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Ultraviolet B irradiation-induced keratinocyte senescence 
and impaired development of 3D epidermal reconstruct

Ultraviolet B (UVB) induces morphological and functional 
changes of the skin. This study investigated the effect of 
UVB on keratinocyte senescence and the development of 
reconstructed human epidermis (RHE). Primary normal 
human keratinocytes (NHK) from juvenile foreskin were 
irradiated with UVB (30 mJ cm–2) and these effects were 
compared to NHK that underwent senescence in the late 
passage. UVB enhanced the accumulation of reactive oxygen 
species (ROS) and halted cell replication as detected by 
BrdU cell proliferation assay. The senescence phenotype 
was evaluated by beta-galactosidase (β-gal) staining and 
qPCR of genes related to senescent regulation, i.e. p16INK4a, 
cyclin D2, and IFI27. Senescence induced by high dose UVB 
resulted in morphological changes, enhanced β-gal activity, 
elevated cellular ROS levels and reduced DNA synthesis. 
qPCR revealed differential expression of the genes regulated 
senescence. p16INK4a expression was significantly increased 
in NHK exposed to UVB whereas enhanced IFI27 expression 
was observed only in cultural senescence. The levels of cyclin 
D2 expression were not significantly altered either by UVB 
or long culturing conditions. UVB significantly induced the 
aging phenotype in keratinocytes and impaired epidermal 
development. RHE generated from UVB-irradiated keratino-
cytes showed a thinner cross-sectional structure and the 
majority of keratinocytes in the lower epidermis were dege-
nerated. The 3D epidermis model is useful in studying the 
skin aging process.

Keywords: epidermis, keratinocytes, ultraviolet radiation, 
skin aging, senescence, reactive oxygen species

Skin aging is associated with intrinsic (genetically driven) and extrinsic factors such 
as accumulation of reactive oxygen species (ROS) and ultraviolet (UV) ray exposure. While 
UVC light (< 280 nm) is strongly absorbed by the atmosphere, UVA (320–400 nm) and UVB 
(280–320 nm) contribute to skin aging as well as the development of skin cancer. UVB indu-
ces the accumulation of senescent skin cells leading to morphological and physiological 
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changes that contribute to functional impairment. The causative molecular mechanisms 
involve many signaling pathways, including ROS stress, activation of the mechanistic target 
of rapamycin (mTOR), senescence-associated secretory phenotype (SASP), and resistance 
to apoptosis (1).

Increased ROS accumulation is detected during the aging process and correlates well 
with the aged phenotype. For example, the accumulation of hydrogen peroxide by mito-
chondria can be used as a marker of aging (2). Optimal ROS levels and redox homeostasis 
support normal physiological functions of the cells while oxidative stress can trigger mole-
cular mechanisms controlling the onset of senescence through damaging the cell’s DNA, 
respiratory chain, membranes and proteins (3). In responses to alterations in redox  balance, 
ROS arises from UVB irradiation can influence transcription factors such as p53, Nrf2, and 
cell cycle-regulated proteins such as cyclins, cyclin-dependent kinases (CDKs), as well as 
a common marker for cellular senescence and aging, the tumor suppressor protein 
p16INK4a (4, 5). These cellular adaptation pathways thrive cells on apoptosis resistance 
and senescent phenotypic alterations. Therefore, changes in gene expression can be used 
as markers for studying UVB-induced senescence as well as cells that underwent cultural 
senescence.

Apart from cell culture studies, the development of the 3D skin aging model can facili-
tate aging studies in the dermatological research field. Reconstructed human epidermis 
(RHE) and reconstructed human full-thickness skin (RHS) consisting of cells isolated from 
juvenile foreskin and further cultured in multi-layers that resemble normal human epidermis 
and human skin, respectively. These reflect morphology and function of the human tissue 
which are suitable for testing chemical compounds for local toxicity including nano-
materials (6, 7) as well as testing for percutaneous absorption (8), and local metabolism (9). 
However, with respect to research on aging, the use of those models is at its early stage (10). 
Here we extend the insight into the induction of keratinocyte senescence by UVB irradia-
tion and describe the construction of RHE reflecting skin aging.

EXPERIMENTAL

Materials

If not indicated otherwise, all chemicals used in this study were purchased from Sigma- 
-Aldrich Chemie GmbH (Germany). The purity of the chemicals is Reagent Grade for  general 
buffer preparations and Cell Culture Grade for used in cell culture experiments.

