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1. Introduction

The solar ultraviolet (UV) is a spectrum of sunlight 
that causes photoaging, DNA damage, gene mutation, 
and even skin cancer (1). UV light that reaches the 
earth is divided into ultraviolet A (UVA, 320-400 nm) 
and ultraviolet B (UVB, 290-320 nm), and the UVA 
waveband can be further divided into UVA1 (340-400 
nm) and UVA2 (320-340 nm) (2,3). UVB constitutes 
less than 10% of solar UV, and it is generally thought 
to be the most deleterious radiation of sunlight 
and the major wavelength involved in erythema, 
immunosuppression and carcinogenesis outcomes (4). 
UVA constitutes over 90% of solar UV. It can penetrate 

deep into skin, generate reactive oxygen species (ROS) 
through reacting with cellular chromophores, initiate 
photochemical and photobiological events (such as 
oxidation of various molecules and DNA damage), and 
consequently cause immunosuppression (1,2,5). It was 
found that UVA could cause immunosuppression in 
human skin, and sunscreen studies also indicated that 
a broad-spectrum sunscreen (blocking both UVA and 
UVB) provides better protection compared to a narrow 
blocker (only UVB), thus showing an important role of 
UVA in inducing immunosuppression (6-8). However, 
recently, a growing number of studies indicated that 
UVA radiation could provide immunoprotection 
and also inhibit UVB-induced immunosuppression 
through modulation of various cutaneous cytokines and 
enzymes, such as heme oxygenase-1 (HO-1) (2,9,10).
 HO-1 is a potent anti-inflammatory intracellular 
mediator, which catalyzes the degradation of heme 
to iron, biliverdin, and carbon monoxide (CO) (11). 
High expression of HO-1 is observed in many types of 
cells after stimulation by UVA radiation, nitric oxide, 
heavy metals, and many other oxidants (1,2). Induction 
of HO-1 causes anti-inflammatory and anti-apoptotic 
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properties. Especially, the anti-inflammatory capacity 
of HO-1 can exert immunomodulation of cell responses 
and alleviate a number of chronic inflammatory diseases 
(12). Tyrrell and Reeve suggested that the protection 
of skin by UVA irradiation with appropriate doses and 
wavelengths may be linked to UVA-induced HO-1 
(2,13). In recent years, studies of the mechanism of 
UVA induced HO-1 immunoprotection have made great 
progress, for example, IL-6 and estrogen receptor-β 
(Er-β) are involved in mediating immunoprotection 
by UVA radiation, and gender difference is one of the 
factors that influence UVA-induced immunoprotection 
(9,14,15). So it is necessary to summarize recent 
developments of studies of UVA induced HO-1 
expression and its protective effects on skin. In this 
article, HO-1 immunoprotection in skin, and its 
relationship with UVA induced immunoprotection 
will be elaborated, and UVA phototherapy will also be 
briefly mentioned due to its beneficial role in treating 
some skin diseases.

2. The relationship between UVA waveband, dose 
and immune function 

There is a great deal of disagreement on UVA-induced 
immune function, which could be attributed to UVA 
waveband and dose. The wide spectral waveband 
of UVA (320-400 nm) could react with different 
chromophores in skin, leading to different effects on 
the immune system of skin (16). It was found that 
pretreatment with UVA1 (340-400 nm) may offer 
partial protection against UVB-induced decrease of 
immunization reaction to epidermis allergens (17). In 
another study, the result indicated that UVA1 did not 
elicit immunosuppression, however, UVA did induce 
immunosuppression that might be caused by UVA2 
(shorter wavelength of UVA, 320-340 nm) (18). UVA1 
and UVA2 might show differences in the regulation of 
immune functions: UVA1 may provide protection in the 
immune system; UVA2 is related to UVB in some parts 
of the immune response, such as immunosuppression, 
since their wavebands are adjacent (2,18,19).
 In addition to the wavelength, UVA irradiation 
with different dosages may cause various biological 
effects on the immune system. Halliday et al. found 
that irradiation with a low dose of UVA (8.4 kJ/
m2) on humans could enhance immune memory; 
a medium dose of UVA (16.8 kJ/m2) might have 
immunosuppressive activity, but higher doses of UVA 
(i.e., 33.6 kJ/m2) could protect skin from UVB damage 
(20). Similar results have been obtained using mice to 
show that UVA acts as an immunosuppressor at a lower 
dose (18 kJ/m2) and an immunoprotector at a higher 
dose (34 kJ/m2) (21). An in vivo study, using hairless 
mice, identified UVA doses, between 16 and 580 kJ/
m2, could provide immunoprotection against UVB-
induced immunosuppression. However, UVA might 

be immunosuppressive at doses over 600 kJ/m2 (22). 
We suggest that the discrepancy of immuno-functions 
among those studies may be due to the non-uniformity 
of the UV radiometer used for dose measurement and 
the definition of dose levels (low, medium and high). 
The different mice strain may also account for the 
discrepancy as well.
 Recently, our study indicated that the increase of 
HO-1 levels by interference of Bach1 (BTB and CNC 
homology 1) might protect human skin keratinocytes 
from damage by a high dose of UVA (400-500 kJ/m2) 
irradiation, while this increment had no effect on the 
protection for low to medium doses (100 and 250 
kJ/m2) (23,24). Nevertheless, in vivo studies of UVA 
immune responses mostly adopted mice models, and 
the immune responses of human skin are currently 
unclear due to too few studies.

