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The potential health effects of elevated levels of ambient UV-B radiation are diverse, and it is difficult to quantify the
risks, especially as they are likely to be considerably modified by human behaviour. Nevertheless epidemiological and
experimental studies have confirmed that UV radiation is a definite risk factor for certain types of cataract, with peak
efficacy in the UV-B waveband. The causal link between squamous cell carcinoma and cumulative solar UV exposure
has been well established. New findings regarding the genetic basis of skin cancer, including studies on genetically
modified mice, have confirmed the epidemiological evidence that UV radiation contributes to the formation of basal
cell carcinomas and cutaneous melanomas. For the latter, animal models have demonstrated that UV exposure at a
very young age is more detrimental than exposure in adulthood. Although suppression of certain immune responses
has been recognised following UV exposure, the impact of this suppression on the control of infectious and
autoimmune diseases is largely unknown. However, studies on several microbial infections have indicated significant
consequences in terms of symptoms or reactivation of disease. The possibility that the immune response to
vaccination could be depressed by UV-B exposure is of considerable concern. Newly emerging possibilities regarding
interactions between ozone depletion and global climate change further complicate the risk assessments for human
health but might result in an increased incidence of cataracts and skin cancer, plus alterations in the patterns of
certain categories of infectious and other diseases.

Introduction
The potential health effects of elevated levels of ambient
UV radiation due to a depletion of stratospheric ozone have
been under study for over 30 years, and the UNEP 1998
report 1,2 presented an overall review. The present paper
focuses on the main research developments from 1997 to the
present.

From the outset it should be pointed out that human
behaviour with regard to sun exposure is of decisive importance
in considering the health risks. This includes such parameters as
the popularity of tanning, the taking of holidays in the sun,
and the wearing of minimal clothing as soon as the sun shines.
Epidemiological and experimental studies show that proper
protective measures, such as wearing appropriate glasses or
sunglasses, and sunscreens, can offer some protection. In
addition, some dietary and therapeutic ingredients are known
to influence the risks both positively and negatively. These

† This article is published as part of the United Nations Environmental
Programme: Environmental effects of ozone depletion and its inter-
actions with climate change: 2002 assessment.

modifying factors are not included here because of the
uncertainties surrounding their current and future impact.

Although UV- B radiation is effectively attenuated by the
stratospheric ozone layer, it is not fully blocked.3 It is very
strongly absorbed in tissues and penetrates only superficially
into the body; thus it directly affects only the eye and the skin.
Detrimental consequences for the eye could include impaired
vision, since UV radiation has been reported to cause opacifi-
cation of the lens (cataract). Effects of UV radiation on the eye
are discussed in the first section below. The second section deals
with the skin, summarising the acute effects of UV exposure
and research developments with direct relevance to UV-
induced skin cancers. Modulations in immune responses due to
UV irradiation are then outlined, including the impact of these
changes on the immunological control of certain diseases. In
later sections, the potential effects of UV exposure on internal
cancers and the possible health consequences of the substitutes
for ozone depleting substances (ODS) are discussed. Finally,
consideration is given to new research into environmental
changes, in particular the interactions between global warming
and stratospheric ozone depletion. Regarding health effects
that could be caused by these interactions, little research has
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been done thus far, but an inventory of potential outcomes is
attempted.

The eye
In recent years, it has become increasingly apparent that the
effects of UV radiation are much more insidious and detri-
mental to the eye and vision than had been suspected previ-
ously. The effects may be acute (usually after a latent period),
long-term following an acute exposure, or chronic due to
extended or repeated exposure to levels of UV radiation below
those required for acute effects. All anterior structures of the
eye and those adjacent to it are potential targets for solar UV
radiation. Whereas the skin and eyelids may be irradiated
by direct sunlight, the outer layers of the eyeball (corneal and
conjunctiva), iris and crystalline lens are mainly exposed to
reflected and scattered UV radiation.4 Our earlier report 2 con-
sidered the possible direct and indirect effects on the cornea
and conjunctiva (photokeratitis, photoconjunctivitis, climatic
droplet keratopathy, pinguecula, pterygium and squamous cell
carcinoma), and the iris, ciliary body and choroid (anterior
uveitis, ocular malignant melanoma). This report concentrates
on the lens of the eye since cataract is the sunlight-related eye
disease (ophthalmoheliosis) with the most serious public health
implications.

Lens opacities

The lens of the human eye changes with increasing age: it loses
its transparency, becomes opalescent and turns yellowish to
brownish in hue. Its fluorescence increases,5 and the internal
scattering of light increases 6 resulting in reduced contrast,
increased glare and decreased vision. In addition to these gen-
eral changes in the nucleus of the lens, localized changes in the
cortex (opaque spokes) may occur and may increase in size and
extend toward the visual axis of the eye, ultimately impairing
vision. Such an advanced stage of lens opacity forms a cataract
requiring surgical intervention. As it is related to age, it is some-
times unfortunately referred to as ‘senile cataract’. The mechan-
isms underlying all of these age-related changes are not fully
established, but in accordance with general views on aging, oxid-
ation is involved, e.g. as a side effect of metabolic processes (see
for example refs. 7,8). As UV radiation can generate reactive
oxygen, it is also suspected to contribute to the deterioration of
the lens by oxidation.9–11

Three main types of age-related cataract can be distinguished
on the basis of location (Fig. 1): cortical cataract (CC) involving
the cortex of the lens (Fig. 2a), nuclear (sclerotic) cataract (NC)
at the nucleus of the lens (Fig. 2b), and posterior subcapsular
cataract (PSC) at the extreme posterior cortex (Fig. 2c).

Epidemiology

Globally cataract is a major cause of blindness. Cataract is
adequately treated by surgery, but, where not treated, it often

Fig. 1 Schematic cross section of the lens demonstrating various zones
and forms of age-related cataract.

leads to permanent blindness with grave social/economic
consequences; for instance, in 1998 an estimated 135 million
people were visually impaired and 45 million people were
blind worldwide with cataract as the leading cause [http://
www.who.int/pbd/Vision2020/V2020slides/sld003.htm accessed
21 September 2002]. Epidemiological studies show that the
aetiology of cataract is complicated and involves many risk
factors. In considering all the risk factors, Taylor 12 concludes
that the only effective preventive interventions are to stop
smoking and to reduce ocular UV-B exposure.

