, P.D.S.; Kang, H.K.; Ahn, Y.S.; Hyun, J.W. Effect of Fermented
Fish Oil on Fine Particulate Matter-Induced Skin Aging. Mar. Drugs 2019, 17, 61. [CrossRef] [PubMed]

13. Liu, C.; Guo, H.; Cheng, X.; Shao, M.; Wu, C.; Wang, S.; Li, H.; Wei, L.; Gao, Y.; Tan, W.; et al. Exposure to airborne PM2.5
suppresses microRNA expression and deregulates target oncogenes that cause neoplastic transformation in NIH3T3 cells.
Oncotarget 2015, 6, 29428–29439. [CrossRef] [PubMed]

14. Jin, Y.; Zhu, M.; Guo, Y.; Foreman, D.; Feng, F.; Duan, G.; Wu, W.; Zhang, W. Fine particulate matter (PM2.5) enhances
FcεRI-mediated signaling and mast cell function. Cell. Signal. 2019, 57, 102–109. [CrossRef]

15. Walczak-Drzewiecka, A.; Wyczólkowska, J.; Dastych, J. Environmentally relevant metal and transition metal ions enhance Fc
epsilon RI-mediated mast cell activation. Environ. Heal. Perspect. 2003, 111, 708–713. [CrossRef] [PubMed]

16. Caton, P.W.; Kieswich, J.; Yaqoob, M.M.; Holness, M.J.; Sugden, M.C. Nicotinamide mononucleotide protects against pro-
inflammatory cytokine-mediated impairment of mouse islet function. Diabetologia 2011, 54, 3083–3092. [CrossRef]

17. De Picciotto, N.E.; Gano, L.B.; Johnson, L.C.; Martens, C.R.; Sindler, A.L.; Mills, K.F.; Imai, S.; Seals, D.R. Nicotinamide
mononucleotide supplementation reverses vascular dysfunction and oxidative stress with aging in mice. Aging Cell 2016, 15,
522–530. [CrossRef]

18. Zhang, T.; Kraus, W.L. SIRT1-dependent regulation of chromatin and transcription: Linking NAD+ metabolism and signaling to
the control of cellular functions. Biochim. Biophys. Acta BBA-Proteins Proteom. 2010, 1804, 1666–1675. [CrossRef]

19. Mendelsohn, A.R.; Larrick, J.W. The NAD+/PARP1/SIRT1 axis in aging. Rejuvenation Res. 2017, 20, 244–247. [CrossRef]
20. Chung, K.W.; Choi, Y.J.; Park, M.H.; Jang, E.J.; Kim, D.H.; Park, B.H.; Yu, B.P.; Chung, H.Y. Molecular Insights into SIRT1

Protection Against UVB-Induced Skin Fibroblast Senescence by Suppression of Oxidative Stress and p53 Acetylation. J. Gerontol.
Ser. A 2014, 70, 959–968. [CrossRef]

21. Yamashita, S.; Ogawa, K.; Ikei, T.; Udono, M.; Fujiki, T.; Katakura, Y. SIRT1 prevents replicative senescence of normal human
umbilical cord fibroblast through potentiating the transcription of human telomerase reverse transcriptase gene. Biochem. Biophys.
Res. Commun. 2012, 417, 630–634. [CrossRef] [PubMed]

22. Winkler-Stuck, K.; Wiedemann, F.R.; Wallesch, C.-W.; Kunz, W.S. Effect of coenzyme Q10 on the mitochondrial function of skin
fibroblasts from Parkinson patients. J. Neurol. Sci. 2004, 220, 41–48. [CrossRef] [PubMed]

23. Al-Megrin, W.A.; Soliman, D.; Kassab, R.B.; Metwally, D.M.; Moneim, A.E.A.; El-Khadragy, M.F. Coenzyme Q10 Activates the
Antioxidant Machinery and Inhibits the Inflammatory and Apoptotic Cascades Against Lead Acetate-Induced Renal Injury in
Rats. Front. Physiol. 2020, 11, 64. [CrossRef]

