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Abstract

Importance—Solar ultraviolet (UV) irradiation causes photoaging, characterized by

fragmentation and reduced production of type I collagen fibrils that provide strength to skin. UVB

irradiation (280–320 nm) causes these changes by inducing matrix metalloproteinase (MMP)-1

and suppressing type I collagen synthesis. The role of UVA irradiation (320–400 nm) in

promoting similar molecular alterations is less clear, yet important to consider, since it is 10–100

times more abundant in natural sunlight than UVB irradiation and penetrates deeper into the

dermis than UVB irradiation. The majority (~75%) of solar UVA irradiation is comprised of

UVA1 irradiation (340–400 nm), which is also the primary component of tanning beds.

Objective—To evaluate the effects of low levels of UVA1 irradiation, as might be encountered

in daily life, on expression of MMP-1 and type I procollagen (the precursor of type I collagen).

Design—In vivo biochemical analyses after UVA1 irradiation of normal human skin.

Setting—Academic referral center.

Participants—Healthy human volunteers without skin disease.

Main Outcome(s) and Measure(s)—Skin pigmentation was measured by a color meter

(chromameter) under the L* variable (luminescence), which ranges from 0 (black) to 100 (white).

Gene expression in skin samples was assessed by real-time polymerase chain reaction.

Correspondence: Frank Wang, MD, 1910 Taubman Center, 1500 East Medical Center Drive, Ann Arbor, MI 48104, Phone:
734-232-6178, Fax: 734-647-7541, frawang@med.umich.edu.
All work was performed in the Department of Dermatology, University of Michigan, Ann Arbor, MI, USA
Current Address for Dr. Kang: Department of Dermatology, Johns Hopkins University, Baltimore, MD.

Author Contributions: Drs. Wang and Fisher had full access to all of the data in the study and take responsibility for the integrity of
the data and the accuracy of the data analysis. Study concept and design: Wang, Smith, Kang, and Fisher. Acquisition of data: Wang,
Smith, Kang, and Fisher. Analysis and interpretation of data: Wang, Tran, Smith, Kang, Voorhees, and Fisher. Drafting of the
manuscript: Wang, Tran, and Fisher. Critical revision of the manuscript for important intellectual content: Wang, Smith, Tran, Kang,
Voorhees, and Fisher. Statistical analysis: Wang. Obtaining funding: Kang, Voorhees, and Fisher. Administrative, technical, or
material support: Wang, Smith, Kang, Voorhees, and Fisher. Supervision: Wang, Kang, Voorhees, and Fisher.

Financial disclosure: None reported.

Conflict of interest: The authors state no conflict of interest.

NIH Public Access
Author Manuscript
JAMA Dermatol. Author manuscript; available in PMC 2015 April 01.

Published in final edited form as:
JAMA Dermatol. 2014 April ; 150(4): 401–406. doi:10.1001/jamadermatol.2013.8417.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Results—Lightly pigmented human skin (L*>65) was exposed up to four times (one exposure/

day) to UVA1 irradiation at a low-dose (20 J/cm2), mimicking UVA levels from strong sun

exposure lasting approximately two hours. A single exposure to low-dose UVA1 irradiation

darkened skin slightly, and did not alter MMP-1 or type I procollagen gene expression. With

repeated low-dose UVA1 irradiation, skin darkened incrementally with each exposure. Despite

this darkening, two or more exposures to low-dose UVA1 irradiation significantly induced

MMP-1 gene expression, which increased progressively with successive exposures. Repeated

UVA1 exposures did not suppress type I procollagen expression.

Conclusions and Relevance—A limited number of low-dose UVA1 exposures, as commonly

experienced in daily life, potentially promotes photoaging by affecting breakdown, rather than

synthesis, of collagen. Progressive skin darkening in response to repeated low-dose UVA1

exposures in lightly pigmented individuals does not prevent UVA1-induced collagenolytic

changes. Therefore, for optimal protection against skin damage, sunscreen formulations should

filter all UV wavelengths, including UVA1 irradiation.

