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Abstract. The aim of the present study was to determine 
whether pyrroloquinoline quinine (PQQ) exerts a protective 
effect on ultraviolet A (UVA) irradiation-induced senescence 
in human dermal fibroblasts (HDFs) and to elucidate its mech-
anism of action in vitro. A senescence model was constructed 
as follows: HDFs (1x104-1x106) were cultured in a six-well 
plate in vitro and then exposed to UVA irradiation at a dosage 
of 9 J/cm2. Various concentrations of PQQ (50, 100 and 
200 ng/ml) were added to the culture medium 24 h prior to UVA 
exposure. Following 72 h of irradiation, senescence‑associated 
β-galactosidase staining was performed in order to evaluate 
the senescence state. Furthermore, mRNA expression of the 
senescence marker genes matrix-metalloprotease (MMP)1 
and MMP3 was determined using reverse transcription 
quantitative polymerase chain reaction. Protein expression 
of sirtuin (SIRT)1, SIRT6, nuclear factor erythroid 2-related 
factor 2 (Nrf2) and heme oxygenase 1 (HO‑1) were detected 
using western blot analysis. The results showed that the 
percentage of cells stained by X‑gal following 9 J/cm2 UVA 
irradiation was markedly increased compared with that of the 
control group (53 and 8%, respectively), while 50 ng/ml PQQ 
attenuated the ratio of positive staining compared with that 
of the UVA-only cells (29 vs. 53%, respectively). Expression 
of fibroblast senescence marker genes MMP1 and MMP3 
was decreased in cells treated with UVA and 50 ng/ml PQQ 
compared with that of cells in the UVA-only group. Western 

blot analysis revealed significant effects of PQQ on SIRT1 
and SIRT6. Nrf2 and HO‑1 exbibited mild changes with the 
same trend when treated with or without UVA and PQQ. 
In conclusion, the results of the present study showed that 
pyrroloquinoline quinine may have a protective effect on UVA 
irradiation‑induced HDF aging, which may be associated 
with the anti-apoptotic SIRT1/Nrf2/HO‑1 pathway as well as 
SIRT6 signaling.

Introduction

Skin is an essential natural barrier to protect body from outside 
physical, chemical, microbial and other infestation; in addi-
tion, skin is a visual indicator of the body's aging process (1). 
90% of the ultraviolet (UV) radiation reaching the surface of 
the earth is long-wavelength radiation (UVA; 320‑400 nm), 
which is 20 times higher than that of medium-wavelength 
radiation (UVB; 280‑320 nm), while short-wavelength radia-
tion (UVC; <290 nm) is completely absorbed by the ozone 
shield (2). Under physiological conditions, UVA penetrates the 
epidermis into the dermis; therefore, it has been well‑estab-
lished that UVA irradiation is responsible for photoaging and 
photocarcinogenesis (3).

Pyrroloquinoline quinine (PQQ) is a non-covalently 
bound redox co‑factor of bacterial dehydrogenases, which was 
initially isolated from cultures of methylotropic bacteria, and 
does not rely on nicotinamide adenine dinucleotide phosphate 
(NADP) and NAD as well as flavin adenine dinucleotide 
(FAD). It was later reported that PQQ was abundant in various 
types of plant as well as in milk, animals and humans. PQQ 
was therefore defined as a novel type of vitamin (4), which 
was found to have important roles in the promotion of growth, 
cell proliferation and growth factor secretion (5). Evidence 
has suggested that PQQ is also involved in redox processes 
in the mitochondrial respiratory chain, scavenging of reac-
tive oxygen species (ROS), attenuation of oxidative stress in 
mitochondria (6) and the protection of neurons (7); in addition, 
PQQ was reported to antagonize several types of oxidative 
stress-induced cell damage, including reoxygenation injury in 
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the heart, ethanol-induced liver damage and hyperoxia-induced 
cognitive deficits (8). The present study aimed to determine 
whether PQQ was involved in the protection of human dermal 
fibroblasts (HDFs) from UVA‑induced senescence.