Isolation and cultivation of human keratinocytes

Normal human keratinocytes (NHK) from the juvenile foreskin, leftovers of clinically 
indicated surgery (ethical approval EA1/081/13). The parents of foreskin donors had signed 
the written informed consent for scientific use. NHK were isolated and expanded in Corn-
ing cell culture ware (USA) as described (10). The pooled of NHK from two to three sam-
ples were grown in Keratinocyte Basal Medium with supplements (KGM™ BulletKit™, 
procured from Lonza, Switzerland) at 37 °C and 5 % CO2 for up to 3 passages, if not indi-
cated otherwise.
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UVB irradiation
NHK up to passage 5 were cultured in 100-mm dish until reaching 80 % confluences 

were washed with phosphate-buffered saline (PBS) and overlaid with PBS 2 mL before 
exposure to UVB at 30 mJ cm–2 (Bio-Link®, Vilber Lourmat, Germany). The UVB dose was 
selected based on the dose-response curve and the lower limit of the UV equipment. The 
UVB source delivered the peak spectrum at 312 nm and energy at the rate of 4.28 mJ s–1. 
After UVB irradiation, the medium was changed and cells were incubated for 24 h. Non-
irradiated (sham) cells served for control experiments (CTRL).

Effect of UVB on cell viability
NHK (5 × 105 cells per well) were grown in 96-well plate prior to UVB exposure at 

various UVB doses (30 to 90 mJ cm–2). First, cells were washed twice with cold PBS and 
overlaid with 20 µL cold PBS while exposed to UVB. Then cells were further cultured for 
24 h and the yellow tetrazolium MTT (final concentration of 0.5 mg mL–1) was added to 
each well for additional 3-h incubation. After the supernatant was discarded, 100 µL of 
DMSO was added to each well to dissolve the purple formazan complex derived from MTT 
mitochondrial metabolism. The samples were read at the absorbance of 540 nm. Cell via-
bility was calculated relative to the non-UV exposed cells (CTRL, 100 % cell viability).

Cell proliferation assay
NHK (5 × 104 cells per well), seeded into a 96-well plate, were subjected to UVB irra-

diation (30 mJ cm–2) or 5-fluorouracil (5-FU) application. After 24 h bromodeoxyuridine 
(BrdU) incorporation was evaluated (BrdU cell proliferation assay kit, Calbiochem, USA), 
following the manufacturer’s instructions.

Senescence-associated β-galactosidase activity (SA-β-gal)
Seventy-two hours after UVB exposure, 5 × 104 cells grown in a 6-well plate were β-gal 

stained using a histochemical staining kit (Sigma-Aldrich, Germany) according to the 
manufacturer’s instruction. Sham cells served for control. Briefly, following fixation with 
fixation buffer for 10 min at room temperature and washing with PBS 3 times, cells were 
incubated with the staining mixture 1 mL per well for 24 h at 37 °C (without CO2). Blue 
stained cells were counted under an inverted microscope.

ROS levels measured by flow cytometry
NHK (5 × 105 and 5 × 106 cells) were collected by trypsinization, washed once with PBS, 

and resuspended in 500 µL of PBS containing 0.5 % bovine serum albumin (BSA) and 2 mM 
EDTA. Following excitation at 480 nm, ROS related cellular autofluorescence was recorded 
using a 530/30 bandpass filter (Beckman Coulter Cytoflex, USA). The amounts of ROS were 
represented as the mean values of cell population autofluorescence.

Reverse transcription-polymerase chain reactions (RT-PCR)
Total RNA was extracted from cultured NHK using the NucleoSpin RNA II kit 

 (Macherey-Nagel, Germany). After the removal of remnant DNA by DNAase I (Sigma- 
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-Aldrich), 1 µg of RNA was converted to cDNA by RevertAid First Strand cDNA Synthesis 
Kit (ThermoFisher Scientific, USA) performing 45 cycles with denaturation step at 94 °C, 
10 s followed by annealing at 60 °C, 10 s, and extension at 72 °C for 10 s. Amplification was 
terminated with a 10-min extension at 72 °C. Relative mRNA amounts of samples were 
calculated using the comparative CT method (ΔΔCt method) with reference to the  standard 
curve (Lightcycler 480, Roche). Primers for PCR amplification of housekeeping genes and 
specific genes were used as described previously, i.e., p16INK4a, Cyclin D2, IFI27, and 
SDHA (4, 11, 12).