3. UVA induced HO-1 protection in skin cells 

UVA radiation alters a series of antioxidant pathways in 
skin cells, and one of the robust pathways is through the 
induction of HO-1 expression. HO-1 plays a vital role 
in protecting various cells and tissues against oxidative 
stress by virtue of its anti-inflammatory, anti-apoptotic, 
and anti-proliferative features (2). Also, it is a powerful 
immunomodulator which could eliminate some 
inflammatory responses (25). HO-1 can be induced not 
only by UVA radiation but also by many other stimuli, 
including heavy metals, endotoxin, H2O2, heat shock, 
LPS, inflammatory cytokines, and other antioxidants 
(1,2,26); The level of HO-1 expression depends on 
the type of cells. In this section, we will introduce the 
functions of HO-1 in skin and its role in UVA-induced 
immunoprotection.

3.1. HO-1 and its functions in skin 
 
HO-1 is a rate-limiting enzyme in heme metabolism and 
can cleave heme into three products: biliverdin, CO, and 
ferrous iron. Biliverdin is further reduced by biliverdin 
reductase to bilirubin. Biliverdin and bilirubin are 
recognized as potent antioxidants by scavenging ROS 
(27). CO, as biliverdin, contributes substantially to the 
anti-inflammatory properties of HO-1 by suppressing 
pro-inflammatory cytokines and also has tolerogenic 
actions in adaptive immune responses (11,13). Ferrous 
iron is released during the breakdown of free heme by 
HO-1, but this molecule is rapidly removed by ferritin. 
It is suggested that increased ferritin expression in 
conjunction with HO-1 expression may contribute to 
the additional protection by HO-1 (28-30). 
 The activation of HO-1 has been recognized as a 
sensitive marker for oxidative stress to cells, and it is 
involved in an adaptive protective response against 
oxidative damage, such as UV irradiation (1,2). 
Recently, many studies showed that HO-1 might 
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(10,40). Also, the refractoriness of UVA-induced 
protection from photoimmunosuppression was found 
to be correlated with HO-1 levels with repeated UVA 
exposure in Skh:HR-2 mice (41). The refractoriness of 
HO-1 was originally found in human skin fibroblast 
FEK4 cells following retreatment with a second dose of 
UVA radiation (42). Studies from our lab indicate that 
refractoriness of HO-1 might be linked to UVA-induced 
Nrf2 refractoriness in human skin fibroblast FEK4 cells 
(Zhong, unpublished data).
 The immunoprotection of HO-1 is closely related 
to certain cytokines. The immunoprotection of UVA-
induced HO-1 was found to be absent in IFN-γ 
knockout mouse, indicating that IFN-γ is involved in 
HO-1 induction (43). They also indicated that HO-1 
could provide protection through its enzymatic product, 
CO. Utilizing a CO-releasing molecule to deliver CO to 
the skin, they found that CO concentration-dependently 
protected mice against the immunosuppression caused 
by solar simulated UV radiation and cis-UCA (44). 
Further studies indicated that UVA immunoprotection 
was linked to skin cyclic guanosine monophosphate 
(cGMP), which is activated by CO. The release of 
CO is due to HO-1 activation, and this suggests that 
HO-1 plays a role in UVA-induced immunoprotection 
(22). Moreover, the relationship between HO-1 
inducibility and estrogen receptor-β (Er-β) signaling 
was investigated. They found that the HO-1 gene was 
unresponsive to UVA induction in Er-β-/- mice, and 
HO-1 inducibility and Er-β signaling are interdependent 
requisite responses to the UVA waveband for its 
immunoprotection (9). Recently, they showed that 
IL-6 has an important photoimmunoprotective 
function through interaction with the HO-1 pathway, 
determining the immunologically advantageous actions 
of UVA radiation (14). These studies indicated the 
relevant pathway of HO-1 in the UVA-induced immune 
response, and will provide a guideline for more in depth 
understanding of the mechanism of HO-1 in UVA-
induced immunoprotection.

4. UVA Phototherapy

Phototherapy using UVA has been successfully applied 
to the treatment of some cutaneous diseases, such as 
psoriasis, vitiligo and T-cell lymphoma (45,46). UVA1 

provide protection through its upstream activation 
genes, such as transcription enhancer Nuclear factor-
erythroid-2-related factor 2 (Nrf2). For example, Hirota 
found that Nrf2 might play an important role in the 
protection of the skin against UVA irradiation in mice 
fibroblasts (31). Later, Nrf2-driven HO-1 expression 
was found to protect mouse skin cells from oxidative 
carcinogenesis (32). Our studies also showed that Nrf2 
might protect human skin fibroblasts and keratinocytes 
from UVA irradiation (23,33). These studies indicated 
that Nrf2-driven HO-1 expression may play a role in 
cellular protection. So far, these studies focused on the 
upstream regulation of HO-1. However, the protection 
provided by HO-1 through its downstream genes is yet 
to be identified.