The reported risks from sun (UV) exposure in population-
based studies are quite moderate: generally, less than 2 fold
increases of risk.13 Assessments of personal, lifelong UV
exposures in these studies (mainly from questionnaires) are,
however, very inaccurate and inevitably lead to an underestim-
ation of the relative risk. The best attempt made to record an
accurate personal solar UV exposure history was in a study
among watermen in Maryland,14 and a highly significant
correlation was found between exposure and CC. The impact of
solar UV radiation is population-wide, and therefore a small
relative risk translates into a substantial number of cases. One
alternative to assessing personal UV exposure is to study popu-
lations living at latitudes with differences in ambient UV
exposure. For example, good correlations have been established
between cataracts and ambient UV exposure in the Aboriginal
population in Australia,15 and in the registered cataract oper-
ations in the USA.16 Although overall (ambient) UV exposures
can be accurately assessed, these correlations can be affected
by many confounding factors, such as behavioural, ethnic and
environmental differences.

Of people older than 40 years in Victoria, Australia, 12%
were found to have CC, 13% NC and 5% PSC.17 CC is relatively
more prevalent than other types of cataract in populations liv-
ing in temperate climates and the incidence increases toward
lower latitudes. NC is more common in populations near the
equator (tropical climates), e.g. comparing Iceland and Noto
versus Singapore and Amami.18 Despite the high prevalence
of NC in the tropics, there is no evidence that NC is related
to solar UV exposure. The relationship between CC and
sun exposure was re-affirmed in a population-based study in
Salisbury, Maryland.19 A recent study in Iceland involving 1045
people older than 50 years reported a significantly increased
risk for two different grades of cortical opacification in people
who spend more than 4 hours per day outside on weekdays.20

In all, there is sufficient evidence of an increase in cortical
opacities, including CC, with increasing UV exposure to
warrant advising the public on measures to decrease their
ocular exposure.21

Experimental evidence

The dependence of cataract formation on the wavelength of the
UV radiation is important in establishing whether increases in
ambient UV-B exposure due to ozone depletion will have an
impact. Cataracts in humans develop slowly with age, and this
process is difficult to investigate experimentally, especially in

Fig. 2 a) frontal view of a cortical cataract, b) cross sectional view (slit
lamp) of a nuclear cataract, c) slit lamp view of a posterior subcapsular
cataract.

Photochem. Photobiol. Sci., 2003, 2, 16–28 17
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human subjects, but it can be done in isolated lenses and in
animals. The problem with these experiments is that the catar-
acts are induced in a matter of hours, days or weeks. Careful
comparisons show that the commonly UV-induced anterior
subcapsular opacification in animals is not adequate to model
the age-related cataracts observed in humans.22 The wavelength
dependence of cataract formation can be inferred from the
basic mechanism, but knowledge on this subject is inadequate.

Much in agreement with an older study,23 the wavelength
dependence of cataract formation in rats was found to peak in
the UV-B at 300 nm.24 Similarly, the efficacy of inducing CC in
pig lenses in culture was found to be greatest for wavelengths
shorter than 300 nm (UV-B), and these were about 2000 times
more effective than wavelengths around 365 nm (UV-A);25 see
Fig. 3. Hence, the experiments on isolated lenses and in animals
provide the best data on the wavelength dependence, and reveal
the increased potential hazard of ozone depletion to CC forma-
tion in human subjects.

The skin
Although there are several types of molecules in the skin that
absorb UV radiation resulting in their modification or damage,
cellular DNA is the primary target for many UV-induced
effects. These range from acute outcomes such as sunburn, to
chronic outcomes such as skin cancer. DNA molecules are of
central importance to the cell: sections make up the various
genes that carry the basic information with which a cell forms
its proteins and thus controls its behaviour.

Acute effects of UV exposure

Sunburn. A unique study in Punta Arenas, a city located at
the southern tip of Chile, has documented the relationship
between episodes of ozone depletion, increased terrestrial
UV-B radiation and sunburn during the spring months.26 The
spring Antarctic ‘Ozone Hole’ passes over or near this city each
spring, and local data of sudden ozone depletion and the
corresponding increase in UV-B radiation are available. There
was a dramatic rise in the number of sunburn cases after
sudden severe ozone depletion, coinciding with Sunday out-
door recreational exposure. Further detrimental consequences
for this population and others at similarly affected latitudes are
currently unknown, but are worthy of further consideration.

DNA damage. UV-B radiation causes very specific damage in
a strand of DNA: chemically linking neighbouring pyrimidine
bases to form pyrimidine dimers. The wavelength dependency
of such damage closely follows that of inducing sunburn,27 and
effective repair in active regions of DNA lowers the sunburn
sensitivity.28 Focus on this type of alteration in DNA may have
detracted from other, less direct, effects of UV radiation such as
the generation of chemically reactive molecules, most notably
those containing reactive oxygen, that cause oxidative damage

Fig. 3 Wavelength dependencies measured for effects on the eye
(symbols) compared to sunburn (lines); most recent data on cataract
formation in solid symbols (cataract in pig 25 and in rat 24) (courtesy of
S. Madronich).

to DNA. The oxidative damage is relatively more abundant at
longer wavelengths, in the UV-A band, when compared to
pyrimidine dimers which are more abundant at wavelengths
around 300 nm.29 The wavelength dependence of these types of
DNA damage combined may explain the wavelength depend-
ence of squamous cell carcinomas, see Fig. 4.

Recent research has revealed that, in addition to point muta-
tions in the DNA, UV-B induced DNA damage also gives rise
to changes in larger sections of DNA, such as by deletions 31

and by faulty division leading to an excess of DNA in ‘micro-
nuclei’ within cells.32,33 Because such defects in DNA can be
caused by many other agents, it is not easy to establish a link
between them and solar UV exposure.

DNA repair and defects. The various types of DNA damage
require an array of different mechanisms of DNA repair. The
pyrimidine dimers induced by UV-B radiation are mainly
removed by ‘Nucleotide Excision Repair’ (NER). This form of
repair has been studied in depth using cells from Xeroderma
pigmentosum (XP) patients who are defective in this form of
DNA repair. XP patients are known to be very sensitive to
UV-B radiation and develop skin cancers extremely early in life.
That NER is not the only repair mechanism of importance is
shown by the increased skin cancer risk in patients with a
milder form of XP, the XP-variant. These patients have no
defect in NER, but they lack a proper corrective mechanism in
the replication of UV-B damaged DNA (caused by a lack of an
enzyme that is capable of copying DNA across a cyclobutane
pyrimidine dimer).34 This results in gross rearrangements in the
genetic material of the cells (i.e., increases in ‘sister chromatid
exchanges’ caused by yet another form of DNA repair, recom-
binational repair).35

After years of development using animal models, liposomes
containing DNA repair enzymes have now been tested on the
skin of human volunteers. There was some acceleration in the
repair of pyrimidine dimers but the UV induction of sunburn
(the skin ‘erythema’ or redness) and ‘sunburn cells’ (apoptotic
cells, i.e. cells undergoing programmed cell death) was not
affected. However, the UV-induced expression of genes import-
ant in suppressing immune responses was decreased.36 In
another experiment using different, light-activated, repair
enzymes, the enhanced repair prevented the UV-induced

Fig. 4 The wavelength dependence of induction of skin carcinomas 30

compared to that of direct DNA damage (pyrimidine dimers) and
indirect, oxidative DNA damage (e.g., 8-oxo-G).29 The DNA damage
curves are shifted over the vertical axis by factors of 10 to coincide with
the curve for skin carcinomas around 350 nm. Notice the
correspondence between the curve for skin carcinomas and the upper
contour for total DNA damage.