RHE reconstruction

The human epidermis was reconstructed using NHK at passage 3. RHE-UVB was 
built from UVB-irradiated (30 mJ cm–2) cells while RHE from non-irradiated NHK served 
for control. 2 × 105 cells seeded onto polycarbonate membrane inserts (Millicell®-PCF, 
0.4 µm, Millipore Sigma, USA) were allowed to grow in 400 µL KGM for 2 to 3 days. To 
assure that cells have grown to confluences in the inserts, we did the examination by light 
microscopy followed by the CnT-ST staining (CellNTech, Switzerland) which indicated 
homogenous blue staining of the bottom surface of the representative insert. Next, cells in 
the insert were covered with 3D Prime Differentiation Medium (CELLnTEC, Switzerland) 
to induce the formation of intercellular adhesion structures (CO2/37 °C). The next day 3D 
growth was initiated by the airlift of the culture, media was changed every other day for 
14 days. Morphology study was derived by light microscopy from RHE embedded in OCT 
(Tissue-Tec® Cryomold®, VWR, PA, USA), cryo-sectioned at –20 °C (Leica CM 1510S) into 
5 µm slices and stained with hematoxylin and eosin (H&E).

Statistical analysis

All measurements were performed in triplicate and n = 3 (pooled cells of 2–3 donors 
for each n), results are expressed as means ± standard error of the mean (SEM). The data 
sets were compared and analyzed using t-test or one-way analysis of variance (ANOVA) 
with Newman-Keuls posthoc test. p < 0.05 is considered statistically significant.

RESULTS AND DISCUSSION

UVB reduces cell viability and proliferation

As shown in Fig. 1a, UVB dose-dependently decreased cell survival starting at 30 mJ cm–2 
(lower limit of UV machine). NHK undergone senescence markedly showed a reduction in 
cell proliferation as demonstrated by the incorporation of BrdU during DNA synthesis. 
NHK exposed to UVB demonstrated a reduction of BrdU incorporation by 47.7 ± 4.7 % vs. 
control. This is close to the effect induced by the anti-metabolite 5-FU at 10 µM (Fig. 1b). 
The mechanisms of UVB-induced apoptosis associated with increased p53 and degrada-
tion of cyclin-dependent kinase (CDK) inhibitor p21, resulted in dysregulation of cell cycle 
arrest and DNA repair process (13). Additionally, mTOR signaling in UVB-induced apoptotic 
cells may be suppressed leading to inactivations of the autophagy, proliferation, and AKT 
cell survival pathways (14).
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Fig. 1. Effects of UVB on NHK cell survival and proliferation. a) Relationship of UVB dose and NHK 
cell viability. NHK were exposed to UVB at different doses as indicated in the figure. Cell viability 
was evaluated by MTT assay using non-UV NHK as a control CTRL, 100 % cell viability); b) UVB and 
5-FU exposure inhibited NHK proliferation. NHK at passage 3 were irradiated with UVB at 30 mJ 
cm–2 and BrdU incorporation was quantified after 24 h as described in Materials and Methods. 5-FU 
was used as positive controls; * p < 0.05 vs. negative control (CTRL).

Fig. 2. Morphology of keratinocytes and the staining of beta-galactosidase (β-gal). a) Representative 
photos of NHK were taken at passage 3 (p3) without UVB exposure and b) p3 with UVB exposure at 30 
mJ cm–2; c) NHK underwent normal culture to passage 5 (p5); d) calculated percent β-gal positive NHK. 
* p < 0.05 vs. non-UVB p3; #, p < 0.05 vs. p3+UVB. Photos were captured at 100× magnification.

Keratinocyte senescence induced by UVB exposure and extended subcultivation

Primary NHK at the early passage as passage 3 (p3) formed polygonal cell monolayer 
(Fig. 2a) whereas cells at high passages depicted larger size and irregular shape (Fig. 2c). 
Keratinocytes reached senescence at passage 5 (p5) characterized by SA-β-gal staining had 
approximately 4-fold increase versus passage 3 (4.48 ± 0.30 % vs. 17.65 ± 0.67 %, respectively; 

       a)                                                               b)

       a)                                                          b)

 
 

       c)                                                          d)
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Fig. 2d) while UVB (30 mJ cm–2) irradiation to NHK at p3 induced the senescent phenotype 
but the extent of SA-β-gal staining was higher as compared to cells at passage 5 (5-fold 
 increase to 22.43 ± 1.26 % (Fig. 2b,c). NHK in this experiment rapidly reached replicative 
 senesce due to the high calcium concentration (more than 0.1 mmol L–1) of the growth 
 medium which induced the cease of cell proliferation earlier than the cultures grown under 
low calcium medium (less than 0.1 mmol L–1) (15, 16). Thus, the control of calcium levels is 
crucial for triggering cell division or stress-induced senescence.