In order to investigate the protective mechanisms of PQQ 
against UVA‑induced HDF aging, the present study assessed 
the expression of two members of the sirtuin (SIRT) family: 
SIRT1 and SIRT6. Nuclear and cytoplasm‑localized SIRT1 
has been reported to have important roles in apoptosis, differ-
entiation and oncogenic transformation (9-14). SIRT1 was also 
found to deacetylate transcription factors and co-activators, 
such as heat shock factor 1, which induces the transcription 
of molecular chaperones associated with the pathogenesis of 
Parkinson's disease and amyothrophic lateral sclerosis (15‑20). 
Furthermore, SIRT6 was shown to be crucial in the regulation 
of mammalian longevity; therefore, it was hypothesized that 
SIRT6 may have potential for the treatment of age-associated 
diseases (21,22).

The present study aimed to determine whether PQQ 
influences the damage of UVA irradiation, and how it func-
tions in the cell. It was hypothesized that PQQ protects 
human dermal fibroblasts from senescence caused by 
UVA irradiation. An in vitro cell-senescence model was 
constructed through the exposure of PQQ-pre-treated HDFs 
to UVA, and the effect of PQQ on protein and/or mRNA 
expression levels of the senescence marker genes matrix 
metalloproteinase (MMP)1 and MMP3 as well as SIRT1, 
SIRT6, nuclear factor erythroid 2-related factor 2 (Nrf2) and 
heme oxygenase 1 (HO‑1) were detected using polymerase 
chain reaction (PCR) and western blot analyses. Furthermore, 
senescence-associated β-galactosidase (SA-β‑Gal) staining 
was used to determine the senescence status of HDFs (8). 
SA-β‑Gal activity distinguishes senescent cells from those 
which are quiescent or terminally differentiated, therefore 
acting as a senescence biomarker. 

Materials and methods

Cell culture. Primary HDFs were purchased from 
BioHermes Bio& Medical Technology Co., Ltd (Wuxi, 
China). Fibroblasts were subsequently cultured in a 10-cm 
dish in Dulbecco's modifed Eagle's medium (DMEM; Gibco 
Life Technologies, Carlsbad, CA, USA) supplemented with 
15% fetal bovine serum (FBS; Gibco Life Technologies), 
penicillin (100 U/ml) and streptomycin (100 µg/ml; Gibco 
Life Technologies). Cells were divided into aliquots and 
seeded into a six-well plate (Corning Incorporated, Corning, 
NY, USA), then incubated in an incubator (3111; Thermo 
Fisher Scientific, Waltham, MA, USA) at 37˚C with 5% CO2 
in a humidified atmosphere. For cell culture, the medium 
was replaced every 2‑3 days and fibroblasts were passaged at 
80% confluence. Cells were then seeded in a 6‑well plate at a 
density of 1x106 cell/cm2 for use in subsequent experiments.

UVA irradiation. At 24 h following the addition of PQQ 
(Sigma-Aldrich, St. Louis, MO, USA) into the culture media, 
cells in the six-well plate were exposed to 9 J/cm2 UVA irradia-
tion. Cells were washed with phosphate-buffered saline (PBS; 
Gibco Life Technologies) and covered with a thin layer of PBS 
prior to UVA exposure. The culture plate lid was removed, and 

the six‑well plate was placed on a brass block embedded on 
ice, in order to reduce any evaporation, at a distance of 15 cm 
from the UVA light source. As the UVA irradiation source, 
an Ultraviolet phototherapy instrument (SS‑04A; Shanghai 
SIGMA High‑Tech Co., Ltd, Shanghai, China) equipped with a 
15-W ozone‑free UVA lamp (CEL015 W; Philips, Groningen, 
Holland) was used. The incidence dose of UVA was measured 
with a UVA/UVB‑ultraviolet meter (Factory affiliated to 
Beijing Normal University, Beijing, China). Following expo-
sure to UVA for varying lengths of time, PBS was replaced 
with culture medium and cells were incubated under standard 
conditions for 72 h prior to analysis.