18 Photochem. Photobiol. Sci., 2003, 2, 16–28
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suppression of an allergic skin reaction.37 These latter experi-
ments confirm that DNA is one very important UV target, and
that DNA damage can initiate the immunosuppressive res-
ponse to UV exposure (see section on UV-induced immuno-
suppression for further details).

Skin cancer

Epidemiology and trends. Skin cancer is very common in
people of Northern European descent and is by far the most
frequent cancer in these people living in subtropical areas of the
USA and Australia. In increasing order of malignancy and
decreasing order of incidence, the three main types are basal
cell carcinoma (BCC), squamous cell carcinoma (SCC), and
cutaneous melanoma (CM) (cancer of skin pigment cells called
melanocytes). To give one example of the scale of the problem,
in Finland about 50 new cases of BCC occur per 100,000 people
per year 38 whereas in Australia it is about 800 new cases per
100,000 people per year.39 Epidemiological studies have shown
that all 3 types are related to sun (UV) exposure.40 The high
incidences imply a large burden on health care systems. Except
for CM, the mortality is generally low when compared to
internal cancers, but successful therapy can leave a person dis-
figured, e.g. by surgery on the face where these tumours occur
most frequently.

Reported trends with time in incidences of BCC and SCC
vary substantially, but mainly increases are reported. For
example, both BCC and SCC incidences rose by about 50%
from 1988 to 1998 in the south of Wales,41 BCC by about
70% and SCC by about 15% from 1978 to 1995 in the Slovak
Republic,42 BCC by 20% and SCC by 90% from 1985 to 1995 in
Australia.39 In contrast, there have been no consistent increases
in either BCC or SCC from 1985 to 1996 in Arizona, USA.43

Large increases, up to a doubling over 10 years, have occurred
in the incidence of CM during the last century,40 but as reported
earlier for CM mortality in the USA,44 age-standardised
mortality and incidence are levelling off, especially in women, in
Northern Europe, Australia and Canada.45–47

Intervention studies. A recent randomised prospective cohort
study in Queensland, Australia 48 showed that the daily use of
sunscreens for 4.5 years by adults decreased the appearance of
new SCC, but not BCC. This is in accordance with the finding
that UV radiation contributes to the development of SCC at all
stages during a lifetime, whereas UV radiation mostly affects
early stages of BCC development.2

In a randomised multi-centre study on 30 XP patients, it was
found that enhanced DNA repair by regular application of
liposomes containing DNA repair enzymes to the exposed skin
over a period of 1 year was of significant benefit to these
patients. It decreased the rate of newly occurring actinic
keratoses (precursors of SCC) to one third of the number in
control patients.49

Regulatory pathways of cell growth and carcinogenic changes
in man and animal models. With the rapid expansion of bio-
molecular techniques, cancer research is making great advances
in the understanding of how normal cells can become malig-
nant, i.e., proliferate and spread uncontrollably. In general, a
cancer cell arises from corrupted biochemical signalling path-
ways that control a cell’s life cycle (i.e., division, maturation and
death). The most permanent disruption stems from altered or
lost genes that code for proteins involved in these signalling
pathways. As discussed previously, UV-B radiation damages
the DNA from which the genes are built up, and when repair
fails to remove the damage, faulty copies of a gene may be
passed to daughter cells. In general, a combination of genes has
to be affected rather than a single gene in order for a cell to
become malignant. Studies on oncogenic pathways indicate
that the conversion of a normal cell to a cancer cell requires the

modification of two or more pathways promoting cell survival
and proliferation, on the one hand, versus growth suppression
and cell death, on the other. After identifying such pathways,
their targeting by UV radiation can be investigated.

Early changes in the genes involved in cancer (carcinogenic
‘events’) can be detected or even quantified in terms of fre-
quency of occurrence. A good example is the early occurrence
in human skin of microscopic clones of cells that carry UV-B
specific point mutations (at potential pyrimidine dimer sites) in
the P53 tumor suppressor gene;50,51 these mutations are also
found in a large majority of skin carcinomas (BCC and SCC).
In animal experiments the relationship between these early car-
cinogenic events and the ultimate SCC can be studied in detail,
and the causal link between the P53-mutant clones and SCC
has been substantiated recently.52 These developments open up
new possibilities for improved quantitative risk models that
incorporate such early events as predictors of future cancer
risk.

There is epidemiological evidence and experimental proof in
mice to demonstrate that chronic exposure to solar UV-B radi-
ation causes SCC.2 Although there is epidemiological evidence
that sun exposure contributes to the formation of BCC and
CM, there was virtually no animal data for BCC, and only
ambiguous animal data for CM until recently (see below).
Details of the specific oncogenic pathways involved in BCC
and CM have been revealed from studying familial forms of
these cancers.53,54 Subsequently, non-familial (sporadic) skin
cancers were investigated for abnormalities in these pathways
and relevant genes. These aberrant genes have been introduced
into mice which can then be studied for their tendency to
develop these types of skin cancer, either with or without UV
exposure.

BCC. A particular proliferative pathway (SHH) is activated
in the vast majority of BCC,55 often by mutations in the PTCH
gene.56 Some of these mutations are characteristic of UV-B
induced mutations. Transgenic mice with one functional
copy of the homologue (Ptc) of the PTCH gene contract more
BCC more rapidly when exposed to UV radiation.57 Most of
these BCC lose the functional copy of the Ptc gene, and all
BCC show activation of the SHH pathway. As in humans, a
large fraction (40%) of the BCC also carry UV-B related muta-
tions in the P53 tumor suppressor gene. These data show that
UV-B radiation can play an important role in causing and
enhancing the development of BCC, both by contributing to
the activation of the proliferative SHH pathway (by loss of Ptc)
and by rendering the P53 tumour suppressor protein
dysfunctional.