Introduction

Solar ultraviolet (UV) irradiation causes photoaging, which is characterized by skin

wrinkling and laxity.1 This loss in structural support can be largely attributed to alterations

in dermal connective tissue, including type I collagen fibrils, which provide strength and

resiliency to skin.1

Type I collagen fibrils are synthesized as a soluble precursor (procollagen) by fibroblasts,

and comprise most of the dermal extracellular matrix (ECM). Acute low-level UVB

irradiation (280–320 nm), resulting in slight pinkness, but not sunburn, up-regulates matrix

metalloproteinase (MMP)-1, which initiates type I collagen fibril degradation.2 UVB

irradiation also up-regulates other MMPs.2, 3 Together, the actions of these enzymes can

completely degrade type I collagen fibrils, impairing dermal ECM structure and function.

UVB irradiation also suppresses type I procollagen synthesis, thereby promoting further loss

of type I collagen fibrils.4

UVA (320–400 nm) irradiation is 10–100 times more abundant in natural sunlight than UVB

irradiation and is not entirely filtered by window glass or clothing.5–7 Thus, compared with

UVB irradiation, skin is exposed to more UVA irradiation, both daily and cumulatively over

a lifetime.5, 8 Furthermore, UVA irradiation penetrates deeper into the dermis than UVB

irradiation and, therefore, potentially causes more widespread alterations in the dermis.5

Despite these observations, the specific role of UVA irradiation in the molecular

pathogenesis of photoaging remains unclear. Here, we evaluated the effects of repeated

UVA irradiation on the disruption of dermal ECM integrity. We exposed skin to UVA1

irradiation (340–400 nm), as these wavelengths penetrate deeper into the dermis than UVB

or UVA2 (320–340 nm). Additionally, UVA1 irradiation comprises the majority (~75%) of

solar UVA irradiation and is the primary component of tanning beds.5, 9 We used low-dose

UVA1 irradiation (20 J/cm2), mimicking UVA levels from strong sun exposure lasting

approximately two hours.10–12 We exposed subjects up to four times (one exposure per day),

so that irradiation plus tissue procurement could be completed in one week. We found that
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repeated low-level exposure to UVA1 irradiation promotes damage to the dermal ECM in

spite of skin darkening (tanning).

Methods

The University of Michigan Institutional Review Board approved this study. Subjects were

age 18 years or older (range 22–61 years, mean 43.4 ± 2.5 years), provided written informed

consent, and were irradiated using a Sellamed 2000 (Sellas Medizinische Gerate GmbH,

Gevelsberg-Vogelsang, Germany), with a peak output 360–390 nm, and power output

distribution 94.4% UVA1 and 5.6% visible to near-infrared (400–800 nm) (Dr. Robert

Sayre, Rapid Precision Testing Laboratories, Cordova, TN). To deliver a particular dose, the

light source was held 20 cm from the target site and exposed to skin for an appropriate

duration of time, based on the lamp’s irradiance, which was measured by a

spectroradiometer (typical irradiance 55.6 mW/cm2; Sola-Scope 2000, Solatell Ltd,

Croydon, England) and independently verified (Dr. Sayre, Rapid Precision Testing

Laboratories). Irradiation intensity was monitored before each session by a multimeter

(model 8060A, Fluke Corporation, Everett, WA). Skin pigmentation was measured by a

chromameter (Minolta CR200; Minolta, Osaka, Japan) under the L* variable

(luminescence).13 Gene expression was measured by real-time polymerase chain reaction, as

described elsewhere.14 One-way repeated measures ANOVA with Tukey adjustment for

multiple comparisons were used in data analysis. When appropriate, logarithmic

transformation was applied to achieve normality. Logarithmic transformations were

performed for all gene expression data. Data were analyzed using SAS v9.1 (SAS Institute

Inc, Cary, NC), with statistical significance if p<0.05 for a 2-tailed hypothesis.

Results

Subjects were exposed to a light source that emitted nearly pure UVA1 irradiation. There

were no adverse events. In lightly pigmented human skin (defined as L*>65)14, a single

exposure to low-dose UVA1 irradiation (20 J/cm2) caused slight, but significant, skin

darkening at 24 hours post-exposure (p<0.05, n=10) (Figure 1a). Exposure to higher UVA1

doses (40 or 80 J/cm2) caused more skin darkening than 20 J/cm2 (p<0.05, n=10) (Figure

1a). Mild erythema occurred after low-dose UVA1 exposure, and was more prominent after

exposure to higher doses.

