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Abstract

Ultraviolet (UV) radiation-induced immunosuppression has been linked with the risk of skin 

carcinogenesis. Approximately, two million new cases of skin cancers, including melanoma and 

non-melanoma, diagnosed each year in the USA and therefore have a tremendous bad impact on 

public health. Dietary phytochemicals are promising options for the development of effective 

strategy for the prevention of photodamaging effects of UV radiation including the risk of skin 

cancer. Grape seed proanthocyanidins (GSPs) are such phytochemicals. Dietary administration of 

GSPs with AIN76A control diet significantly inhibits UV-induced skin tumor development as well 

as suppression of immune system. UV-induced suppression of immune system is commonly 

determined using contact hypersensitivity (CHS) model which is a prototype of T cell-mediated 

immune response. We present evidence that inhibition of UV-induced suppression of immune 

system by GSPs is mediated through: (i) the alterations in immunoregulatory cytokines, 

interleukin (IL)-10 and IL-12, (ii) DNA repair, (iii) stimulation of effector T cells, and (iv) DNA 

repair-dependent functional activation of dendritic cells in mouse model. These information have 

important implications for the use of GSPs as a dietary supplement in chemoprevention of UV-

induced immunosuppression as well as photocarcinogenesis.

INTRODUCTION

Natural bioactive phytochemicals have been used for the prevention and treatment of many 

diseases for centuries. There is a renewed interest in natural phytochemicals as promising 

options for the development of more effective treatment or preventative strategies for 

various types of diseases including the cancers of different organs. Full realization of this 

potential, however, requires an improved knowledge of the therapeutic effects of these 

phytochemicals. For this purpose, the exact identification of the components of the plant, or 

the dietary agents derived from the plants that are responsible for the therapeutic activities is 

required at the first place. Second, the elucidation of the molecular and cellular targets of 

these components as well as identification of the specific mechanisms that play a role in 

reducing the risk of disease is needed.
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Solar ultraviolet radiation (UVR) can act as a tumor initiator, tumor promoter and co-

carcinogen (1, 2). Exposure of the skin to UVR has multiple effects in the skin which 

includes the generation of oxidative stress, inflammatory mediators, DNA damage and 

suppression of immune system (3, 4). The immunosuppressive effects of UV radiation, 

particularly UVB spectrum (290–320 nm), are well recognized. UVR-induced suppression 

of immune system contributes to the pathogenesis of UV radiation-induced skin cancer 

including both melanoma and non-melanoma in laboratory animals as well as in humans (5, 

6). The immunosuppressive effect of UV radiation on skin cancer risk is supported by the 

following observations: Chronically immunosuppressed patients living in regions of intense 

sun exposure experience an exceptionally high rate of skin cancer (7). The incidence of skin 

cancers, particularly squamous cell carcinoma (SCC), is increased among organ transplant 

recipients. This increased frequency of SCC is associated with a long-term 

immunosuppressive therapy (8–11). In contrast, the animals with an enhanced immune 

response exhibit a lower risk of skin cancer development on chronic UV exposure (12). 

These investigations suggest that protection from UVR-induced immunosuppression may be 

an important strategy in the management of skin carcinogenesis. The development of new 

and effective strategies for the prevention of skin cancers is an urgent need as it has been 

reported that approximately 2 million new cases of nonmelanoma skin cancers diagnosed 

each year in the USA alone and therefore have a tremendous impact on public health and 

healthcare expenditures.

There has been a great interest in the use of various plant products for the prevention of UV-

induced cutaneous photodamage. Phytochemicals show promising options for their use as 

anti-photodamaging effects on the skin. The photoprotective effects of phytochemicals are 

due to their anti-inflammatory, anti-oxidative and immunomodulatory properties. Among 

numerous well studied phytochemicals, grape seed proanthocyanidins (GSPs) have been 

extensively studied for their cutaneous anti-photodamaging effects in vitro and in vivo 

animal models. As UVR-induced immunosuppression plays a critical role in skin diseases 

and in particular skin cancers, the investigations on this aspect of GSPs were summarized 

and discussed here in more detail. Also, the extensive work on the photoprotective effect of 

GSPs was conducted in the research laboratory of Dr. Katiyar, that work is discussed here 

predominantly.