CM. The tumour suppressor pathway involving the p16/
INK4a protein is important in the development of CM.58 The
gene of p16/INK4a is mutated infrequently in CM, but the
expression of the protein is aberrantly low in the majority of
CM.59 Although CM is readily induced in mice lacking p16/
Ink4a by neonatal exposure to chemical carcinogens,60–62

attempts using UV radiation have thus far not been successful.
The proliferative pathway in CM appears to involve RAS

proteins. Earlier studies showed UV-B related activating
mutations in RAS genes of CM from sun-exposed skin areas.63

Recently, Davies et al.64 reported that about 70% of CM carried
an activating mutation in the gene that codes for BRAF, a pro-
tein which is activated by RAS. However, this mutation was not
specific for UV-B radiation.

The hepatocyte growth factor stimulates proliferation of
melanocytes (the normal pigment cells), and this protein also
activates the RAS/BRAF pathway. Transgenic mice, over-
expressing the hepatocyte growth factor in the skin, have
melanocytes superficially in the skin (at the epidermal-dermal
junction), a position at which they are found in human skin.
In contrast, the melanocytes of normal mice (and other

Photochem. Photobiol. Sci., 2003, 2, 16–28 19
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rodents) are located deeper in the skin (in the dermis and in
hair follicles). Neonatal exposure of these transgenic mice to
broadband UV radiation (including UV-B) was found to result
in (metastatic) CM in adulthood. As in humans, these CM
stemmed from superficial melanocytes.65 Remarkably, chronic
exposure throughout adulthood did not induce CM, but mainly
SCC.66 Similar results were obtained in a model using opossums
(Monodelphis domestica) where 3 weeks of moderate UV-B
exposure of sucklings resulted in metastatic CM in some of
these animals later in life;67 some of these CM carried UV-B
specific mutations in the Ink4a gene.68A 100-fold higher UV-A
exposure of the neonates did not induce CM,69 and chronic
UV-B exposure of adult animals induced melanocytic lesions,
but no aggressive, metastatic CM.67

These data indicate that CM arise from a defective tumour
suppressive pathway involving p16/INK4a and activation of a
cell proliferation pathway involving RAS/BRAF. It is, however,
not clear whether and to what extent UV-B radiation disrupts
either or both of these pathways in the genesis of CM in
humans. Evidence from these animal models support the
hypothesis that UV exposure early in life is an important
factor in the subsequent development of CM, consistent with
epidemiological data, specifically those data obtained from
migratory studies. Furthermore, studies in the two mammalian
models support a role for UV-B radiation in CM, but provide
no evidence in support of UV-A (E.C. De Fabo, personal
communication). Thus, they do not support earlier studies in a
fish model suggesting that UV-A radiation in full sunlight was
more effective than UV-B radiation in inducing melanoma (for
a review of UV-A and melanoma, see ref. 70)

UV-Induced immunosuppression
It is well established that UV radiation can suppress immunity
(reviewed in ref. 71) The consequences for the pathogenesis of
infectious diseases, for the effectiveness of vaccination, for
tumour rejection and for autoimmune diseases are largely
unknown but accumulating evidence indicates that the impact
could be considerable.

Although the sequence of events leading to suppression of
immune responses is known to be complex, it is clear that it
begins with molecules in the skin which absorb UV radiation
and change their structure as a result. At present major roles are
indicated for DNA and trans-urocanic acid (trans-UCA) as the
initiators, the former becoming damaged and the latter isomer-
ising to cis-UCA. As a result of these changes, many molecules
located in the skin are produced, some of which are called
cytokines. They act on various cell populations in the skin and
lymph nodes, with the end result being effects on the functions
of the two major T lymphocyte subsets which represent part of
the white blood cells. The first subset called T helper 1 lympho-
cytes, required to control tumour growth, responses to
simple chemicals, and intracellular infections such as those
caused by viruses, is severely depressed. In contrast, the second
subset called T helper 2 lymphocytes, needed to control extra-
cellular infections such as those caused by many bacteria, is
not depressed to the same extent, in the majority of systems
analysed thus far.

The activities of these two subsets of lymphocytes are orches-
trated by regulatory cells, the precise identities of which have
recently been reported.72,73 These cell types, which are present in
very small numbers, could be enriched from lymphoid tissues of
UV-irradiated mice that had subsequently been immunised:
small numbers of these T cells were capable of suppressing the
response to the immunising material when placed in untreated
mice. The molecular controls of ‘unresponsiveness’ are of great
interest currently and this work aids in our understanding of
immunological regulatory pathways. In Fig. 5, details of the
steps leading from UV exposure to immunosuppression can be
found.

The impact of UV-induced immunosuppression on diseases

Herpes viruses. For infectious diseases of human subjects, a
role for UV radiation in affecting the control of a micro-
organism by altering the immune response of the host is most
evident in the case of cold sores caused by herpes simplex virus
(HSV). Here the evidence linking exposure to sunlight and
reactivation of the virus from latency is very strong.74 It is inter-
esting in the context of HSV infections to note a recent study 75

reporting a seasonal variation in the incidence of shingles,
caused by another herpes virus, namely herpes zoster which is
also the virus causing chicken-pox. Following chicken-pox, the
virus remains deep in the nervous tissue until it reactivates to
give the lesions of shingles, often many years later. The fre-
quency of shingles was found to be higher in the late spring/
summer months than in the winter months. A similar study has
been undertaken in Lodz, Poland.76 Again the number of cases
of shingles was higher in the summer and showed a similar
temporal pattern to ground level solar UV measurements. The
number of zoster cases with lesions occurring on the exposed
body sites (the face) varied significantly with season and peaked
in July and August. In marked contrast, the majority of
chicken-pox cases developed predominantly in the winter
months, perhaps due to the more effective respiratory spread
of the virus at this time of the year. For shingles, it could be
speculated that the longer day and more sunlight in the summer
lead to interference with the immune response to the virus and
consequent reactivation. This hypothesis requires further
testing.

Human immunodeficiency virus (HIV). Various pieces of evi-
dence indicate that UV exposure could affect the interaction of
HIV with the host. A recent report adds further credence to this
possibility.77 HIV-positive patients were given a suberythemal
dose of UV-B radiation. Their skins were subsequently exam-
ined for activation of HIV which was shown to occur, most
likely through the production of gene-activating factors by the
host.77 An epidemiological study, in which viral load and vari-
ous immunological parameters were followed over a period of
12 years in a cohort of HIV-infected homosexual men, showed
a decreased number of CD4-positive T lymphocytes in the
spring and summer months but no effect of seasonality on viral
load.78 In addition, other immunological markers followed
different seasonal courses. It should be noted, however, that
to date, clinical studies involving HIV-infected patients have
revealed no effect of sunlight exposure or of phototherapy on
disease (reviewed in ref. 79).

Fig. 5 Details of the steps leading to UV-induced immuno-
suppression.