Total RNA isolation. UVA irradiation and PQQ treatment 
were performed as described above. At 72 h post-irradiation, 
total RNA was extracted from the cells using TRIzol reagent 
(Promega Corp., Madison, WI, USA). RNA concentration and 
purity were determined using a Nanodrop-2000 UV spectro-
photometer (Thermo Fisher Scientific). Ribosomal RNA band 
integrity was evaluated using conventional denaturing agarose 
gel electrophoresis (23) using the SDS‑PAGE gel quick prepa-
ration kit (Beyotime Institute of Biotechnology, Shanghai, 
China).

Reverse transcription quantitative PCR (RT‑qPCR). Samples 
were normalized to total RNA content prior to reference gene 
assessment and gene expression analysis. Equal amounts of 
RNA (300 ng) from each sample were reverse‑transcribed using 
a PrimeScript™ RT Reagent kit with gDNA Eraser (Takara 
Bio, Inc, Dalian, China) according to manufacturer's instruc-
tions. qPCR was performed using SYBR green dye method 
(SYBR Premix Ex Taq; Takara Bio Inc.) using an ABI700 
Real‑Time PCR detection system (Applied Biosystems; Life 
Technologies, Thermo Fisher Scientific). Three biological and 
two technical replicates per biological sample were performed. 
The following standard cycling conditions for qPCR runs were 
applied: 95˚C for 3 min to activate polymerase, 40 cycles of 
denaturation at 95˚C for 15 sec and annealing‑extension 
at 60˚C for 30 sec. Melting curve analysis was performed 
following every run by defined heating up to 95˚C to assess the 
presence of unspecific PCR products. A negative control was 
included in each assay run, using water instead of template.

Specific primers for the RT-qPCR reaction were as 
follows: MMP‑1 forward, 5'‑TTG GAG GGG ATG CTCATT‑3' 
and reverse, 5'‑ACA CGC TTT GGG GTTTG‑3' with a product 
size of 103 bp; MMP3 forward, 5'‑GCA GTT TGA TCA GCC 
TATCC‑3' and reverse, 5'‑TCC AGA GTG TCG GAG TCCAG‑3' 
with a product size of 138 bp; SIRT1 forward, 5'‑TGA CTG TGA 
AGC TGT ACG AGGAG‑3' and reverse, 5'‑GGA AGA CCC AAT 
AAC AAT GAGGA‑3' with a product size of 120 bp; SIRT6 
forward, 5'‑CCC ACG GAG TCT GGA CCAT‑3' and reverse, 
5'‑CTC TGC CAG TTT GTC CCTG‑3' with a product of 194 bp; 
β‑actin forward, 5'‑TGGAATCTTGCTCTTATTTTCACA‑3' 
and reverse, 5'‑TAAAACGCAGCTCAGTAACAGTCCG‑3'. 

All primers were synthesized by Sangon Biotech, Co., 
Ltd. (Shanghai, China) and were used at 400 nM except for 
β‑actin at 300 nM. All PCR efficiencies were between 90 and 
110%. Expression data of reference genes were validated using 
geNorm 3.5 software (http://medgen.ugent.be/genorm/), as 
previously described (24).



MOLECULAR MEDICINE REPORTS  12:  4382-4388,  20154384

SA‑β‑Gal staining. SA-β‑Gal activity was evaluated 
using a β-galactosidase staining kit (Beyotime Institute of 
Biotechnology, Haimen, China). Cells were washed with PBS 
and then fixed for 15 min at room temperature with fixative 
solution. The HDF cells were then incubated at 37˚C over-
night. SA-β‑Gal-positive staining is expressed as a percentage 
of the total number of cells; cell numbers were counted in four 
continuous visual fields using a microscope (Olympus CX51; 
Olympus, Tokyo, Japan; total magnification, x20).