GRAPE SEED PROANTHOCYANIDINS (GSPs), SOURCE AND 

COMPOSITION

Grapes (Vitis vinifera) are rich source of polyphenolic components with approximately 60% 

to 70% of these polyphenols being found in the grape seeds. Seeds contain a larger fraction 

of proanthocyanidins, which are composed of dimers, trimers, tetramers and oligomers of 

monomeric catechins or epicatechins (13–15). The GSPs are commercially available from 

the Kikkoman Corporation (Japan and USA) and the chemical composition has been 

described (16, 17). Briefly, GSPs contain approximately 89% proanthocyanidins, with 

dimers (6.6%), trimers (5.0%), tetramers (2.9%) and oligomers (74.8%). GSPs are stable for 

at least 2 years when refrigerated at 4°C. In most of the in vivo investigations, GSPs were 
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used as a diet in supplementation with control AIN76A diet, and was commercially prepared 

in pellet form.

DIETARY INTAKE OF GSPs INHIBIT UVR-INDUCED 

IMMUNOSUPPRESSION: USE OF CONTACT HYPERSENSITIVITY (CHS) AS 

A MODEL

It is known that exposure of the skin to UVR results in suppression of immune system. Both 

UVA (320–400 nm) and UVB (290–320 nm) radiation suppress the immune systems of 

mice and humans; however, the effect of UVB spectrum is considered to be more 

immunosuppressive than the UVA fraction of UV spectrum. The chemopreventive effect of 

dietary GSPs on UV-induced immunosuppression was evaluated using C3H/HeN mouse 

model. To assess the effect of UVR-induced immune suppression, usually contact 

hypersensitivity (CHS) model is used, which is considered as a prototype of T-cell mediated 

immune response. CHS represents a special form of the delayed-type hypersensitivity 

response. It is induced by epicutaneous application of contact allergens or skin contact 

sensitizer, such as 2,4-dinitrofluorobenzene (DNFB) (17, 18). The CHS response in those 

mice that did not receive GSPs and that were UVB (180 mJ/cm2) irradiated was 

significantly lower (P<0.001) than those mice that were not UVR irradiated, confirming the 

immunosuppressive effect of the UV irradiation. In contrast, the mice that received GSPs in 

diet (0.5% or 1.0% GSPs, w/w) and UV irradiated resulted in significant prevention 

(P<0.001) of UVB-induced suppression of CHS (17). These studies indicate that 

supplementation of the diet with GSPs at a concentration of 0.5 or 1.0% is capable of 

protecting mice from UVB-induced immunosuppression. However, the administration of 

dietaryGSPs does not prevent UVB-induced suppression of CHS response in mice which 

were exposed to abnormally higher dose of UVR (e.g., 1000 mJ/cm2).

ROLE OF IMMUNOMODULATORY CYTOKINES IN GSPs-MEDIATED CHS 

RESPONSE

It has been recognized that skin exposure to UVB stimulates keratinocytes to release 

immunosuppressive soluble mediators, including the increase of interleukin (IL)-10 in the 

skin and regional lymph nodes (19). These soluble mediators then enter the circulatory 

system and can thus suppress the immune system in a systemic manner. Importantly, the 

exposure of the skin to UV radiation triggers the release of prostaglandins (PGs), such as 

PGE2, PGD3 and PGF2α, which are produced from arachidonic acid by the action of 

cyclooxygenases (COX), and in particular COX-2. Among the PG metabolites, PGE2, which 

is abundantly produced by keratinocytes in UV-exposed skin (20, 21), is the major and most 

effective metabolite generated by COX-2 activity and is considered to be a potent mediator 

of inflammatory responses. Additionally, PGE2 plays a key role in UV-induced 

immunosuppression. PGE2 enhances the production of IL-10 by epidermal keratinocytes as 

well as activated macrophages while decreases the levels of IL-12. IL-12 actsas an 

immunostimulatory cytokine (22,23). Therefore the effect of GSPs on UVB-caused changes 

on the immunoregulatory cytokines was determined. GSPs inhibit UVB-induced increases in 

IL-10 production both in the skin and in the draining lymph nodes while increases the 
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production of IL-12 in UVB-exposed mice. The inhibition of immunosuppressive cytokine 

IL-10 production and stimulation of IL-12 by GSPs may have a crucial role in prevention of 

UVB-induced immunesuppression in mice. Importantly, GSPs also inhibit the levels of 

COX-2 expression and PGE2 production in UV-exposed skin and that may play a crucial 

role in the inhibition of IL-10 production and upregulation of IL-12 in UV exposed mice 

(24). Intraperitoneal injection of IL-10 inhibits the ability of mice to be sensitized to 

trinitrophenyl-coupled spleen cells for a delayed type hypersensitivity response (23). 