20 Photochem. Photobiol. Sci., 2003, 2, 16–28
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Vaccination. If UV radiation can modify immune responses
to microbial antigens significantly, then various questions arise
regarding vaccination. For example, does vaccination in the
summer months generate less effective immunity than vaccin-
ation during the winter? Is vaccination of sun-exposed sub-
jects less effective than vaccination of unexposed individuals?
Should vaccination take place through sun-exposed body sites
or should it be confined to sites which are normally covered?
Is resistance to re-infection with a particular microbe lowered
in the summer months? This aspect of UV-induced immuno-
modulation has not been investigated thoroughly as yet,
although there has been interest for many years in the possible
influence of season on sero-conversion in response to oral
poliovirus vaccination. For example, one paper reported that, in
Tel-Aviv, the rates of sero-conversion and the antibody titres
generated were higher in children vaccinated in the winter com-
pared with the summer.80 The reason for this difference was not
found: exposure to sunlight was not considered. Furthermore, a
decrease in the immunogenicity and replication in the upper
respiratory tract of live influenza A and B vaccines in the
summer compared with the winter has been reported in a study
based in Leningrad.81

A Dutch group has assessed the effects of artificial UV-B
irradiation on immune responses to hepatitis B virus.82

Volunteers were given whole body UV-B radiation with doses
just below a sun-burning dose on each of 5 consecutive days,
then vaccinated against hepatitis B virus. Although the UV-
treated subjects demonstrated the typical immunosuppression
observed following such exposures, such as suppression of the
response to a simple chemical, the suppression did not extend
to either antibody or T cell immunity specific for the virus.
However, it should be noted that the vaccine used was given
together with the adjuvant aluminium hydroxide, which directs
the response towards the type of immunity (T helper 2) not
likely to be affected by UV radiation. In addition the vaccine is
administered at a high dose to encourage a protective outcome
in subjects who respond poorly. This dose may have overcome
any suppressive effect of UV radiation. Finally the degree of
immune response to the hepatitis B vaccine is recognised to
correlate with the genetic background of the individual, and
small differences in, for example, the genes encoding the medi-
ators involved in UV-induced immunosuppression were not
taken into account. Preliminary results indicate that subjects
with a particular polymorphism in the interleukin-1 beta gene
may demonstrate UV-induced suppression of their immune
responses to the hepatitis B vaccine (Sleijffers et al., personal
communication).

A very interesting study examined the effect of UV radiation
in subjects who had been immunised against tuberculosis at
some time in the past, using a BCG vaccine.83 They were
given suberythemal UV on a small area of their bodies and
their immunological response to BCG tested in both this UV-
exposed site and at a distant non-exposed site. Daily treatment
with UV radiation for 5 consecutive days was sufficient to
suppress the response at the exposed site but not at the distant
site. It is not known if the depression in T cell responses
induced by the UV radiation could lessen the protection offered
by BCG vaccination significantly, and make individuals more
prone to infection, or indeed to reactivation in the case of a
persistent tuberculosis infection.

Knowledge of the immunological impact of UV radiation on
vaccine effectiveness is lacking, in particular for vaccinations
designed to stimulate T helper 1 responses.

Autoimmune diseases. Several studies over the past 40 years
have pointed out a marked positive correlation in the incidence
of multiple sclerosis in the white Caucasian population with
latitude. For example, in Australia, the prevalence of multiple
sclerosis per 100,000 persons is 12 in North Queensland at lati-
tudes of 12–23 degrees south, and 76 in Tasmania at a latitude

of 43 degrees South. Recently, McMichael and Hall have sug-
gested that this could be due to solar UV radiation levels that
are negatively correlated with latitude.84 Multiple sclerosis is
known to have an immunological basis with increased auto-
immune T lymphocytes reactive with nerve-specific protein
(myelin). Therefore increased UV exposure could perhaps
ameliorate the disease by suppressing T cell function. This sug-
gestion has gained support recently in a report where a negative
association of deaths from multiple sclerosis and residential
and occupational solar radiation in the United States was
found.85 In contrast, deaths from non-melanoma skin cancer in
the same population were positively associated with residential
and occupational UV exposure. In the case of a second auto-
immune disease, insulin-dependent diabetes mellitus, there are
also reports of a latitude gradient in incidence. For example, in
a large study of the Swedish population, there were 1.35 times
more cases in the north of the country than in the south.86

Another autoimmune disease, systemic lupus erythematosus
(SLE), is thought to involve a different type of T cell immunity,
one which could be potentially enhanced by UV radiation caus-
ing exacerbations of symptoms. It has been reported that an
increase in disease activity in 50% of photosensitive patients
with SLE occurred following exposure to fluorescent lamps
which emitted substantial levels of UV-B.87 A recent study in
Puerto Rico examined the correlation between taking photo-
protective measures and clinical outcome in patients with
SLE.88 Although the wearing of a hat or long-sleeved clothes to
protect from sunlight had no effect on the disease, individuals
who regularly used sunblocks had lower renal involvement,
thrombocytopoenia, hospitalisation and requirement for
cyclophosphamide treatment than patients who had not used
sunblocks. Thus the benefit of avoiding sun exposure in SLE is
considerable, and it would be of great interest to monitor the
immune response in such patients following sun exposure to
confirm the suspected immunomodulatory effects on disease
progression.

Respiratory allergy. Concern has been expressed that UV
exposure could exacerbate the symptoms of respiratory allergy,
which is associated with enhanced T helper 2 responses. This
hypothesis has not been tested in human subjects, but one study
in mice indicated that UV irradiation did not enhance allergic
reactions in the respiratory tract although it did modulate
various systemic immune responses.89

Animal models. To date approximately 15 animal models of
infection have been developed, mainly using mice, in which the
effects of UV radiation on immunity have been investigated
(reviewed in ref. 90). The organisms range from viruses to
worms, with some infections being skin-associated and others
systemic with no skin involvement at any stage. In almost all
cases the UV radiation caused suppression of resistance to the
microorganism under investigation, the one exception being
schistosomiasis.