24. Schmelzer, C.; Lindner, I.; Rimbach, G.; Niklowitz, P.; Menke, T.; Döring, F. Functions of coenzyme Q10in inflammation and gene
expression. BioFactors 2008, 32, 179–183. [CrossRef] [PubMed]

25. Zhai, J.; Bo, Y.; Lu, Y.; Liu, C.; Zhang, L. Effects of Coenzyme Q10 on Markers of Inflammation: A Systematic Review and
Meta-Analysis. PLoS ONE 2017, 12, e0170172. [CrossRef] [PubMed]

26. Kiss, T.; Balasubramanian, P.; Valcarcel-Ares, M.N.; Tarantini, S.; Yabluchanskiy, A.; Csipo, T.; Lipecz, A.; Reglodi, D.; Zhang,
X.A.; Bari, F.; et al. Nicotinamide mononucleotide (NMN) treatment attenuates oxidative stress and rescues angiogenic capacity
in aged cerebromicrovascular endothelial cells: A potential mechanism for the prevention of vascular cognitive impairment.
GeroScience 2019, 41, 619–630. [CrossRef]

27. Inui, M.; Ooe, M.; Fujii, K.; Matsunaka, H.; Yoshida, M.; Ichihashi, M. Mechanisms of inhibitory effects of CoQ_{10} on
UVB-induced wrinkle formation in vitro and in vivo. BioFactors 2008, 32, 237–243. [CrossRef]

28. Sotiropoulou, G.; Zingkou, E.; Pampalakis, G. Redirecting drug repositioning to discover innovative cosmeceuticals. Exp.
Dermatol. 2021, 30, 628–644. [CrossRef]

29. Muta-Takada, K.; Terada, T.; Yamanishi, H.; Ashida, Y.; Inomata, S.; Nishiyama, T.; Amano, S. Coenzyme Q10protects against
oxidative stress-induced cell death and enhances the synthesis of basement membrane components in dermal and epidermal
cells. BioFactors 2009, 35, 435–441. [CrossRef]

30. Igarashi, M.; Nakagawa-Nagahama, Y.; Miura, M.; Kashiwabara, K.; Yaku, K.; Sawada, M.; Sekine, R.; Fukamizu, Y.; Sato, T.;
Sakurai, T.; et al. Chronic nicotinamide mononucleotide supplementation elevates blood nicotinamide adenine dinucleotide
levels and alters muscle function in healthy older men. npj Aging 2022, 8, 5. [CrossRef]

31. Cole, M.A.; Quan, T.; Voorhees, J.J.; Fisher, G.J. Extracellular matrix regulation of fibroblast function: Redefining our perspective
on skin aging. J. Cell Commun. Signal. 2018, 12, 35–43. [CrossRef]

http://doi.org/10.1038/jid.2014.90
http://www.ncbi.nlm.nih.gov/pubmed/24670384
http://doi.org/10.1242/jcs.01005
http://doi.org/10.1046/j.1365-2133.2003.05090.x
http://doi.org/10.1111/exd.12169
http://doi.org/10.1046/j.1365-2222.2002.01293.x
http://www.ncbi.nlm.nih.gov/pubmed/11929488
http://doi.org/10.3390/md17010061
http://www.ncbi.nlm.nih.gov/pubmed/30669248
http://doi.org/10.18632/oncotarget.5005
http://www.ncbi.nlm.nih.gov/pubmed/26338969
http://doi.org/10.1016/j.cellsig.2019.01.010
http://doi.org/10.1289/ehp.5960
http://www.ncbi.nlm.nih.gov/pubmed/12727598
http://doi.org/10.1007/s00125-011-2288-0
http://doi.org/10.1111/acel.12461
http://doi.org/10.1016/j.bbapap.2009.10.022
http://doi.org/10.1089/rej.2017.1980
http://doi.org/10.1093/gerona/glu137
http://doi.org/10.1016/j.bbrc.2011.12.021
http://www.ncbi.nlm.nih.gov/pubmed/22197555
http://doi.org/10.1016/j.jns.2004.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15140604
http://doi.org/10.3389/fphys.2020.00064
http://doi.org/10.1002/biof.5520320121
http://www.ncbi.nlm.nih.gov/pubmed/19096114
http://doi.org/10.1371/journal.pone.0170172
http://www.ncbi.nlm.nih.gov/pubmed/28125601
http://doi.org/10.1007/s11357-019-00074-2
http://doi.org/10.1002/biof.5520320128
http://doi.org/10.1111/exd.14299
http://doi.org/10.1002/biof.56
http://doi.org/10.1038/s41514-022-00084-z
http://doi.org/10.1007/s12079-018-0459-1