Intraperitoneal injection of IL-10 into sensitized mice before challenge resulted in a 

significant suppression of ear swelling or CHS response, suggesting that IL-10 has the 

ability to block the effector phase of CHS in vivo. Moreover, the administration of 

neutralizing antibodies to IL-10 inhibited the ability of UV radiation to suppress 

sensitization to alloantigens (22). In agreement with these observations, it seems that 

prevention of UVB-induced immunosuppression by dietary GSPs may be mediated, at least 

in part, through the inhibition of IL-10 production in mice. Further, the outcome of such 

studies not only provides substantial insight into the intricate roles of PGE2 in UVB-induced 

immunosuppression but also provides a rationale for considering the development of new 

strategies using the inhibitors of PGE2, such as GSPs, alone or in combination with other 

drugs/agents for the prevention or treatment of nonmelanoma skin cancers.

Multiple investigations suggest that IL-12 plays a role in vivo in the induction phase of the 

CHS response. CHS appears to be a Th1 type cell-mediated immune response (25) and 

epidermal Langerhans cells, a type of antigen presenting cells, have been reported to be an 

additional source of IL-12 production (26). After UV exposure, the antigen presenting cells 

in the skin migrate to the regional lymph nodes and initiate sensitization. The intake of 

GSPs-supplemented diet increases the production of IL-12 in the draining lymph nodes of 

mice which is the site of T cell development. It may be the possibility that the number of 

cells that migrate from the skin to the regional lymph nodes is higher in the UVB irradiated 

mice that received GSPs in the diet than those that did not. IL-12 regulates the development 

and function of T-cells particularly the development of Th1 type cells by stimulating the 

production of IFN-γ (27–29). Intraperitoneal injection of recombinant IL-12 prevents UV-

induced immune-suppression and overcomes UV-induced hapten-specific tolerance (30, 31). 

Dietary GSPs increase IL-12 production in T-cell specific areas of the draining lymph nodes 

and thus alter the immune response in favor of the development of Th1 type cells. The 

dietary GSPs-induced shift in the cytokine balance appears to be a potential mechanism by 

which GSPs inhibit UVB-induced immune suppression in mice (17). Intraperitoneal 

injection of anti-IL-12 antibody was resulted in the UVB-induced suppression of the CHS 

response to DNFB in GSPs-fed mice and thus suggested that GSPs-induced IL-12 

production is important for protection of immune system in UV-exposed mice. These studies 

indicate that inhibition of immunosuppressive cytokine IL-10 production and induction of 

IL-12 may play a crucial role in the inhibition of UVB-induced suppression of CHS 

response by GSPs in mice. This observation was further supported by the experiments in 

which dietary GSPs do not inhibit UVB-induced immunosuppression in IL-12-deficient 

mice and that treatment of these mice with rIL-12 restores the inhibitory effect (32). 

Together, these observations suggest that dietary GSPs have the capability to protect the 

skin from UVB-induced photodamage, and further suggest that the protection from UVB-
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induced immunosuppression by GSPs may be associated with the prevention from UV 

radiation-induced skin tumor development in mice (16).

GSPs STIMULATE THE REPAIR OF UV-INDUCED DNA DAMAGE

UV irradiation induces DNA damage predominantly the formation of cyclobutane 

pyrimidine dimers (CPDs) in the UV-exposed skin site (Fig. 1). UV-induced CPDs have 

been recognized as a molecular trigger for the suppression of immune responses (33, 34). 

Reduction or repair of CPDs through application of DNA repair enzymes reverses this 

process. DNA damage in antigen presenting cells impairs their capacity to present antigen, 

which in turn results in a lack of sensitization (35). CPD-positive antigen presenting cells 

have been identified in the draining lymph nodes of UV-irradiated mice (31, 36). Thus UV-

induced DNA damage is one of the earliest molecular events in the development of immune 

suppression. Supplementation of GSPs with AIN76A control diet significantly reduced the 

levels of CPD+ cells in UVB-exposed mouse skin; however, GSPs did not significantly 

reduce UVB-induced CPD+ cells in the skin of IL-12-deficient mice, suggesting that IL-12 

is required for the repair of CPDs by GSPs (37). This piece of observation suggests that 

GSPs prevent UVB-induced immunosuppression through rapid repair of UV-induced DNA 

damage in the form of CPDs.