Four models of particular interest have been described
recently, all noting severe exacerbation of symptoms following
UV exposure, with death ensuing in some instances. The first
involved the malaria parasite. A single burning UV exposure
one day before inoculation of mice resulted in the death of the
infected animals, whereas, without the UV irradiation, the
mice survived.91 The major immunological effect was attributed
to a UV-induced alteration in the spectrum of cytokines nor-
mally induced in response to the parasite. The UNEP report
in 1989 92 suggested that there may be a particular risk of
greater incidence or severity of malaria if the terrestrial UV
radiation exposure of human subjects increased. In the second
model, prior exposure of mice to UV radiation was shown to
enhance influenza virus infections.93 Mortality was increased up
to 2-fold and was UV dose-dependent. The UV-irradiated
animals demonstrated greater weight loss and degeneration of
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the thymus, raising concerns that sun exposure may also
affect the course of human respiratory viral diseases. In the
third model, rats were infected intranasally with HSV which
leads to encephalitis, accompanied by severe clinical symptoms
such as paralysis.94 UV-B treatment prior to such an infection
increased the incidence and severity of the clinical signs. The
viral load in the brain was greater and the specific immune
response to the virus suppressed. Although HSV-encephalitis is
rare in people, again the potential for UV exposure to have
detrimental effects during the course of an infection is demon-
strated. In the fourth model, mice were infected intradermally
with Borrelia burgdorferi, the bacterium that causes Lyme dis-
ease. Exposure of the mice to UV radiation, either at the site of
infection or at a distant site, decreased the immune response to
the bacteria, increased the rate of dissemination from the skin
to the bloodstream, and increased the severity of the arthritis
that accompanies this infection.95 Again, this study illustrates
the potential of UV irradiation to adversely affect an infectious
disease of relevance to humans. In addition, the subtlety of
the effects (reduced immunity and increased disease severity)
points out the difficulty in identifying such effects in human
populations.

Extrapolation from animal models to human subjects

It is of considerable interest to relate the observed immuno-
logical effects of UV radiation in the animal models to human
subjects. The biologically effective dose for UV-induced sup-
pression of contact hypersensitivity in a mouse model as a func-
tion of latitude and of ozone depletion was first calculated.96

Then, by using these data and by extrapolation from one
animal model of infection, it has been suggested that exposure
of people for about 100 minutes at mid-latitudes around noon
on a clear day in summer would be sufficient to suppress their
cellular immunity to a microbe significantly.97 This conclusion
has yet to be verified for a natural human infection. However,
the effective solar dose for the suppression of the immune
response to a simple chemical in human subjects has been estab-
lished recently and is equivalent to approximately 60 minutes of
noonday summer sunlight at mid-latitudes 98—of the same
order as the theoretical extrapolation. Therefore it is likely
that the doses of solar UV radiation required to suppress
immunity to infectious agents are of the same magnitude as
those experienced during common outdoor activities.

The impact of UV-induced immunosuppression on tumours

Several studies in the past have indicated that human subjects
can be divided into those who are susceptible to the immuno-
suppressive effects of UV radiation and those who are
resistant.99 The former were thought to be at higher risk of
developing skin cancer than the latter. More recently Kelly et al
have shown that simulated solar radiation is highly immuno-
suppressive in every person tested.98 A further report by the
same group examined the relationship between sunburn and
immunomodulation.100 Suppression occurred in all subjects by
exposure to solar irradiation equivalent to 1 hour of noon-
day summer sunlight at mid-latitudes one day before appli-
cation of the chemical at the irradiated site. A correlation was
demonstrated between erythema (redness) and suppression of
immunity. However, if the UV dose was reduced to below the
minimum required to cause erythema of the skin, differences in
immunomodulation were revealed, depending on the skin
phototype of the individual. People who do not tan readily and
are sun-sensitive (type I/II) were 2–3 fold more susceptible to
immunosuppression than people who tan readily and are sun-
tolerant (type III/IV). It is known that individuals with the
former skin type are at greater risk of developing skin cancer
than individuals with the latter skin type. Thus the greater sen-
sitivity of pale skinned subjects for a given level of exposure
may play a role in their increased risk of developing skin cancer.

Several studies have indicated an important role for mast cells
in UV-induced systemic immunosuppression. Hart et al. used
strains of mice with differing susceptibilities to immuno-
modulation following UV radiation, and showed a correlation
of susceptibility with the number of mast cells in the skin.101

Thus a strain in which immunity was easily suppressed by UV
exposure had a large number of mast cells, while another strain,
in which immunity was only suppressed by large UV-B doses,
had about half that number. Mast cells contain granules con-
taining histamine and other pharmacological mediators, which
can be released upon sun exposure or other stimulation, thus
affecting local immunity and cell trafficking. Most interestingly,
a subsequent publication by the same group showed that
human subjects with a past history of BCC had higher numbers
of cutaneous mast cells than matched controls, suggesting
a link between UV-induced immunosuppression and skin
cancer.102 There is preliminary evidence that cis-UCA, one of
the initiators of UV-induced immunosuppression, may trigger
mast cell degranulation.103 In fact recent evidence suggests that
cis-UCA may cause mast cell degranulation by mimicking the
action of serotonin (J. Walterscheid, personal communication).
However, the relationship between UCA and the risk of devel-
oping skin cancer, if it exists, is not likely to be a straight-
forward one, as no difference in total UCA or the percentage of
cis-UCA was found in subjects with a past history of CM and
BCC compared with control subjects.104,105

Finally a study by Beissert et al., has revealed that cis-UCA
may be an important factor in photocarcinogenesis.106 Mice
chronically exposed to UV-B radiation were treated concur-
rently either with a monoclonal antibody effective in reversing
the immunosuppressive effects of cis-UCA or a non-related
monoclonal antibody. In the mice receiving the cis-UCA
antibody, tumours took twice as long to develop as in mice
receiving the unrelated antibody.

Other systemic effects from UV exposure
UV exposure of the skin is known to cause effects throughout
the body by substances released into the circulation or cells
migrating to and from the skin. Over the last decade data have
been collected indicating that solar UV exposure may influence
the development of internal cancers. UV radiation is unlikely to
cause internal cancers by direct DNA damage, but it may stimu-
late or suppress the outgrowth of internal cancers.

Immune suppression (such as that induced by medication in
renal transplant patients) is a known risk factor for both SCC
and non-Hodgkin’s lymphoma (NHL). Like skin cancers, the
incidence of NHL has been increasing. BCC and SCC appear
to be associated with increased risk of NHL and chronic
lymphocytic leukaemia (CLL) 107–110 suggestive of a common
aetiological factor, presumably solar UV radiation. Similarly,
NHL incidences were found to be higher in populations in sun-
nier areas,111–114 though this relationship was not demonstrated
in the United States.115 Besides UV exposure, the impact of
socio-economic factors on NHL risk needs to be taken into
account (Langford et al., 1998, Schouten et al., 1996).113,116

Assessments of personal UV exposure have not revealed clear,
significant associations with NHL,114 at most, they show trends
of borderline significance with NHL and leukaemia.117,118

However, such exposure assessments may have been too crude
or inadequate (e.g. assessing total instead of peak exposures)
to reveal striking differences. An indication that sun (UV)
exposure may affect lymphocytes adversely was found in the
increase in mutation frequency in these blood-borne cells
during the summer,119 presumably due to the UV-induced
release of a factor that stimulated lymphocyte proliferation.
Furthermore, UV exposure of certain genetically modified
animals (missing one copy of the P53 tumor suppressor gene)
greatly enhance the development of leukaemia in addition to
causing SCC in the skin,120 suggesting that UV exposure may
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enhance the development of lymphoid tumours in genetically
predisposed individuals.