Western blot analysis. Whole-cell lysate extracts were 
separated using 12% SDS‑PAGE, transferred to polyvi-
nylidene difluoride membranes (Roche Diagnostics, San 
Francisco, CA, USA), blocked with 5% bovine serum 
albumin (Sigma‑Aldrich) and detected using the following 
primary antibodies: SIRT1 (mouse monoclonal IgG; cat. 
no. SC‑74504; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), SIRT6 (rabbit monoclonal IgG; cat. no. S4322; Santa 
Cruz Biotechnology, Inc.), Nrf2 (rabbit monoclonal IgG; cat. 

no. SC‑365949; BD Biosciences, San Jose, CA, USA), HO‑1 
(mouse monoclonal IgG; cat. no. 610712; BD Biosciences) 
and GAPDH (mouse monoclonal IgG; cat. no. G8795; 
Sigma‑Aldrich), at a dilution of 1:1,000 and at 4˚C for 8 h. 
Horseradish peroxidase‑conjugated goat anti‑mouse and 
anti‑rabbit immunoglobulin G were used as secondary anti-
bodies at a dilution of 1:5,000 (cat. no. A3682; Sigma-Aldrich) 
at room temperature for 2 h. GAPDH was used as an internal 
control. Blots were analyzed using an Super Signal West 
Pico Enhanced Chemiluminisence western blot analysis 
system (Thermo Fisher Scientific). Experiments were 
performed three times under identical conditions. 

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism software (GraphPad Inc., La Jolla, CA, 
USA). Values are presented as the mean ± standard deviation. 
The one-way analysis of variance was used for comparisons 
involving more than two groups. P<0.05 was considered to 
indicate a statistically significant difference between values. 

Figure 2. PQQ reduces the expression of senescence marker genes MMP1 and MMP3. Human dermal fibroblasts were irradiated with 9 J/cm2 UVA with or 
without pretreatment of 50 or 100 ng/ml PQQ and reverse transcription quantitative polymerase chain reaction was used to detect mRNA levels of (A) MMP1 and 
(B) MMP3. Total RNA was extracted 72 h after irradiation. Values are presented as the mean ± standard deviation (n=3). *P<0.05. PQQ, pyrroloquinoline quinine; 
UVA, ultraviolet A; MMP, matrix metalloproteinase.

Figure 1. β‑Galactosidase expression in HDFs following treatment with UVA and/or PQQ. (A) Representative images of HDFs treated as follows: 
a) Untreated, b) 50 ng/ml PQQ, c) 9 J/cm2 UVA irradiation, d) 50 ng/ml PQQ prior to 9 J/cm2 UVA irradiation, e) 100 ng/ml PQQ prior to 9 J/cm2 UVA irradiation 
(magnification, x20). Staining was performed 72 h after irradiation. (B) Quantitative analysis of the percentage of cells positive for β-galactosidase activity fol-
lowing staining with senescence-associated-β‑galactosidase. Values are presented as the mean ± standard deviation (n=3). *P<0.05, compared with HDFs treated 
with UVA only. HDFs, human dermal fibroblasts; UVA, ultraviolet A; PQQ, pyrroloquinoline quinine.
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Results

Low‑dose PQQ reduces SA‑β‑Gal activity in UVA‑induced 
senescent HDFs. HDFs were pre-treated with various concen-
trations of PQQ (50 and 100 ng/ml) and then subjected to 
UVA irradiation in order to induce senescence, which was 
detected using an SA-β‑Gal staining kit. The results showed 
that the percentage of cells stained by X‑gal following 9 J/cm2 
UVA irradiation was markedly increased compared with 
that in the control group (53 and 8%, respectively; P<0.05), 

while 50 ng/ml PQQ attenuated the ratio of positive staining 
compared with that of the UVA-only cells (29 vs. 53%, respec-
tively; P<0.01) (Fig. 1A and B). In addition, the percentage of 
positively stained cells following treatment with 100 ng/ml 
PQQ and UVA were comparable to those of the cells treated 
with 50 ng/ml PQQ and UVA (Fig. 1A and B).

Low‑dose PQQ reduces the expression of senescence markers 
MMP1 and MMP3 in UVA‑irradiated HDFs. RT-qPCR 
analysis showed that mRNA expression levels of MMP1 and 

Figure 4. Expression pattern of SIRT1 and SIRT6 in UVA‑irradiated HDFs pretreated with PQQ over seven days. (A) mRNA and (B) protein expression levels 
of SIRT1 and SIRT6 in HDFs irradiated with 9 J/cm2 UVA with or without pre-treatment of 50 or 100 ng/ml PQQ were recorded daily for seven days. GADPH 
was used as an internal control. Values are presented as the mean ± standard deviation (n=3). *P<0.05. Total RNA and protein were extracted 72 h after the 
UVA irradiation. PQQ, pyrroloquinoline quinine; SIRT, sirtuin; UVA, ultraviolet A; HDFs, human dermal fibroblasts.