Under these conditions, gene expression of MMP-1 was induced in a dose-dependent

fashion, with no significant change following 20 J/cm2, and substantial up-regulation

following higher doses (p<0.05, n=10) (Figure 1b). MMP-3 (stromelysin) exhibited a similar

induction pattern (n=10) (Figure 1b). Additionally, type I and III procollagen expression

displayed a dose-dependent response, with no down-regulation following 20 J/cm2, and

significant suppression following higher doses (p<0.05, n=10) (Figure 1b).

Next, we exposed lightly pigmented human skin repetitively at daily intervals to 20 J/cm2

UVA1 irradiation. Skin darkening occurred after one exposure and increased incrementally

with successive exposures (p<0.05, n=12) (Figure 2a). Additionally, mild erythema occurred

after the first exposure, and increased with subsequent exposures.
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Under the same conditions, gene expression of MMP-1 was not significantly induced after

one exposure, but exhibited significant and progressive up-regulation after two or more

exposures (p<0.05, n=12) (Figure 2b). Furthermore, three or four exposures caused

significantly greater MMP-1 induction than one exposure (p<0.05). MMP-3 exhibited a

similar induction pattern (n=12) (Figure 2b). Induction of MMP-1 or 3 was not due to a

delayed response to the first exposure, as no induction of these MMPs was observed four

days after a single exposure to 20 J/cm2 UVA1 irradiation (data not shown). In contrast to

MMP expression, gene expression of type I procollagen was not significantly altered after

multiple exposures to low-dose UVA1 irradiation (n=12) (Figure 2b). Additionally, multiple

exposures did not alter expression of type III procollagen (n=12) (Figure 2b).

Comment

In this study, we exposed lightly pigmented human skin to UVA1 irradiation at a low dose,

simulating UVA levels from strong sun exposure lasting approximately two hours.10–12 We

found that despite skin darkening the effects of repeated, daily low-dose UVA1 irradiation

include progressive mRNA induction of MMPs that break down the dermal ECM. Of note,

the mRNA induction of MMPs correlates with protein expression and enzymatic activity.3

Interestingly, this induction does not occur after a single exposure to low-dose UVA1

irradiation. Further investigation is needed to determine why MMP induction requires two or

more low-dose UVA1 exposures. Apparently, the first exposure initiates cellular responses

that facilitate MMP mRNA induction following subsequent exposures. Indeed, prior UVA1

exposure may boost response to the next exposure, as seen not only with the second

exposure, but also with subsequent exposures beyond the second.

Furthermore, while the magnitude of MMP mRNA induction in response to low-dose UVA1

irradiation is less than that following mildly erythemogenic doses of UVB irradiation,2 our

data suggest that repetitive exposure to low levels of UVA1 irradiation, as commonly

experienced in daily life, could promote photoaging. Indeed, accumulation of dermal

damage from repeated low-level UVA1 exposures over a lifetime likely compromises

structural support of the skin. As such, regular use of sunscreen may reduce the signs of

photoaging.15 Additionally, we suggest that sunscreens need to filter all UV wavelengths,

including UVA1 irradiation, to protect against skin damage. Currently, the Food and Drug

Administration (FDA) has approved many sunscreen ingredients that filter UVB irradiation

and several that filter UVA2 irradiation, but only one chemical sunscreen ingredient

(avobenzone) and one physical sunscreen ingredient (zinc oxide) are approved to provide

UVA1 protection.16

Based on previous studies, in which human skin was exposed to UV wavelengths that

include the UVA1 range, we suggest that the MMPs induced by low-dose UVA1 irradiation

may be derived from the epidermis, and to a lesser extent the dermis.3, 19, 20 Additionally,

we speculate that one of the chromophores that mediate this induction is DNA.5, 9

Interestingly, in lightly pigmented individuals, we also found that progressive skin

darkening (tanning) in response to repeated low-dose UVA1 exposures does not prevent