UV-B radiation contributes to the formation of vitamin D in
the skin. This vitamin is not biologically active, but the ‘vitamin
D hormone’ (1,25-dihydroxyvitamin D) derived from it is. The
vitamin D hormone can inhibit the growth of various cancer
cells (e.g. breast cancer) in cell culture, and some studies have
demonstrated that the risk of certain types of cancer (colon,
prostate and breast) increases with low dietary intake of
vitamin D or with low levels of vitamin D metabolites in the
blood (see ref. 121 for an overview). It is possible that UV
exposure could influence the blood level of the vitamin D hor-
mone, but there is no simple direct relationship between vitamin
D hormone and UV exposure because of the many regulatory
feedback mechanisms. Following an earlier report of a very
slight, but significant latitude gradient in prostate cancer across
the USA,122 a recent case-control study 123 showed that low
levels of sun exposure are associated with a higher risk of
prostate cancer. Within the group of prostate cancer patients,
the individuals with the lowest level of UV exposure (within the
lowest 25 percentile) developed their tumours at a median
age of 68 years, whereas the others developed them at a median
age of 72 years. It has also been suggested that a low level
of vitamin D could contribute to the risk of developing
insulin-dependent diabetes mellitus.124

Risks associated with the use of substitutes for ozone
depleting substances
With the phase-out of ozone depleting substances (ODS) man-
dated under the Montreal Protocol and its amendments, a
number of new chemical alternatives have been developed, and
there has been increased usage of some older chemicals, often
in venues different from their traditional usage. These increases
in usage are likely to lead to increased human (and environ-
mental) exposures that could have adverse consequences for
both human health and the environment. Previous assessments
have presented brief reviews of what was known about the toxi-
cology of a number of these chemicals. As a consequence this
review will focus on those chemicals not previously mentioned
in earlier reports that are discussed in the most recent Technol-
ogy and Economic Assessment Panel (TEAP) report.125 A list
of these chemicals with their CAS (Chemical Abstracts Service)
numbers and their likely use is presented in Table 1.

Currently ODS substitutes are being used in six major areas:
1) Aerosols, 2) Refrigerants, 3) Fire-suppressants, 4) Solvents,
5) Foam-blowing agents, and 6) Pesticides, including fumigants,
all of which are represented in Table 1. All of these uses have
the potential for human exposure, mainly for occupationally
exposed populations, but also for the public in general.

The largest use of aerosols still requiring ODS is in the
metered dose inhalers used to deliver pharmaceuticals to the
respiratory system. Substitutes for use in these inhalers are
being introduced; their production and use will continue to
increase as the essential use exemption for the ODS is phased
out. Of all the substitutes under consideration to replace ODS,
those to be used in metered dose inhalers will be under the
greatest scrutiny for adverse health effects, and it seems likely
that any risks associated with their use will be correspondingly
small.

Quite the reverse is likely to be true of the chemical pesti-
cides, most of which will see increased use because of the phase-
out of methyl bromide. Pesticides and fumigants have been
designed to be very toxic. Thus, exposures to substitutes for
these agents are likely to result in higher risks than exposure to
the same levels of the substitutes used in the other areas. How-
ever, pesticides for the most part are closely regulated (and all
of those identified in Table 1 have seen considerable use) so
presumably these exposures and their associated risks will also

be subjected to a higher degree of control than those chemicals
not regulated as pesticides. It should be noted, however, that
there are parts of the world where stringent pesticide regu-
lation is lacking. In these locations, misuse of the substitutes
(or for that matter any chemical pesticide) has the potential for
significant adverse effects.

The remaining four groups of chemicals are much more
likely to pose risks to occupationally exposed populations than
the general public, and even then the risks from most of these
chemicals appear to be low. Most of the chemicals listed below
as substitutes for refrigerants, fire suppressants, solvents and
foam-blowing agents have a low degree of acute toxicity.
Furthermore, although the database on these chemicals is
somewhat limited, what is available suggests that they will also
demonstrate a low degree of activity as carcinogens. The one
possible exception to this low degree of toxicity is n-propyl
bromide, a bromine-containing compound that is being
marketed as a replacement for many of the solvent uses of
CFC. This chemical, which is becoming more and more widely
used, is now recognized for its toxicity to the nervous and
reproductive systems, as well as to the foetus.125

For a number of uses of ODS substitutes have not been iden-
tified.125 Although some of these involve the use of CFC, e.g.,
the use of CFC-113 as a solvent in the production of fluoro-
polymer resins, most relate to the use of carbon tetrachloride as
a solvent in the production of various chemicals ranging from
pharmaceuticals to a number of different kinds of polymers.
Clearly when substitutes are found for these ODS they will need
to be closely evaluated to ensure that one problem is not being
substituted for another.

Possible interactions between climate change and
ozone depletion
At the same time as the world is anticipating at least another
50 years of depleted ozone, another threat, namely increased
atmospheric CO2 leading to global climate change (GCC), has
been identified as having the potential to affect the world’s
environment for generations to come. For the time period when
these two threats co-exist, the likelihood is great that interactive
effects on human health will occur. This section will attempt to
identify possible interactions between ozone depletion and
GCC. It should be noted at the outset, however, that there are
few experimental data from systems exploring the issue of how
these threats may interact and how such interactions may affect
human health. Thus most of the following discussion should be
viewed as informed speculation. It should also be noted that
one of the most likely impacts of both ozone depletion and
GCC will be changes in human behaviour. Human behaviour
will also change as nations develop economically. The inability
to predict human behaviour adds a large degree of uncertainty
to the prognostications provided below.

Impact of UV radiation and climate change on the eye

The prevalence of nuclear cataract is reported to be higher in
tropical and subtropical regions where there is a high annual
UV exposure rate coupled with high ambient temperature and
infrared exposure. Unlike the skin, the temperature of the lens
is more related to core body temperature than to external tem-
perature, and little direct synergism of temperature with UV
radiation would be anticipated. Other heat-induced systemic
factors, which may indirectly affect lens nutrition and metabol-
ism could, on the other hand, potentially accelerate cataract
development.