Figure 3. Low-dosage PQQ increases the expression of SIRT1 and SIRT6. (A) mRNA and (B) protein expression levels of SIRT1 and SIRT6 in human dermal 
fibroblasts irradiated with 9 J/cm2 UVA with or without pretreatment with 50 or 100 ng/ml PQQ. GADPH was used as an internal control. Protein was extracted 
72 h after the UVA irradiation. Values are presented as the mean ± standard deviation (n=3). *P<0.05. PQQ, pyrroloquinoline quinine; UVA, ultraviolet A; 
SIRT, sirtuin.
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MMP3 were markedly reduced in UVA‑irradiated HDFs 
pre-treated with 50 or 100 ng/ml PQQ as compared with those 
in the UVA‑only group (P<0.05) (Fig. 2).

SIRT1 and SIRT6 expression levels are increased in 
UVA‑irradiated HDFs following pre‑treatment with PQQ. At 
72 h following the addition of 50 ng/ml PQQ to the culture 
media of UVA-irradiated HDFs, mRNA and protein expression 
levels of SIRT1 and SIRT6 were found to be increased (Fig. 3). 
In addition, notable differences were observed in the protein 
levels of SIRT1 and SIRT6 at 72 h following UVA irradiation.

In order to further study the efficacy of PQQ, western blot 
analysis was used to evaluate the effect of different concen-
trations of PQQ on SIRT1 and SIRT1 protein expression in 
UVA‑irradiated HDFs. The results showed that 50 ng/ml and 
100 ng/ml PQQ had a significant effect on SIRT1 and SIRT6 
levels. Therefore, 50 ng/ml PQQ was used for the subsequent 
evaluation of the effect of PQQ on UVA-irradiation-induced 
HDF senescence at numerous time‑points (0, 1, 2, 3, 4, 5, 6 
and 7 days). The results showed that 50 ng/ml PQQ increased 
mRNA and protein expression of SIRT1 and SIRT6 within 
72 h. 50 ng/ml PQQ was added at the 5th day (Fig. 4).

Figure 6. Expression pattern of Nrf2 and HO‑1 in UVA‑irradiated HDFs pretreated with PQQ over seven days. (A) mRNA and (B) protein expression levels 
of Nrf2 and HO‑1 in HDFs irradiated with 9 J/cm2 UVA with or without pretreatment of 50 or 100 ng/ml PQQ were recorded daily for seven days. GADPH 
was used as an internal control. Values are presented as the mean ± standard deviation (n=3). PQQ, pyrroloquinoline quinine; Nrf2, nuclear factor‑derived 
erythroid 2‑related factor 2; HO‑1, heme oxygenase 1; UVA, ultraviolet A; HDFs, human dermal fibroblasts.

Figure 5. Low-dosage PQQ affects the expression of Nrf2 and HO‑1 in UVA‑irradiated HDFs. (A) mRNA and (B) protein expression of Nrf2 and HO‑1 in 
HDFs irradiated with 9 J/cm2 UVA with or without pre-treatment with 50 or 100 ng/ml PQQ. PQQ, pyrroloquinoline quinine; Nrf2, nuclear factor‑derived 
erythroid 2‑related factor 2; HO‑1, heme oxygenase 1; UVA, ultraviolet A; HDFs, human dermal fibroblasts.
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PQQ may activate the Nrf2/HO‑1 pathway in UVA‑irradiated 
HDFs. As SIRT1/Nrf2/HO‑1 is a classical anti‑apoptotic 
pathway (11,23,24), the present study investigated whether this 
pathway was involved in UVA-induced cell apoptosis. Altered 
expression levels of Nrf2 and HO‑1 mRNA expression levels 
were not found to be significant in HDFs pre-treated with 
50 ng/ml PQQ without UVA irradiation. However, following 
UVA irradiation, PQQ was shown to alter the mRNA and 
protein expression of Nrf2 and HO‑1 (Fig. 5A and B; Fig. 6). 
Of note, 50 ng/ml PQQ achieved the most significant effect on 
the expression of Nrf2 and HO‑1 within 72 h.