Intracellular ROS levels

Senescence became obvious from an alteration in ROS related autofluorescence at 480/530 
nm. The effect seen in NHK at late passages was not different from the younger passage at 
p3 while NHK irradiated with UVB showed a significant increase in ROS up to 172.26 ± 
24.54 % when compared to non-irradiated cells (Fig. 3a,b). Intracellular ROS accumulation is 
another key phenomenon found both in NHK undergone replicative aging as well as 
 premature aging induced by UVB. Superoxide anion, hydrogen peroxide, hydroxyl radical, 
and peroxynitrite are the major ROS produced during UV irradiation in keratinocytes (19). 
These ROS induced oxidative stress (ROS/p38 MAPKs pathways), DNA damage, and 
 inflammation (COX-2 and PGE2 production) (20, 21). Thus, using antioxidants can reduce 
the detrimental effects of UVB-induced oxidative damage to the keratinocytes (22).

Senescence-related gene expression

The mRNA expression of genes associated with aging was evaluated by qPCR. While 
cyclin D2 was unaltered following UVB irradiation as well as in non-irradiated NHK at 

Fig. 3. Flow cytometry analysis of autofluorescence in keratinocytes. The X-axis is autofluorescence 
detected at 480/530 nm and the Y-axis is the cell count as described in Materials and Methods. a) The 
autofluorescence of NHK at different cell conditions, i.e., passage 3 (p3), p3 irradiated with UVB 30 mJ cm–2 
(p3+UVB), and NHK at passage 5 (p5); b) The bar graph represents the percentage of autofluorescent 
cells. * p < 0.05 when compared with p3 (non-UVB).

       a)                                                                            b)



299

S. K. Wattanapitayakul et al.: Ultraviolet B irradiation-induced keratinocyte senescence and impaired development of 3D epidermal 
reconstruct, Acta Pharm. 71 (2021) 293–303.

 

passage 5, differential effects were seen in genes encoding IFI27 and p16INK4a. Eleva-
tions of IFI27 (4.0 ± 0.9 folds) were found in NHK at passage 5 and elevations of p16INK4a 
(5.1 ± 0.1 folds) in NHK passage 3 following UVB irradiation, respectively (Fig. 4).

The intrinsic and extrinsic inducers for aging share similar signals, yet certain differ-
ences in pathways of activation are also observed. The common outcomes of oxidative 
processes in the aging skin include mitochondrial dysfunction, redox signaling alteration, 
genome instability, and cellular senescence. Three genes involved in different aspects of 
cellular aging and UVB exposure were selected for comparison, i.e., p16INK4a, cyclin D2, 
and IFI27. Among these, the overexpression of p16INK4a is commonly observed in skin 
aging while cyclin D2 and IFI27 are more ligand- and pathophysiology-specific responses 
(23, 24). In this study, UVB markedly induced p16INK4a expression in NHK while this 
phenomenon was not observed in cells that underwent culturing senescence. Elevation of 
p16INK4a expression was also observed in the basal layer of a human skin equivalent but 
not cyclin D2, a regulator of Cdk4/6 for the G1/S phase transition, which remained unchanged 
in both conditions (cell culture and RHE) (23). This suggests that the regulation of cyclin- 
-dependent kinase inhibitors (CKIs), such as p16INK4a, is more prominent as a marker of 
differential status of senescence features.

Another change in the gene expression observed in this study was IFI27, a regulator 
of cell proliferation, cell cycle, and immune system. IFI27 is involved in upregulated in 
certain inflammatory skin diseases and conditions, including psoriasis, cutaneous squa-
mous cell cancers, and wound repair (25). Significant elevation of IF27 expression was 
observed only in NHK passage 5 but found only a minimal change in young NHK irradi-
ated with UVB. Microarray analysis of different human skin ages reveals that expression 
of IFI27 was among the 198 genes that peculiar to aged skin (26). It is possible that intrinsic 
senescence and photoaging acquire diverse regulators (27) and the changes of IFI27 may 
have an implication as a marker for skin aging. Additionally, activation of the inflamma-
tory process, as well as aging-related proteins, were observed in human immortal kerati-
nocytes, HaCaT cells, irradiated with UVB (28). Enhanced MMP-1 and proinflammatory 
cytokines (IL-1β and IL-6) production but decreased silent information regulator T1 (SIRT1) 
signaling were suggested as participants in the photoaging process.