3.2. HO-1 in UVA-induced immunoprotection 
 
The induction of HO-1 may play an important role in 
the limiting inflammation and immune activation. For 
example, cutaneous HO-1 expression might represent 
a potent therapeutic approach for the treatment of T 
cell-dependent inflammatory dermatoses (34). It is also 
shown that HO-1 has immunomodulatory capacity in 
adaptive responses, and deficiency of HO-1 leads to 
development of chronic inflammatory pathology and 
widespread oxidative tissue injury (35). Lately, a study 
indicated that HO-1 can reduce the cutaneous Arthus 
reaction, an immune complexes-mediated disease 
that can result in edema, hemorrhage and neutrophil 
recruitment in the skin (36) (Table 1).
 Using mice, Reeve VE et al. found that a sub-
erythemogenic dose of UVA exposure could protect 
skin from the immunosuppressive effect of either UVB 
radiation or cis-urocanic acid (UCA). They indicated 
that the mechanism of UVA immunoprotection involves 
the induction of cutaneous HO-1 (37,38). Moreover, 
they reported that UVA irradiation upregulated HO-1 
in the dermis and epidermis of hairless mouse skin, and 
UVA-induced HO enzyme activity is protective against 
UVB-induced immunosuppression (10,39). Further, 
they demonstrated that, with a constant UVB dose, 
UVA enrichment showed to be dose dependent for 
immunoprotection (10,40). In their studies, through an 
HO inhibitor (tin protoporphyrin-IX), it was confirmed 
that HO is responsible for UVA-induced protection 

Table 1. Evidence of HO-1 in UVA-induced immunoprotection

Experimental subjects

SHR1 and C57BL⁄6 
C57BL⁄6
SHR1
SHR1  
SHR1, C57BL⁄6, and IFN-γ-/-
SHR1 

SHR: Skh:HR hairless mice; C57BL/6: C57BL/6 mice; IFN-γ -/-: IFN-γ -/- mice; CHS: Contact hypersensitivity;  MED: Minimal erythema 
doses. 

Methods

CHS
CHS
CHS
CHS 

--
CHS

Involved factors

HO-1 and Er-β
IL-6 and HO-1.
cGMP
UVA-induced HO activity
IFN-γ and HO-1
CO released by HO activity

Ref.

(9)
(14)
(22)
(38)
(43)
(44)
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has been shown to be more effective due to its deeper 
penetration into skin and less side effects, such as 
erythema, immunosuppression and carcinogenesis than 
UVA2. UVA1 can induce apoptosis of skin-infiltrating T 
cells, lead to T-cell depletion, and induce collagenase-1 
expression in human dermal fibroblasts (47). These are 
thought to underlie the UVA1 therapeutics in several 
diseases, such as atopic dermatitis, inflammatory 
morphea and scleroderma (46). Several studies have 
also shown the effect of UVA1 on cytokine production. 
It suppresses proinflammatory cytokines such as TNF-α 
and IL-12 (46). It was also found that UVA1 can 
exert its beneficial effects in treating systemic lupus 
erythematosus (SLE) though decreasing IFN-γ, which 
has a pathogenic role in the development of SLE (48). 
Since UVA can provide immunoprotection via induction 
of HO-1 (long wave UVA is more effective in inducing 
HO-1 expression when compared with short wave 
UVA, Zhong, unpublished), we suggest that it would 
be more effective in treating skin diseases combining 
HO-1 with UVA1 in phototherapy. Obviously, prior to 
using HO-1 for the enhancement of UVA phototherapy, 
mechanisms of immunoprotection linked to HO-1 
induction need to be further investigated, as suggested 
in the literature (2,45,46). With the development of 
technology, using a narrow wavelength range or a 
mono wavelength of UVA phototherapy will become 
an efficient method in the treatment of localized and 
systemic skin disorders (49).

5. Conclusions
 
UVA i r r ad i a t i on  may  cause  bo th  bene f i c i a l 
(immunoprotection) and damaging (immunosuppression) 
effects on skin, which depend on wavelength, exposure 
dose, and UVA sources. In this review, the potential 
protection of specific UVA wavebands and doses to the 
skin immune response was briefly summarized. Since 
immunoprotection might be associated with longer 
wavelengths of UVA (340-400 nm), using narrow bands 
of UVA or a mono-wavelength in phototherapy can 
become more effective and have less side effects than 
using broad bands of UVA. Also, UVA induces high 
expression of anti-inflammatory enzyme HO-1, which 
provides beneficial effects on the protection of skin 
from UVB-mediated damage. Therefore, it is necessary 
to further verify the role of HO-1 induction using 
different wave lengths of UVA, in order to modify 
HO-1 levels in combination with the specific wave 
length of UVA1 to enhance the efficiency of treating 
unpleasant skin conditions. Further, this may provide 
valuable guidance on skin protection against UV 
exposure. 
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