Discussion

In a recent study, PQQ was reported to act as a growth factor 
which contributed to mammalian growth and stimulated epithe-
lial cells through the activation of epidermal growth factor 
receptor (25). PQQ has also been reported to protect primary 
cultured hippocampal neurons against glutamate-induced 
cell apoptosis, the mechanism of which was found to proceed 
via scavenging ROS and activating phosphatidylinositol 
3-kinase/Akt/glycogen sythase kinase 3β/Nrf2 signaling path-
ways (26). In addition, PQQ was reported to attenuate oxidative 
stress‑induced cell damage in the heart, liver and brain (27). In 
the present study, a photoaging model was constructed in order 
to study the protective effects of PQQ on UVA‑induced HDF 
senescence as well as the mechanisms by which this proceeds. 
The results demonstrated that low-dose PQQ protected HDFs 
from senescence following UVA irradiation, which may be 
associated with the anti-apoptotic Nrf2/HO‑1 and SIRT1 
pathways.

Fibroblasts are the primary cellular components of the 
human dermis and reflect the senescence status of skin at the 
cellular level (23). Long-wavelength UV radiation penetrates 
the epidermis to reach the dermis, where it exacerbates the 
photoaging of skin (21). In the present study, it was demonstrated 
that exposure of HDF to UVA under non‑toxic conditions 
increased the mRNA and protein levels of MMP1 and MMP3. 
In addition, the expression of SA-β‑Gal, a biomarker of fibro-
blasts in vivo and in vitro (8), was significantly upregulated  in 
UVA‑irradiated HDFs. However, PQQ reduced the expression 
of SA-β‑Gal as well as mRNA expression levels of MMP1 and 
MMP3. These findings suggested that PQQ has a protective 
effect on cultured HDFs against UVA radiation.

Sirtuins (Sir) are class Ⅲ deacetylases, a family of proteins 
that require NAD as a co‑factor; therefore, they are controlled 
by cellular [NAD]/[NADH] ratios and respond to changes in the 
cellular metabolism (8), which is essential for lifespan exten-
sion by calorie restriction in yeast, worms and flies (28). Seven 
Sir2 homologs (SIRT1‑7) have been identified in mammals 
and have important roles in the regulation of oxidative stress, 
DNA damage and metabolism, therefore making them good 
candidates as lifespan regulators (29). PQQ has been shown 
to activate cyclic adenosine monophosphate response factors, 
including Nrf1, Nrf2 and mitochondrial transcription factors 
to enhance mitochondriogenesis (30-33). The present study 
demonstrated that mRNA and protein expression of SIRT1, 
SIRT6 and Nrf2 were increased in a group of HDFs treated 
with 50 ng/ml PQQ and UVA radiation; of note, improvements 
were observed within 72 h. In addition, decreased mRNA and 

protein expression of SIRT1, SIRT6, Nrf2 and HO‑1 following 
UVA treatment were partially recovered when treated with 
50 ng/ml PQQ. This observation indicated that Nrf2/HO‑1 
signaling may have an important role in the protective 
effect of PQQ against UVA irradiation-induced senescence 
in HDFs. As the increased expression of SIRT1, Nrf2 and 
HO‑1 showed significant consistency, it was suggested that 
the SIRT1/Nrf2/HO‑1 pathway was activated following PQQ 
treatment in UVA‑irradiated HDFs.

In conclusion, the results of the present study demonstrated 
that PQQ protected HDFs from UVA irradiation in vitro, as 
shown by the upregulation of SIRT1 and SIRT6 following 
treatment with PQQ. In addition, the Nrf2/HO‑1 signaling 
pathway was activated. The present study provided experi-
mental evidence for the use of PQQ as a drug to prevent skin 
cell senescence and aging.
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