IMMUNOMODULATORY EFFECT OF DIETARY GSPs ONCD8+ AND CD4+T 

CELL SUBSETS

As T cell development and activation play a role in immune system, the effect of dietary 

GSPs was assessed using adoptive transfer model/experiment. Using this model, efforts 

were made to identify the T-cell subpopulations responsible for the transfer of the GSPs-

induced prevention of immunosuppression. The donor C3H/HeN mice were treated or not 

treated with GSPs, exposed to UVB radiation and sensitized with DNFB. The regional 

lymph nodes were obtained from donor mice that had been sensitized 5 days earlier by 

topical treatment of the UVB-exposed skin with DNFB, and the CD8+ T cells positively 

selected using the MACS system. Purified CD8+ T cells were injected i.v. into naïve mice, 

which were then challenged immediately by application of DNFB on the ear skin. Ear skin 

thickness was measured 24 h later (32). Those naïve mice which have received CD8+ 

effector T cells from GSPs-treated, UVB-exposed donor mice showed a greater CHS 

response than the naïve mice that received cells from UVB-exposed mice but not treated 

with GSPs. This observation suggests that the prevention of UVB-induced 

immunosuppression by GSPs is transferable to naïve mice by CD8+ T cells. Further the 

treatment of mice with GSPs results in activation of the CD8+ T-cell subpopulation and that 

these cells play a role in the enhanced CHS response in UVB-irradiated animals (32).

There are conflicting opinions as to whether the CD8+ or the CD4+ T-cell subpopulation 

mediates the CHS response. Studies by Hauser (38) and Kondo et al (39) suggest that CD4+ 

T cells are the critical effector cells for CHS response, while other investigators (40–43) 

provide evidence that CD8+ T cells are involved in CHS response. To explain the effect of 

GSPs on the CD4 T cell response, both spleens and lymph nodes were isolated from donor 

mice sensitized five days earlier by topical administration of DNFB onto the UVB-exposed 
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backs of mice that were treated with or without GSPs. Single-cell suspensions were prepared 

and CD4+ T cells were isolated by positive selection. Naïve mice were injected i.v. with the 

purified CD4+ T cells (8 × 106 cells/mouse) and, in this case, the mice were sensitized 24 h 

later by application of DNFB onto the abdominal skin prior to challenge by application of 

DNFB on the ear skin five days later and the change in ear skin thickness was measured 24 

h later. Those naïve mice that received CD4+ T cells from UVB-irradiated and DNFB-

sensitized donor mice had a significantly lower CHS response (P<0.01) than those mice that 

were sensitized but not exposed to UVB radiation. Those naïve mice that had received CD4+ 

T cells from the GSPs-treated, UVB-exposed donor mice had a greater CHS response than 

those naïve mice that had received CD4+ T cells from UVB alone-irradiated donor mice, 

suggesting that prevention of UVB-induced immunosuppression by GSPs is also 

transferable to naïve mice by CD4+ T cells.

ANALYSIS OF CYTOKINE PRODUCTION PROFILE BY THE CD8+ T CELLS 

AND CD4+ T CELLS IN RESPONSE TO UVB AND GSPs TREATMENT

The functional activation of CD8+ T cells by dietary GSPs was determined by analyzing the 

levels of Th1 and Th2 cytokine profiles using cytokine-specific ELISA (32). The levels of 

IFNγ (>5-fold) and IL-2 (8-fold) were considerably higher in the supernatants of CD8+ T 

cells prepared from the GSPs treated, UVB-exposed mice than in the supernatants of cells 

from mice that were exposed to UVB but not treated with GSPs. In contrast, the Th2 

cytokines were hardly detectable in the supernatants of CD8+ T cells obtained either from 

the GSPs-treated, UVB-exposed mice or the CD8+ T cells from the mice that were exposed 

to UVB but not treated with GSPs. The significantly higher levels of Th1 cytokines in the 

mice that were treated with GSPs suggests that the activation of CD8+ T cells by the dietary 

GSPs may play a significant role in the immune response in the GSPs-treated, UVB-exposed 

mice.

