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ABSTRACT 

In 1979, Chinese scientists reported that selenium had been 
linked to Keshan disease, an endemic juvenile cardiomyopathy found 
in China. However, certain epidemiological features of the disease 
could not be explained solely on the basis of inadequate selenium 
nutrition. Fluctuations in the seasonal incidence of the disease sug- 
gested involvement of an infectious agent. Indeed, a coxsackievirus 
B4 isolated from a Keshan disease victim caused more heart muscle 
damage when inoculated into selenium-deficient mice than when 
given to selenium-adequate mice. Those results led us to study the 
relationship of nutritional status to viral virulence. Coxsackievirus 
B3/0 (CVB3/0), did not cause disease when inoculated into mice fed 
adequate levels of Se and vitamin E. However, mice fed diets defi- 
cient in either Se or vitamin E developed heart lesions when infected 
with CVB3/0. To determine if the change in viral phenotype was 
maintained, we passaged virus isolated from Se-deficient hosts, 
designated as CVB3/0 Se-, back into Se-adequate hosts. The CVB3/0 
Se- virus caused disease in Se-adequate mice. To determine if the 
phenotype change was due to changes in the viral genome, we 
sequenced viruses isolated from Se-deficient mice and compared 
them with the input CVB3/0 virus. Six point mutations differed 
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between the parent strain and the recovered CVB3/0 Se- isolates. 
When the experiment was repeated using vitamin E-deficient mice, the 
same 6 point mutations were found. This is the first report of a specific 
host nutritional deficiency altering viral genotype. Keshan disease may 
be the result of several interacting causes including a dominant nutri- 
tional deficiency (selenium), other nutritional factors (vitamin E, 
polyunsaturated fatty acids), and an infectious agent (virus). 

Index Entries: Selenium; vitamin E; cardiomyopathy; myocarditis; 
Keshan disease; coxsackie virus; viral evolution; quasispecies; oxidative 
stress; infection. 

INTRODUCTION 

In 1957, Schwarz and Foltz (1) reported that traces of the mineral 
selenium added to the diet could prevent nutritional liver necrosis in vi- 
tamin E-deficient rats. This observation proved to be a seminal discovery 
that quickly led to the establishment of an entirely new area of trace ele- 
ment  nutrition research. This discovery derived from basic research also 
found almost immediate practical agricultural application in the preven- 
tion of several economically important diseases of production animals, 
such as exudative diathesis in poultry or white muscle disease in 
livestock (2). 

It was not until 1979, however, that the importance of selenium was 
demonstrated in human nutrition when  two papers appeared that 
showed beneficial responses to selenium supplementation. One paper 
dealt with the ability of sodium selenite to alleviate muscle pain in a 
patient being fed intravenously (3). That patient resided in the south 
island of New Zealand, a known low-selenium area, and thus presum- 
ably had low selenium stores to begin with that allowed relatively rapid 
development  of a selenium-depleted state when fed with solutions that 
were probably nearly devoid of selenium. The other paper dealt with the 
epidemiologic relationship between poor selenium status and the inci- 
dence of Keshan disease, an endemic cardiomyopathy that affected pri- 
marily infants and young children, but also affected women of 
child-bearing age (4). This endemic disease was distributed in a broad 
geographic zone stretching from northeastern to southwestern China. 
The evidence for an etiological role for selenium deficiency in Keshan 
disease was strong: 

1. The disease occurred only in those regions of China with 
low-selenium soils and, hence, low levels of selenium in the 
food chain; 

2. The disease occurred only in those individuals of poor sele- 
nium status as indicated by low blood or hair selenium con- 
tent; and 
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3. The disease was prevented in an at-risk population by sup- 
plementation with selenium. 