A recent study evaluating the effect of environmental
temperature on cataract progression in rats 126 found no inter-
action between UV radiation and environmental temperature in
UV-induced cortical cataract (including anterior subcapsular
cataract). This suggests that the higher prevalence of nuclear
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Table 1 CFC substitutes

Common name Chemical name CAS No Likely use Reference

HFC 245fa 1,1,1,2,3,3,3-Heptafluoropropane 431-89-0 Medical aerosols
Fire-fighting agent

www.fluorocarbons.org

HFC 365mfc 1,1,13,3-Pentafluorobutane 406-58-6 Foam blowing agent �
n-Propyl bromide     
HFC 43–10mee 1,1,1,2,2,3,4,5,5,5-Decafluoropentane 138495-42-8 Solvent  
HFC-236fa 1,1,13,3,3-Hexafluoropropane 290-39-1 Fire-fighting agent  
1,3-Dichloropropene  542-75-6 Fumigant  
Chloropicrin Trichlornitromethane 76-06-2 Fumigant  
Furfural  98-01-1 Pesticide  
Methyl isocyanate  624-83-9 Pesticide  
Methyl iodide  74-88-4 Pesticide  
Fosthiazate Phosphonothioic acid, (2-oxo-3-thiazolidinyl)-,)-

ethyl S-(1-methylpropyl) ester
98886-44-3 Pesticide  

Enzone Sodium tetrathiocarbonate  Pesticide  
Avermectin  73989-17-0 Pesticide  
propargyl bromide  106-96-7 Pesticide  
potassium azide  20762-60-1 Pesticide  
Sulfuryl fluoride  2699-79-8 Pesticide  
Ethyl formate  109-94-4 Fumigant  
Propylene oxide  75-56-9 Fumigant  
Carbonyl sulfide  463-58-1 Fumigant  
R-407C Mixture of HFC 32, HFC-134a & HFC-125  Refrigerant  
R-410A Mixture of HFC-32, HFC-125  Refrigerant  
R-404A Mixture of HFC-125, HFC-134a & HCFC-143a  Refrigerant  
R-500   Refrigerant  
R-1270 Propylene 115-07-1 Refrigerant  
HC-600a Isobutane 75-26-5 Refrigerant  
Ethylene dichloride  107-6-2   
Phosphine  7803-51-2 Pesticide  

cataract in regions near to the equator may be due primarily to
other factors. The role of ambient temperature in influencing
these factors has yet to be adequately investigated.

Impact of UV radiation and climate change on the skin

Results from one atmospheric model suggested that cooling of
the stratosphere could delay the recovery of the ozone layer by
a decade or more.127 Later models have led to a variety of con-
clusions, ranging from no delay at all to a resurgence of ozone
depletion late in this century.3 The possibility of a delayed
recovery gives reason for concern about the consequences,
especially in the long-term. Before this problem was noted, a
scenario study had been made for the increase in skin cancer
incidence due to ozone depletion during the entire present
century.2,128 Under the most optimistic conditions of full and
worldwide compliance with the Montreal Protocol and all its
amendments, the excess incidence would peak about the year
2055 at 9% above the baseline incidence, and then gradually
decline. A similar scenario study has been performed recently,
but now including a delay in the recovery of the ozone layer by
15–20 years,129 Fig. 6. This showed that the excess incidence at
the time of the peak would increase to 15%, and the peak itself
would shift from 2055 to 2065.

Experiments performed many years ago 130,131 demonstrated
that mice exposed to UV radiation at increased room temper-
ature developed skin cancers at an accelerated rate. From
the data given in these papers, van der Leun and de Gruijl 132

calculated an average increase in the carcinogenic effectiveness
of the UV radiation with a 5% per degree C increase in tem-
perature. This result was then applied to skin cancer in the
human population—firstly, to the excess incidence caused by
ozone depletion. The conclusion was that a 2 degree rise in
temperature would increase the peak excess from the 9% calcu-
lated by Slaper et al.128 to 11%, and a 4 degree rise would
increase it to 13%. Secondly, the effect on the baseline incidence
itself was considered, without any ozone depletion. A persistent
increase of temperature by 2 degrees C was calculated to
increase the baseline incidence by 21%, and a 4 degree C rise by
46%.

It should be noted that, while UV carcinogenesis in mice and
humans is basically similar, there are important quantitative
differences, and the same may be true for the influence of
higher temperatures. Direct data relating temperature and UV
carcinogenesis in human populations are not yet available. The
experimental mice were exposed to the higher temperatures
constantly, a procedure which is rather different from normal
human behaviour where people are unlikely to experience
increased temperatures all the time. It is also unknown at what
stage the temperature exerts its critical influence. This could be
during the exposure to UV radiation, or during the time
between exposures, or both. The calculation is also complicated
by the fact that the observed temperature influence was
non-linear: in the mouse experiment there was little effect below
the normal room temperature of 23 degrees centigrade,
and a marked effect at the higher temperatures. Despite all
these uncertainties, the influence of increased temperatures
on carcinogenesis in the human population merits further
consideration and could be of importance.

Fig. 6 Increase in skin cancer incidence in North-Western Europe,
with ozone–climate interaction causing 15–20 years delay (worst case
scenario) in recovery of the ozone layer, and without any delay from an
ozone-climate interaction.129

24 Photochem. Photobiol. Sci., 2003, 2, 16–28

D
ow

nl
oa

de
d 

on
 2

7 
Ja

nu
ar

y 
20

11
Pu

bl
is

he
d 

on
 1

0 
Ja

nu
ar

y 
20

03
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
21

11
56

J
View Online

http://dx.doi.org/10.1039/B211156J


Impact of UV radiation and climate change on the immune
response

The potential consequences of GCC with regard to human
health have been the subject of numerous reviews.133–135 For the
most part it seems that any increases in such effects that might
occur will be in those diseases whose incidences are increased in
the tropics or with warm weather in other places. However, it is
also clear that in most locations, there will only be an effect of
GCC on disease if the disease already exists at that location or
in a location that is geographically contiguous. Although there
has been much concern that malaria may increase with GCC
perhaps in the developed nations as well as the developing
ones,135 it has been contended that most developed nations con-
quered the disease in their past and are unlikely to see a serious
resurgence.

Longstreth 136 examined the diseases found in the US that
showed a seasonal variation and identified a number of end-
points that could potentially be affected by the changes in tem-
perature and/or humidity likely to be associated with GCC.
These included a variety of infectious diseases, e.g., viral
encephalitis, Hanta virus pulmonary syndrome, as well as a
number of other health endpoints such as increased asthma due
to increased air pollution, shellfish poisonings, morbidity and
mortality from extreme events, and heat stress.

To the extent that such diseases are increased by the changes
in weather associated with GCC, it seems likely that many of
them could be additionally exacerbated by elevated levels of
UV radiation associated with a thinner stratospheric ozone
layer. If climatic conditions become more favourable for the
transmission of a particular endemic infectious disease, for
example malaria, increased ambient UV radiation due to a
depleted ozone layer may lead to more severe cases of the
disease due to suppression of the immune system.
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