The effect of dietary GSPs was also studied and compared on the levels of Th1 and Th2 

cytokine profiles of CD4+ T cells from mice from the different treatment groups. Vaid et al 

(32) have found that the levels of Th2 cytokines (IL-4, IL-10) in the supernatants of the 

CD4+ T cells from the GSPs-treated and UVB-exposed mice were significantly lower than 

the levels of these cytokines in the supernatants of CD4+ T cells from UVB alone-irradiated 

mice that were not treated with GSPs. Both IFNγ and IL-2 were detectable in the 

supernatants of CD4+ T cells irrespective of whether the donor mice were treated with GSPs 

but the levels of these Th1 cytokines were low, particularly when compared with the levels 

of the Th1 cytokines in the supernatants of the CD8+ effector T cells. The low levels of the 

Th2 cytokines in the supernatants of the CD4+ T cells in this study suggest that treatment of 

mice with dietary GSPs suppresses the functional activity of CD4+ T cells and thus resulted 

in enhanced immune activity in these mice. Thus, these studies indicate that CD8+ T cells 

are the critical effector cells, a finding that is in accordance with the findings of other 

investigators (41, 43). This property of GSPs can be used as an alternative strategy to 

augment the induction of CD8+ effector T cells and to diminish the development of CD4+ 

regulatory T cells and that may lead to the prevention of skin cancer risk in humans. Xu et 

al. (43) reported that CHS is mediated through CD8+ T cells, whereas CD4+ Th2 cells 
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exhibit an inhibitory effect on CHS. This observation was supported by the findings of 

Gocinski and Tigelaar (41) and Anderson et al. (40) who claimed that depletion of CD4+ T 

cells before sensitization results in an enhanced ear skin thickness or CHS response.

DIETARY GSPs ENHANCE THE FUNCTIONAL ACTIVITY OF DENDRITIC 

CELLS IN UV-IRRADIATED MOUSE SKIN

UV-induced photodamage of epidermal Langerhans cells (LC) is considered to be an 

important mechanism or cellular target in UV-induced immune suppression (26, 44). There 

is evidence indicating that DNA repair mechanisms are related directly to the function of 

LCs in the stimulation of T cells and the induction of immune response (35, 45). Studies 

have identified that a reduction in cyclobutane pyrimidine dimer-positive (CPD+) LCs is 

correlated with increased function of the LCs as assessed by the induction of CHS and the 

production of IFNγ by T cells (35). The repair of CPDs in UV-exposed skin requires 

nucleotide excision repair (NER) mechanisms or the xeroderma pigmentosum 

complementation group A (XPA) gene (35, 37). It was found that dietary GSPs prevent UV-

induced suppression of the CHS response to the contact sensitizer, DNFB, in wild-type mice 

but this effect of GSPs was not observed in XPA-deficient mice, suggesting the involvement 

of XPA or NER mechanisms in the prevention of UV-induced immunosuppression by GSPs 

in mice. To verify whether GSPs can act to enhance DNA repair in DCs, the GSPs-treated or 

untreated mouse bone marrow-derived dendritic cells (BM-DC) were exposed to UV 

radiation. The cells were harvested immediately or 24 h after UV irradiation and CPD+ cells 

were identified by immunocytostaining (46). It was found that treatment of UV-irradiated 

DC with GSPs resulted in repair of CPDs; however, GSPs were not able to repair UV-

induced DNA damage in DCs obtained from XPA-deficient mice. Additionally, dietary 

GSPs were found to enhance the repair of UV-induced DNA damage in the form of CPDs in 

epidermal DCs in wild-type mice, but this effect of GSPs was not observed in the epidermal 

DCs of UV-exposed skin of XPA-deficient mice (46). These findings suggest that GSPs-

mediated DNA repair in DCs is mediated through XPA and is an important mechanism in 

their prevention of UV-induced immunosuppression. Li et al (47) also have shown the role 

of XPA in the repair of UV-induced DNA damage. Roy et al (48) have found that GSPs 

induce apoptosis in JB6 C141 keratinocytes and this effect of GSPs was p53-dependent as 

apoptosis occurred mainly in cells expressing wild-type p53 than in cells which were p53-

deficient. These findings suggest the involvement of p53 in repair of damaged DNA, and 

needs further studies on this aspect and its role in UV-induced immunosuppression and its 

prevention.

COMPARATIVE ANALYSES AND ROLE OF CYTOKINES SECRETED BY 

SKIN DENDRITIC CELLS

Investigations have shown that the production of certain cytokines by DCs plays a major 

role in their ability to stimulate specific populations of T cells. DCs can produce both IL-12 

and IL-10 cytokines (49–52). UV-irradiation suppresses the production of IL-12, whereas it 

increases the production of IL-10 in the skin (53–55). The UV-irradiation reduction in the 

production of IL-12 by the DCs, suggests that this may be a mechanism by which UV 
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radiation stimulates the development of tolerogenic DCs (56, 57). The effect of dietary GSPs 

on the production of various cytokines by DCs obtained from UV-exposed XPA-deficient 

and their wild-type counterparts was determined. Dietary GSPs enhanced the production of 