Despite the convincing linkage between selenium deficiency and Keshan 
disease, there were certain epidemiological features of the disease that 
could not readily be explained solely on the basis of inadequate selenium 
nutrition. For example, there were significant fluctuations in the seasonal 
and annual incidence of the disease, which suggested the likely involve- 
ment of an infectious agent (5). Indeed, a number of viruses were iso- 
lated from Keshan disease victims, including a Coxsackie virus B4. As 
reported by Chinese scientists in 1980, this virus was much more car- 
diotoxic (i.e., caused more heart muscle damage) when inoculated into 
selenium-deficient mice than when given to selenium-adequate mice (6). 
These results served as the starting point for our studies regarding the 
relationship of nutritional status to viral pathogenesis and virulence. 

SELENIUM AND INFECTION 
WITH A MYOCARDITIC 
COXSACKIE VIRUS 

Our first objective was to duplicate with Coxsackie virus B3 the ear~ 
lier Chinese results showing that selenium deficiency exacerbated the 
heart muscle damage in mice caused by infection with Coxsackie virus 
B4. For that purpose, we used a myocarditic strain of the virus (i.e., a 
strain that normally causes heart muscle damage) called Coxsackie virus 
B3/20 (abbreviated CVB3/20). We found that selenium deficiency indeed 
potentiated the cardiotoxicity of CVB3/20 (7). The viral-induced lesions 
occurred earlier and were more severe in the selenium-deficient mice 
compared to the selenium-adequate mice. Moreover, peak postinocula- 
tion virus titers were higher in the hearts, livers, spleens, and sera of 
selenium-deficient mice than in the corresponding tissues of selenium- 
adequate mice. Although some deficits in immune response were noted 
in the selenium-deficient mice, these relatively minor impairments in 
immune function were not thought sufficiently severe to account for the 
relatively great differences observed in virus titers between the two 
dietary treatments. This conclusion led us to test the hypothesis that the 
virus itself may have changed phenotype as a result of replication in a 
selenium-deficient host. 

A viral passage experiment in which viruses were harvested from 
hearts of either deficient or adequate primary hosts and then reinocu- 
lated into a secondary selenium-adequate host revealed great differences 
in the virulence of the viruses depending on whether they had been 
allowed to replicate in a selenium-deficient or a selenium-adequate pri- 
mary host. Viruses isolated from selenium-adequate primary hosts (now 
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called CVB3/20se § caused little or no heart damage within seven days 
when inoculated into selenium-adequate secondary hosts. On the other 
hand, virus isolated from selenium-deficient primary hosts (CVB3/ 
20se-) caused severe myocarditis in the same time when inoculated into 
selenium-adequate secondary hosts. The increased heart damage owing to 
CVB3/20se- was accompanied by 10B-fold higher cardiac virus titers than 
those observed in hearts of secondary mice infected with CVB3/20se § 

SELENIUM AND INFECTION 
WITH AN AMYOCARDITIC 
COXSACKIE VIRUS 

Having demonstrated that selenium deficiency markedly increased 
the heart damage caused by the myocarditic CVB3/20, we next turned 
our attention to the influence of selenium deficiency on host response to 
an amyocarditic strain (i.e., not causing heart damage under normal con- 
ditions), Coxsackie virus B3/0 (CVB3/0). As expected, the CVB3/0 
caused no heart damage when inoculated into selenium-adequate mice 
(8). However, when CVB3/0 was inoculated into selenium-deficient 
mice, a moderate degree of heart damage was seen, and virus titers were 
higher in the hearts, livers, spleens and sera of the deficient mice com- 
pared to the adequate mice. Inoculation of a selenium-adequate mouse 
with virus harvested from a selenium-adequate mouse (CVB3/0se § 
resulted in no heart damage within 7 d, but inoculation of a selenium- 
adequate mouse with virus harvested from a selenium-deficient mouse 
(CVB3/0se-) caused moderate heart damage. To the authors' knowledge, 
this was the first report showing that a specific nutritional deficiency in 
the host allowed a benign virus to become virulent, apparently as a result 
of change in the viral genome. 