Fig. 4. Fold changes in gene expression by extended subcultivation of keratinocytes passage 5 (p5) vs. 
passage 3 (p3) and those induced by UVB (30 mJ cm–2) irradiation. Gene expression including 
p16INK4a, cyclin D2, and IFI27 was detected by RT-PCR. p = passage; UVB = NHK undergone UVB 
irra diation. Native expression of p3 was set at 1. * p < 0.05 indicates changes related to p3.
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Histological appearance of 3D keratinocyte epidermal reconstructs

The 3D reconstruction of the epidermis model was established within 14 days of cul-
ture. The histological structure revealed that the 3D construct composed of 5–6 layers of 
keratinocytes that stratified from the bottom layer closed to the artificial membrane of the 
insert to form stratum corneum on the uppermost layers (Fig. 5a). On the contrary, the 3D 
epidermis model generated from KCs that underwent UVB irradiation (30 mJ cm–2) showed 
a thinner cross-sectional structure and most cells were degenerated or differentiated (Fig. 
5b). A thick layer of stratum corneum was observed (approximately 30 % of the dermis) in 
the model using normal KCs at passage 3 whereas markedly thinner stratum corneum was 
developed in the model constructed from UVB irradiated KCs.

Not only were UVB-induced changes detected in the keratinocyte monolayer culture 
but modifications were observed in 3D epidermal morphology. Built from differentiating 
keratinocytes, RHE is a well reflecting upper layer of human skin. Only this model can be 
used for the evaluation of drug absorption (8), and it is superior to the monolayer cell cul-
ture when studying metabolism and toxicity (29). Additionally, the 7th Amendment to the 
Cosmetics Directive of the European Union prohibits animal testing of cosmetics in full; 
therefore, for effective substances, in vitro models are required to fulfill the needs of safety 
testing. A 3D in vitro epidermis model generated from human cells is needed for risk anal-
ysis in the aging population. This study shows that using UVB-induced senescent kerati-
nocytes for tissue reconstruction impaired the development and maturation of human 
epidermis. UVB-exposed NHK could partially develop the stratum corneum but the granular, 
spinosum and basal layers were dramatically deformed. It is possible that the senescent 
UVB-irradiated NHK had reduced ability to proliferate (no granular layer) whereas final 
differentiation (stratum corneum) appears relatively less affected. The family of INK4  proteins 
has a specific function in blocking cyclin D-CDK4/6 activity that quarantines the cells to 
G1 phase arrest (30). It is possible that NHK exposed to UVB had raised INK4a and pro-
hibited cell proliferation. Additionally, p53 may also involve in controlling the expression 

Fig. 5. Hematoxylin-Eosin staining of RHE. a) Epidermis cultured from keratinocytes at passage 3; b) 
Epidermis cultured from KC passage 3 irradiated with UVB at 30 mJ cm–2.

a)

b)
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of p21/Cip1 which in turn, may lead to the inhibition of cyclin-CDK4/6 activity. The induction 
of photoaging by UV engages at least three important pathways (31). First, UV activates the 
AP1 complex that further causing collagen breakdown through the MMP-1 and MMP-9 
signals. Second, UV suppresses TGF-β function which, in normal condition, activates 
Smad2, procollagen synthesis. Finally, UV suppresses PI3K/Akt/mTOR signaling and 
 autophagy pathway (32).

The understanding of functional and molecular regulation of dermal keratinocyte 
aging is crucial for defining strategies that are appropriate for skin care and skin disease 
therapy in the aging population. The changes in epidermal morphology even following 
the lower UV doses resulted in an impaired barrier function and allow nanoparticles (mo-
lecular mass about 80.000 Da) to pass the stratum corneum and access viable epidermis 
(10). More studies are warranted for reconstructing full-thickness skin in the light of skin 
aging, particularly skin repair and protection of photoaging.

CONCLUSIONS

UVB significantly induced the aging phenotype in keratinocytes and impaired epi-
dermal development. RHE generated from UVB irradiated keratinocytes showed a thinner 
cross-sectional structure whereas the majority of keratinocytes in the viable epidermis 
layer were degenerated. The 3D epidermis model improves the understanding of skin  aging. 
We believe that this model of UVB-induced impairment of epidermal development could 
help with a better understanding of the molecular changes and design of therapeutic 
 strategies for the skin disease related to UVB or for the prevention of skin aging. This also 
in concordance with the reduction of animal use and the policy of prohibitions testing 
cosmetics on animals in the EU.
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