UVA1-induced collagenolytic changes. Thus, prior exposure to low levels of UVA1
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irradiation from natural sunlight or tanning lamps is unlikely to protect against dermal

damage caused by subsequent exposures. One reason for this observation may be that

melanin absorbs long wavelengths (e.g., UVA1 irradiation) less effectively than shorter

wavelengths (e.g., UVB irradiation).17 This property of melanin further indicates that

optimal sunscreen formulations should provide protection against UVA1 wavelengths. This

property of melanin also suggests that darkly pigmented individuals, who may have

adequate UVB protection, might still benefit from protection against UVA1 irradiation.8, 18

In addition to MMP induction, we considered whether repeated low-dose UVA1 irradiation

may promote photoaging by suppressing type I or III procollagen expression, as seen with

UVB irradiation. Type III procollagen is the precursor to type III collagen fibrils, which

associate with type I collagen fibrils in the dermal ECM and can be cleaved by MMP-1.21 In

contrast with higher doses, we found no suppression of type I or III procollagen expression

after a single or repeated exposures to low-dose UVA1 irradiation, suggesting that a limited

number of such exposures primarily affects breakdown, rather than synthesis, of collagen

fibrils. It is possible, however, that more low-dose exposures (beyond the number done here)

may suppress type I or III procollagen expression. Additionally, more low-dose exposures

may maintain or further induce MMP-1 and -3, while continuing to make skin darker.

Finally, our observations have implications for UVA1 phototherapy regimens used to treat

excessive cutaneous collagen deposition.22 Previously, we reported that substantial skin

darkening following high-dose UVA1 exposures (120–150 J/cm2) prevents sustained MMP

induction, potentially limiting the efficacy of high-dose UVA1 phototherapy for fibrotic

skin.14 Here, we found that repeated low-dose exposures allow sustained up-regulation of

MMP-1 and -3, likely because of less skin darkening than higher doses. Thus, our

observations provide a rationale for using low-dose UVA1 phototherapy, which is reported

to soften fibrotic skin.23, 24
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Figure 1. Exposure of lightly pigmented human skin to UVA1 irradiation causes skin darkening,
induction of matrix metalloproteinases, and suppression of procollagens in a dose-dependent
fashion
Skin pigmentation was measured using a color meter (chromameter) under the L* variable

(luminescence), which ranges from 0 (black) to 100 (white). Lightly pigmented (L*>65)

buttock skin of healthy human subjects (n=10) was exposed to the indicated doses of UVA1

irradiation. (a) Changes in skin pigmentation were measured 24 hours later (L* value,

n=10). (b) Additionally, skin samples (4 mm) were obtained 24 hours following exposure,

and real-time polymerase chain reaction was performed to assess gene expression of matrix
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metalloproteinase (MMP)-1, MMP-3, type I procollagen (COL-I), and type III procollagen

(COL-III) (all n=10). The housekeeping gene acidic ribosomal phosphoprotein P0 (36B4)

was used as an internal control. Data are presented as mean fold change + SEM. Asterisk (*)

over bars, p<0.05 compared with no UVA1 irradiation. Asterisk (*) over bracket, p<0.05

when comparing response to different UVA1 doses.

Wang et al. Page 9

JAMA Dermatol. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. Repeated daily exposure of lightly pigmented human skin to low-dose UVA1
irradiation causes incremental darkening and progressive induction of matrix
metalloproteinases
Skin pigmentation was measured using a color meter (chromameter) under the L* variable

(luminescence). Lightly pigmented (L*>65) buttock skin of healthy human subjects (n=12)

was exposed to low-dose UVA1 irradiation (20 J/cm2) one, two, three, or four times at daily

intervals. (a) Changes in skin pigmentation were measured 24 hours after each exposure (L*

value, n=12). (b) Skin samples (4 mm) were also obtained 24 hours following each

exposure, and real-time polymerase chain reaction was performed to assess gene expression
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of matrix metalloproteinase (MMP)-1, MMP-3, type I procollagen (COL-I), and type III

procollagen (COL-III) (all n=12). The housekeeping gene acidic ribosomal phosphoprotein

P0 (36B4) was used as an internal control. Data are presented as mean fold change + SEM.

Asterisk (*) over bars, p<0.05 compared with no UVA1 irradiation. Asterisk (*) over

bracket, p<0.05 when comparing response to different UVA1 exposures.
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