VIRAL GENETIC CHANGE INDUCED 
BY HOST SELENIUM DEFICIENCY 

The genomes of the virulent and benign strains of the Coxsackie 
virus B3 differ at several nucleotide positions (9). When we found that 
the benign CVB3/0 could be converted to a virulent form (CVB3/0se-) 
by replication in a selenium-deficient mouse, we sequenced the entire 
viral genome (about 7500 nucleotides) to determine which base changes 
were responsible for the newly acquired virulence. Of the seven sites 
thought to be important determinants of virulence, six in the CVB3/0se- 
had changed to resemble the wild-type virulent strain, CVB3/20 (10). No 
other nucleotide changes were seen along the length of the genome. 
Thus, replication of the benign CVB3/0 in a selenium-deficient host had 
altered its genetic makeup to resemble more closely that of the virulent 
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wild-type CVB3/20, thereby converting an avirulent strain to a virulent 
one. As far as the authors are aware, this was the first report to show that 
the nutritional status of a host can alter the genetic constitution of an 
infecting pathogen. 

VITAMIN E AND INFECTION 
WITH COXSACKIE VIRUS 

An analogous series of experiments was carried out in mice with vi- 
tamin E as the nutritional variable, rather than selenium (11). In all cases, 
it was found that vitamin E deficiency had effects similar to those 
observed with selenium deficiency: 

1. The myocarditic CVB3/20 caused greater heart damage in 
vitamin E-deficient mice than in normal mice; 

2. The benign CVB3/0 converted to virulence in vitamin E- 
deficient mice; 

3. In both cases above, the Coxsackie virus achieved higher 
cardiac titers in vitamin E-deficient mice compared to vita- 
min E-adequate controls; 

4. The newly virulent virus obtained as a result of passage 
through a vitamin E-deficient host had exactly the same six 
genomic changes as those seen in the newly virulent virus 
obtained by passage through a selenium-deficient host (12). 

The extent of heart damage caused by the virus in vitamin E-deficient 
mice was not as great as that seen in selenium-deficient mice unless fish 
oil, a tocopherol antagonist (13), was included in the vitamin E-deficient 
diet. This is probably because it takes longer to deplete mice of vitamin 
E than it does of selenium, unless polyunsaturated fat is added to the vi- 
tamin E-deficient diet as a pro-oxidant stressor. 

DIETARY OXIDATIVE STRESS 
AND COXSACKIE VIRUS INFECTION 

What do dietary deficiencies of selenium and vitamin E have in 
common so that they both might be expected to have similar effects in 
intensifying the cardiotoxicity of the Coxsackie virus? One obvious pos- 
sibility is that since both nutrients are known to have antioxidant prop- 
erties (14), their lack in the diet would result in an oxidative stress in the 
host. Such host oxidative stress could affect viral virulence in a number 
of different ways. For example, the cardiomyocytes themselves could 
become more vulnerable to direct viral cytopathogenic attack because of 
their compromised antioxidant defense mechanisms, or the host's 
immune system could be sufficiently impaired, thus permitting an 
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increased viral load and more severe damage to the heart. Any increased 
ability of the virus to replicate by evading the host's immune response 
could favor the emergence of viral mutants with heightened cardioviru- 
lent properties. On the other hand, host oxidative stress might stimulate 
any tendency of particular nucleotide sites in the viral genome to 
undergo rapid mutation, thereby leading to the evolution of more car- 
diovirulent progeny, or the altered redox milieu in the host could allow 
for dominance of an already mutated form of the virus by selectional 
pressures. Whatever the exact biochemical and/or  genetic mechanism 
whereby dietary selenium and/or  vitamin E deficiency alters the expres- 
sion of Coxsackie viruses, these experiments show the powerful influ- 
ence that host nutritional status can have on viral pathogenicity and 
point out the need for additional research in this area. 