IL-12 and IFNγ while reducing the levels of IL-10 in DCs obtained from UVB-exposed 

wild-type mice. This ameliorating effect of GSPs was not found in the DCs obtained from 

UVB-exposed XPA-deficient mice. These findings suggest that GSPs can rescue the 

regulated production of IL-12 and IL-10 by the UV-damaged dendritic cells and that the 

modulation of cytokines in DCs is associated with the GSPs-mediated repair of the UVB-

induced DNA damage. This concept was supported by analysis of the ability of GSPs to 

restore the function of DCs in terms of their ability to activate T-cell subpopulations. To 

address this issue, the DCs obtained from different treatment groups of XPA-deficient and 

their wild-type counterparts were co-cultured with CFSE-labeled CD4+ T cells. The results 

of FACS analysis revealed that DCs obtained from UVB-irradiated wild-type mice that were 

fed GSPs significantly stimulate T-cell proliferation whereas DCs obtained from UVB-

irradiated wild-type mice that were not administered GSPs suppressed T-cell proliferation 

(46). These findings suggest that GSPs enhance the function of DCs in terms of their ability 

to enhance the proliferation ability of T cells. GSPs also enhanced the production of IFNγ 

while suppressing the levels of IL-10 and IL-4 by the DCs, which further supports the 

concept that dietary GSPs enhance the functional activity of DCs. However, under identical 

conditions, dietary GSPs failed to activate DCs obtained from UV-exposed XPA-deficient 

mice. The DCs obtained from the UVB-irradiated XPA-deficient mice that were fed GSPs 

were not able to stimulate the proliferation ability of T cells or the levels of IFNγ (46). 

These results suggest that GSPs prevent UVB-induced immunosuppression by repair of 

CPDs in DCs that is associated with functional activation of UVB-irradiated DCs in vivo 

animal model.

The studies conducted in Dr. Katiyar’s laboratory thus suggest that GSPs increase the ability 

of UV-irradiated DCs to stimulate T-cell activation/proliferation. It was further examined 

whether dietary GSPs improve the ability of UVB-exposed DCs to induce CHS responses 

following adoptive transfer. Transfer of DCs from UVB-irradiated wild-type mice that had 

been fed GSPs to naïve mice resulted in a higher CHS response to DNFB than that observed 

in naïve mice that received DCs from UV-exposed wild-type mice that were not fed GSPs. 

Under identical conditions, adoptive transfer of DCs from UVB-irradiated XPA-deficient 

mice that were fed GSPs to naïve mice did not induce a CHS response to the contact 

sensitizer, DNFB. This may be associated with the inability of GSPs to protect DCs from 

UV-induced DNA damage in these mice. It is to note that dendritic cells in the skin consist 

of different subpopulations. It is uninvestigated, and therefore, not excluded that DC 

subpopulations may have different sensitivities to UV induced DNA damage and they may 

respond differently to GSPs mediated preventive effects. These issues need further 

exploration.

CONCLUSION

The studies which have been summarized in this article indicate the potential effects of 

dietary grape seed proanthocyanidins in the prevention of UVR-induced immunosuppression 

in animals. These studies clearly show that the GSPs prevention of UV radiation-induced 
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immunosuppression is mediated through: (i) alterations in immunoregulatory cytokines, (ii) 

stimulation of damaged DNA repair and (iii) DNA repair-dependent functional activation of 

dendritic cells in mice, as summarized in Fig. 1. These findings have important implications 

for the use of GSPs either alone or in combination with existing drugs in the 

chemoprevention of UV radiation-induced melanoma and non-melanoma skin cancers in 

humans.
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Figure 1. 
UV irradiation causes increases in IL-10 and decreases in IL-12 production in the skin and 

draining lymph nodes. Additionally, UV radiation causes DNA damage in antigen 

presenting cells (LC/DC), which migrates to lymph nodes and results in increase of CD4+ 

Th2 cells while decrease in CD8+ effector T cells in UV-irradiated mice. Regular intake of 

dietary GSPs results in stimulation of IL-12, reduction in IL-10 and stimulates repair of UV-

induced DNA damage which resulted in elevated levels of CD8+ effector T cells while 

reduced levels of Th2 and Treg cells. These alterations result in chemoprevention of UV-

induced immunosuppression by dietary GSPs in mice. Upward arrows (↑) indicate the 
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enhancement or stimulation, and downward arrows (↓) indicate the reduction in levels. LC = 

Langerhans cells; DC = dendritic cells; DLN, draining lymph nodes.
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