Int. J. Mol. Sci. 2022, 23, 7539 10 of 10

32. Wang, X.-N.; McGovern, N.; Gunawan, M.; Richardson, C.; Windebank, M.; Siah, T.-W.; Lim, H.Y.; Fink, K.; Li, J.L.; Ng, L.G.;
et al. A Three-Dimensional Atlas of Human Dermal Leukocytes, Lymphatics, and Blood Vessels. J. Investig. Dermatol. 2014, 134,
965–974. [CrossRef] [PubMed]

33. Wilgus, T.A.; Wulff, B.C. The importance of mast cells in dermal scarring. Adv. Wound Care 2014, 3, 356–365. [CrossRef] [PubMed]
34. Taguchi, K.; Motohashi, H.; Yamamoto, M. Molecular mechanisms of the Keap1-Nrf2 pathway in stress response and cancer

evolution. Genes Cells 2011, 16, 123–140. [CrossRef] [PubMed]
35. Gao, W.; Guo, L.; Yang, Y.; Wang, Y.; Xia, S.; Gong, H.; Zhang, B.-K.; Yan, M. Dissecting the Crosstalk Between Nrf2 and NF-κB

Response Pathways in Drug-Induced Toxicity. Front. Cell Dev. Biol. 2022, 9, 3940. [CrossRef]
36. Nakagawa, T.; Guarente, L. Sirtuins at a glance. J. Cell Sci. 2011, 124, 833–838. [CrossRef]
37. Singh, C.K.; Chhabra, G.; Ndiaye, M.A.; Garcia-Peterson, L.M.; Mack, N.J.; Ahmad, N. The Role of Sirtuins in Antioxidant and

Redox Signaling. Antioxid. Redox Signal. 2018, 28, 643–661. [CrossRef]
38. Frei, B.; Kim, M.C.; Ames, B.N. Ubiquinol-10 is an effective lipid-soluble antioxidant at physiological concentrations. Proc. Natl.

Acad. Sci. USA 1990, 87, 4879–4883. [CrossRef]
39. Ayunin, Q.; Miatmoko, A.; Soeratri, W.; Erawati, T.; Susanto, J.; Legowo, D. Improving the anti-ageing activity of coenzyme Q10

through protransfersome-loaded emulgel. Sci. Rep. 2022, 12, 906. [CrossRef]

http://doi.org/10.1038/jid.2013.481
http://www.ncbi.nlm.nih.gov/pubmed/24352044
http://doi.org/10.1089/wound.2013.0457
http://www.ncbi.nlm.nih.gov/pubmed/24757590
http://doi.org/10.1111/j.1365-2443.2010.01473.x
http://www.ncbi.nlm.nih.gov/pubmed/21251164
http://doi.org/10.3389/fcell.2021.809952
http://doi.org/10.1242/jcs.081067
http://doi.org/10.1089/ars.2017.7290
http://doi.org/10.1073/pnas.87.12.4879
http://doi.org/10.1038/s41598-021-04708-4

	Introduction 
	Results 
	Sublethal Level of Treatments on Human Dermal Fibroblasts (HDFs) 
	Inhibitory Effects of NMN and Q10 on the Generation of Oxidative Stress 
	NMN and Q10 Downregulated Inflammatory and Antioxidant-Related Pathways in HDFs 
	NMN and Q10 Attenuate PM-Conditioned Medium-Induced Senescence 

	Discussion 
	Materials and Methods 
	Preparation of Conditioned Medium 
	Cell Culture 
	Cell Proliferation Assay 
	ROS Measurements 
	Senescence Assay 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