IMPLICATIONS FOR THE ETIOLOGY 
OF KESHAN DISEASE 

Keshan disease clearly has a complex etiology, presumably encom- 
passing both nutritional and infectious factors. Selenium deficiency, of 
course, is the nutritional condition most clearly associated with Keshan 
disease as outlined earlier. Nonetheless, the metabolic relationship 
between selenium and vitamin E is so close that it would be inappropri- 
ate to rule out any role for the latter in Keshan disease. Nutritional 
myopathies observed in cattle, sheep, and swine respond to either vita- 
min E or selenium (2), and such animal diseases provided some of the 
first hints that selenium might be involved in human nutritional car- 
diomyopathy (i.e., Keshan disease) (15). Human vitamin E nutriture has 
been reported to be marginal in some Keshan disease areas (16), and the 
nutritional requirements for vitamin E and selenium are known to be 
mutually interdependent (17). Selenium and vitamin E prevented the his- 
tochemical and ultrastructural alterations induced in the livers of rats fed 
grains from a Keshan disease endemic area, and it was concluded that 
the relative deficiencies of vitamin E and selenium may be closely related 
to the occurrence of hepatic damage in Keshan disease as well (18,19). In 
this context, it should be recalled that the first nutritional disease shown 
to be responsive to selenium, dietary liver necrosis in rats, is actually a 
dual-deficiency disease preventable by either selenium or vitamin E (1). 
Thus, the Chinese studies with rats fed grain from Keshan disease 
endemic areas imply that such foodstuffs may be lacking in both sele- 
nium and vitamin E. 

The fact that highly unsaturated fish oil exacerbated the heart dam- 
age caused by Coxsackie virus B3 in vitamin E-deficient mice emphasizes 
the need to consider dietary pro-oxidants and other factors as well as 
antioxidants when attempting to gain a comprehensive understanding of 
the etiology of Keshan disease. Others, however, were unable to find any 
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substantial difference in the fatty acid pattern of the plasma or erythro- 
cyte lipids of Chinese children from Keshan or non-Keshan disease areas 
vs their Western counterparts with the notable exception of the erucic 
acid content (20). The dietary source of this cardiotoxic fatty acid appar- 
ently was a local rapeseed oil, but no difference was observed in the eru- 
cic acid content of blood from children from endemic and nonendemic 
areas. Erucic acid was also not considered an etiological factor in an idio- 
pathic cardiomyopathy observed in a Keshan disease area of Sichuan 
Province (21). 

If infection is indeed an etiological component of Keshan disease, 
then some sort of enterovirus, such as Coxsackie B or ECHO virus, 
would seem to be the most likely candidate agent (22). Mild fever was 
often reported before the appearance of heart symptoms (23), and such 
enteroviruses were among those isolated from blood and tissue samples 
taken from Keshan disease patients (24). Recently, powerful molecular 
biology techniques have been used to obtain evidence for the presence of 
enteroviral RNA in blood and heart muscle specimens collected from 
patients with Keshan disease (25,26). On the other hand, the histopatho- 
logical picture of Keshan disease differs from that of viral myocarditis 
(27,28), and the representative lesion of Keshan disease is a myocytolysis 
apparently initiated by mitochondrial damage. Impaired respiratory 
capability was noted in heart muscle mitochondria from Keshan disease 
patients or laboratory animals fed cereals from Keshan disease-endemic 
areas (29,30), and the so-called respiratory decline was a prominent fea- 
ture of liver mitochondria prepared from selenium and vitamin E- 
deficient rats originally described in early work by Schwarz (31). Later 
work showed that selenium was a strong catalyst for the reduction of 
cytochrome c by thiols, particularly glutathione (32). In some cases of 
Keshan disease, pancreatic septal atrophy involving the acini is observed 
(33), and acinar atrophy of the pancreas has been reported in chickens 
fed a severely selenium-deficient diet of corn and soybeans from north- 
eastern China (34). Although Coxsackie virus has most often been linked 
to ~-cell damage and consequent diabetes (35), under certain circum- 
stances, infection with the virus will lead to severe acinar necrosis (36). 
Atlantic salmon (Salmo salar) afflicted with the infectious pancreatic 
necrosis virus suffer extensive necrosis of exocrine pancreatic tissue and 
exhibit significantly lower plasma c~-tocopherol levels than healthy fish 
sampled from the same cages (37). 

Our results with the mouse model of viral myocarditis suggest a 
new way to look at the complex etiology of Keshan disease. If these 
experiments are applicable to humans, then people should be able to 
exist comfortably in an environment surrounded by benign viruses (Cox- 
sackie or otherwise) as long as they are well nourished. However, once 
their nutritional status is compromised (selenium, vitamin E deficiency, 
and maybe others), they become vulnerable to the action of newly viru- 
lent viruses either produced within their own bodies or transmitted from 
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other malnourished individuals. Perhaps the best approach to Keshan 
disease is to acknowledge its complicated etiology and accept the possi- 
ble role of several interacting factors, including a dominant nutritional 
deficiency (selenium), additional nutrients (vitamin E, polyunsaturated 
fatty acids, and others) and an infectious agent (virus). 

IMPLICATIONS FOR NUTRITION 

In their extensive monograph, Scrimshaw et al. (38) pointed out that 
only 7% of the reported interactions between malnutrition and bacterial 
infection could be classified as antagonistic (i.e., the simultaneous pres- 
ence of malnutrition and infection results in an interaction that is less 
serious for the host than would be expected from the combined effect of 
the two working independently), whereas 37% of the reported interac- 
tions between malnutrition and viral infection could be so classified. The 
relatively common occurrence of antagonistic interactions between mal- 
nutrition and viral infection was thought to be owing to the intracellular 
nature of these agents and their consequent high degree of dependence 
on the intact metabolism of the host cell. That is, if the intermediary 
metabolism of the host cell were disrupted by a nutritional deficiency, 
this would also have an unfavorable impact on the ability of the viral 
pathogen to replicate and complete its infectious cycle. Thus, malnutri- 
tion could have the somewhat unexpected consequence of improving the 
ability of a host to resist viral infection by "starving" the virus at the cel- 
lular level, thereby presumably restricting viral replication. 

On the other hand, Woodruff and Kilbourne (39) found that graded 
underfeeding (marasmus) exerted a detrimental effect on the ability of 
mice to resist infection with Coxsackie virus B3 that was proportional to 
the severity of the malnutrition. The criteria of increased severity of 
infection in the malnourished groups included persistence of increased 
virus titers, increased cardiac lesions, and increased mortality. Although 
the mechanism whereby severe food restriction (i.e., withholding of the 
total diet) increased the susceptibility of mice to Coxsackie virus B3 infec- 
tion was not clear, there was a stepwise involution of the lymphoid tis- 
sues that paralleled the decreasing amounts of diet consumed (40). 
Refeeding the nutritionally deprived mice such that their lymphoid tis- 
sues returned to normal resulted in a restoration of the mice to a normal 
susceptibility to viral infection. 

An unusual feature of the Coxsackie virus infection observed in this 
study was a massive hepatic necrosis in the infected, severely malnour- 
ished mice. The reason for that necrosis was unknown, but was thought 
to be related to the "enormously increased replication of virus" seen in 
the livers of the starved animals. It should be noted that although the 
selenium content of the diet was not given, the diet was clearly deficient 
in vitamin E at least for part of the experiment. Caloric restriction, such 
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as that used in gerontological research (41), appears to decrease in vivo 
oxidative stress as indicated by decreased ethane production or lipofus- 
cin accumulation (42), but perhaps under conditions of viral infection, 
partial fasting may tend to exacerbate oxidative stress. It might be worth- 
while to re-examine the influence of food deprivation on the course of 
Coxsackie virus infection in mice that have been receiving diets of care- 
fully controlled vitamin E and selenium content. 

Woodruff and Kilbourne (39) were aware that their data conflicted 
with earlier results of increased resistance to viral infection in nutrition- 
ally compromised experimental animals, but believed that their observa- 
tions were more in accord with practical experience, which demonstrated 
more severe viral infections in malnourished children. They stressed that 
their research differed from earlier work in that they: 

1. Employed a "moderate" non lethal viral challenge; 
2. Maintained a strict and sustained dietary deprivation; and 
3. Used a quantitative assessment of viral replication and 

lesions. 

Since deficiencies of either selenium or vitamin E exacerbate the 
heart damage caused by the Coxsackie virus, then the most straightfor- 
ward explanation for this result is that oxidative stress in the host is 
somehow involved. The fact that dietary fish oil, a known pro-oxidant 
stressor (13), worsened the cardiopathology in the infected vitamin E- 
deficient mice, whereas supplementing the deficient diet with N,N'- 
diphenyl-p-phenylenediamine (DPPD), a synthetic organic antioxidant 
that bears no structural relationship to vitamin E, but nonetheless acts as 
an excellent tocopherol mimic (43), protects against such damage bolsters 
this idea. If host oxidative stress is indeed involved in Coxsackie virus 
pathogenesis, other nutrients known to have antioxidant properties 
should also be investigated in animals infected with the virus. Some 
examples of such "antioxidant nutrients" would include copper and zinc 
by virtue of their role in cytoplasmic superoxide dismutase, manganese 
because of its involvement in mitochondrial superoxide dismutase, iron 
not only as a constituent of catalase, but also because of its inherent pro- 
oxidant catalytic capability, riboflavin as a component of glutathione 
reductase, vitamin C, and ~-carotene. Indeed, copper and zinc h~ 
already been studied in an indirect way, since polyethylene glycol conju- 
gated with superoxide dismutase exerted some protective activity against 
Coxsackie virus-induced myocarditis in mice (44). Chen et al. (45) 
pointed out that the heart has relatively weak antioxidant defenses, 
which make this organ a target for damage in copper-deficient rats. 

In the context of host oxidative stress, another aspect of nutrition 
that should be considered is severe protein deficiency (kwashiorkor). The 
possibility of a link between selenium deficiency and kwashiorkor was 
recognized early, since selenium tends to follow protein in food so that, 
other things being equal, diets low in protein would also tend to be low 

Biological Trace Element Research Vol. 56, 1997 



14 Levander and Beck 

in selenium. Schwarz reported a beneficial effect of selenium supple- 
ments in stimulating the growth of two Jamaican infants with kwash- 
iorkor, although the results provoked some controversy (46,47). Another 
report showed a favorable effect of supplemental selenium in stimulat- 
ing the reticulocyte response in three malnourished Jordanian children 
(48,49). Blood selenium levels were indeed depressed in samples taken 
from Guatemalan children with kwashiorkor, and red blood cells from 
these patients took up more radioselenium in vitro than red cells from 
normal controls (50). Golden and colleagues (51,52) postulated that for- 
mation of free radicals might play a role in the pathogenesis of kwash- 
iorkor. These workers were able to frame a set of clinical criteria based 
on pro-oxidant/antioxidant balance in vivo that could predict whether or 
not a given patient would die from protein malnutrition: those individ- 
uals whose red cell glutathione peroxidase activity was below 17 U / g  
hemoglobin and whose plasma ferritin was above 250 ~tg/L subse- 
quently died. Some workers have suggested that specific selenium 
replacement may be required in the nutritional rehabilitation of children 
with kwashiorkor (53), whereas others have questioned whether low 
selenium status and low selenium intake exhibit a health risk inhibiting 
further rehabilitation of patients with severe protein-calorie malnutrition 
(54) or have found no reliable evidence of harmful consequences to liv- 
ing tissue of the decreased antioxidant protection of such patients (55). In 
any case, for the purpose of this article, it should be recalled that infec- 
tion is almost ubiquitous in kwashiorkor and that the disease is often 
precipitated by an infection such as measles (52), the pathogen of which, 
like Coxsackie virus, is an RNA virus. 

Although the effects of dietary selenium supplementation at nutri- 
tional levels in limiting Coxsackie virus-induced myocardial pathology 
can be reasonably explained on the basis of increasing host glutathione 
peroxidase activity thereby minimizing in vivo oxidative stress, some 
work indicates effects of additional selenium even in mice nutritionally 
replete with the element. For example, some evidence was found of pro- 
tection by small bolus doses of selenium (0.04 ~tg in a 20-g mouse) 
injected into mice fed a diet containing 0.14 ppm selenium but a mar- 
ginal level of vitamin E (56). At that dietary selenium intake, one would 
expect tissue glutathione peroxidase activities to be maximized, so why 
the additional bolus dose should have any protective effect is not clean 
In a later report, 5 ppm selenium in the drinking water, generally 
regarded as a toxic dose (57), improved survival of Coxsackie virus- 
infected mice fed an unspecified diet, but had no effect on myocardial 
inflammatory or necrotic lesions (58). 

Certain heavy metal poisons that have strong metabolic interactions 
with selenium, such as methyl mercury (59) or cadmium (60), also interact 
with the Coxsackie virus: methyl mercury increased the viraMnduced 
inflammatory and necrotic myocardial lesions (61) and Coxsackie virus 
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infection markedly altered the in vivo distribution of cadmium (62). These 
results suggest that three-way interactions among nutrients, toxicants, and 
infectious agents should be studied systematically under controlled condi- 
tions of exposure to each. Parizek and coworkers hypothesized more than 
25 years ago that one of the biological functions of selenium could be the 
protection of the organism against the toxicity of trace amounts of metals 
that even under "normal" conditions enter the body from the environment 
and remain (63). 

With the exception of our work showing that highly unsaturated fat 
in the form of fish oil worsens the cardiac damage caused by Coxsackie 
virus infection in vitamin E-deficient mice, relatively little work has been 
done on the effect of dietary lipid on the outcome of Coxsackie virus 
infection. Loria et al. (64) found that 97% of adult male mice fed a hyper- 
cholesterolemic test diet and infected with the Coxsackie virus B5 died, 
whereas none of the infected mice fed a control diet succumbed. How- 
ever, the test diet was a purified diet based on casein, whereas the con- 
trol diet was a crude diet (Wayne Lab Blox, Allied Mills, Chicago, IL). 
Therefore, any direct comparisons between these two diets is inappro- 
priate, since a great variety of nutritional factors would be different. 
Although the test diet contained luxus levels of vitamin E, the selenium 
content may have been limiting, depending on how much selenium was 
in the casein. The salt mix used in this study (Hegsted IV, ICN Life Sci- 
ences, Cleveland, OH) contains no added selenium, and the casein con- 
tent of the test diet was relatively low (15%) especially for a diet 
containing 20% fat. Thus, the marked difference in the mortality of the 
infected test and infected control groups could be explained by many 
nutritional variables, so that the experiment is difficult to interpret. A 
later study carried out under more carefully controlled dietary conditions 
showed that mild hypercholesterolemia had no effect on the histological 
lesions, lethality, or immune cell activity in mice infected with Coxsackie 
virus B3 (65). However, cholesterol accumulation was noted in certain 
organs, including aorta, in infected mice fed the normal diet, thereby 
suggesting a possible role for Coxsackie virus infection in the develop- 
ment of atherosclerosis. 

IMPLICATIONS FOR VIRAL DISEASES 

Thus far, our research has shown that host deficiency in either of 
two metabolically related antioxidant nutrients (vitamin E or selenium) 
causes changes in the genome of Coxsackie virus replicating within the 
host that result in increased virulence of the pathogen. At the present 
time, we simply do not know the scope of this phenomenon. That is, we 
do not know how many different deficiencies in the host might have a 
similar effect on the virus, nor do we know how many different viruses 
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might be affected by such deficiencies. However, it would seem prudent 
to keep ourselves open to all possibilities and to examine systematically 
the impact of a variety of nutritional deficits on the virulence of several 
viral pathogens. Not only would such a survey possibly provide practi- 
cal information about which deficiencies might be important in deter- 
mining resistance to disease, but theoretical insights gained thereby 
might also lead to greater understanding of the molecular mechanisms 
by which pathogen virulence is altered by changes in host nutriture. 

RNA viruses, such as the Coxsackie virus (i.e., viruses that use RNA 
as their genetic material), have the capability of evolving rapidly because 
of their high mutation rate. This high frequency of mutation is owing to 
the inherently error-prone nature of RNA synthesis, which may be 106- 
fold greater than that of the DNA synthesis that occurs in their animal, 
plant, or human hosts (66). As pointed out by Holland, this characteris- 
tic gives rise to so-called quasispecies populations in which the RNA 
viruses must be regarded as clusters of related mutants rather than as 
discrete entities (66). That is, "a particular virus, which we think of as 
homogeneous . . .  really is a statistical consensus of a genetically het- 
erogenous population, which, again, is in constant flux" (67). When the 
environmental conditions of the virus change (e.g., because of alterations 
in the level of oxidative stress owing to changes in the nutritional status 
of the host), it can be expected that a new quasispecies population will 
evolve depending on the relative adaptability and fitness of the various 
viral strains present. 

Since most plant, animal, and human viruses are in fact RNA 
viruses, the potential impact of malnutrition as a determinant of viral 
pathogenicity seems large. Even if one limits oneself to the picor- 
naviruses, the same family that includes the Coxsackie viruses, several 
diseases of human and animal interest come to mind, such as 
poliomyelitis, foot and mouth disease, and the common cold, among oth- 
ers. The heated debate surrounding the choice of the best approach to 
vaccination against poliomyelitis is an illustrative example. Currently 
recommended practice in the US is to use the "live virus" oral Sabin vac- 
cine because of its great effectiveness, rather than the "killed virus" inac- 
tivated Salk vaccine (68). Unfortunately, use of the Sabin vaccine results 
in a rare number of cases of "vaccine-associated paralytic polio," pre- 
sumably because of a back-mutation of this weakened vaccine virus to 
the more virulent wild-type. Since 1979, 130 such occurrences have been 
reported (69). Why these reversions occur in a small fraction of the vac- 
cinations is not understood, but one wonders whether improved nutri- 
tion of the host could help guard against such tragic events. 

Another situation in which it might be critical to ensure adequate 
host nutrition is during the use of viral pathogens to eradicate undesir- 
able target species. In Australia, for example, a plan was devised to 
release the Rabbit Hemorrhagic Disease Virus (RHDV) as a way of help- 
ing to control that country's large population of feral rabbits (70). How- 
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ever, fears that RHDV, a potent calicivirus, might spread to other species 
led to a delay in implementing this plan (71). Knowing now that host 
selenium deficiency can markedly alter the pathogenicity of a virus, that 
Australia has zones of low-selenium soils (primarily in Western Australia 
[72], but also in South Australia where the virus has already escaped 
[73]), and that rabbits, being herbivorous, might readily consume sele- 
nium-deficient forages, perhaps deferral of that decision was the wisest 
course of action. Rabbits are an unusual species in that, like hamsters and 
guinea pigs, they exhibit no disease signs that respond to selenium (17). 
Nonetheless, rabbits require dietary selenium for full expression of glu- 
tathione peroxidase activity and show specific signs of vitamin E 
deficiency. Perhaps the soundest approach would be to infect selenium- 
and/or  vitamin E-deficient rabbits with RHDV to see if nutritional defi- 
ciency in the host might have any effect on the properties of the virus. 

Our work shows the value of interdisciplinary approaches to 
research problems. The real world is comprised of many interacting fac- 
tors (nutrition, toxicology, infection, and others) that need to be exam- 
ined in toto. The unpredictability of metabolic interactions among 
different substances was dramatized by the recent finding that simulta- 
neous exposure to two common pesticides markedly multiplied their 
ability to act on estrogen receptors (74). Thus, such combinations of 
"environmental estrogens" may be potent enough to increase signifi- 
cantly the risk of cancer and birth defects, and this research led one high- 
ranking EPA official to declare that the results will make "synergistic 
effects a long-term research priority" for the EPA (75). Observations like 
these will not make life any easier for unifactorial experimentalists who 
study toxicants (or nutrients, infectious agents, or whatever) one-by-one, 
since these data emphasize the need to design appropriate multifactorial, 
multidisciplinary studies when complex problems are addressed. The rel- 
atively simple nutrition/virus interaction discussed here is only the first 
of many steps needed to obtain a comprehensive picture of the overall 
relationship between diet and infection, and much more interdisciplinary 
work needs to be done. 
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