
chromosomes and 6.4 pg or more DNA 
per nucleus. The simplest interpretation 
of these findings, in view of the albumin 
phylogeny, is that there was a dupli- 
cation of the genome (accompanied by a 
small number of chromosomal rearrange- 
ments) in the common ancestor of the X. 
laevis group, as indicated in Fig. 1 (25). 
Thus the Xenopus species commonly 
used for molecular studies of devel- 
opment and genome organization prob- 
ably are tetraploid, that is, have two 
pairs of genes for every function. Al- 
though this finding may surprise those 
who study genome organization in Xe- 
nopus, it will not surprise herpetologists, 
who are beginning to recognize that poly- 
ploidy is rather common in frogs of sever- 
al families (26). 

The duplication event referred to in 
Fig. 1 evidently occurred so long ago 
that evolutionary divergence has taken 
place between the duplicated genes. The 
complex electrophoretic patterns ob- 
served for the enzymes lactate dehy- 
drogenase, malate dehydrogenase, and 
superoxide dismutase in X. laevis and X. 
borealis (27) are consistent with this pos- 
sibility. While the existence of duplicate 
genes may complicate attempts to study 
the molecular basis of development in 
Xenopus, biologists now have a good op- 
portunity for the molecular study of evo- 
lutionary aspects of gene duplication in a 
laboratory animal. 
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Female New Zealand black by New 
Zealand white F1 (NZB/W) mice develop 
an autoimmune disease characterized by 
immune complex glomerulonephritis, an- 
tibodies to DNA and RNA, lupus ery- 
thematosus (LE) cells, and shortened life 
expectancy (1). These findings are also 
seen in human systemic lupus erythema- 
tosus (SLE). Although genetic, immuno- 
logic, and hormonal factors have been 
implicated in the pathogenesis of this dis- 
order, recent studies suggest that viruses 
may be causative agents of autoimmune 
disease in both animals and man (2). 
These studies indicate that a new ap- 
proach to the therapy of immune com- 
plex disease might be directed against 
viral infection. We therefore studied the 
effect of several antiviral drugs and an 
immunostimulatory drug on the natural 
history of NZB/W lupus. 

NZB/W female mice (152, aged 20 
weeks), already manifesting autoimmu- 
nity were randomly selected to receive 
intraperitoneal injections of one of the 
following drugs: ribavirin (1-,f-D-ribofu- 
ranosyl-1,2,4-triazole-3-carboxamide) at 
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a dose of 250 mg/kg twice weekly; ara-A 
(9-/3-D-arabinofuranosyladenosine) at a 
dose of 600 mg/kg twice weekly; phos- 
phonoacetic acid at a dose of 750 mg/ 
kg five times weekly; and levamisole 
(L-2,3,5 ,6-tetrahydro-6-phenylimidazo- 
[2,lb]-thiazole-HCl) at a dose of 10 mg/ 
kg twice weekly, or normal saline twice 
weekly. 

Drug dosages were based on previous 
short-term studies that suggested that 
the above schedule would be relatively 
nontoxic while still demonstrating antivi- 
ral activity (3). Levamisole was included 
in the therapy groups because of its abili- 
ty to stimulate immune responses and 
the suggestion of usefulness in rheuma- 
tological disorders (4). Treatment was 
started at 20 weeks of age when demon- 
strable immune-complex deposition in 
the kidneys and circulating antibodies to 
nucleic acid are present, thus making the 
experimental system analogous to clini- 
cal situations. 

All mice were followed for the devel- 
opment of antibodies to DNA, protein- 
uria, and for survival. The protein con- 
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established lupus nephritis. Ribavirin was effective in prolonging survival, reducing 
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Fig. 1. The effect of antivi- 
ral therapy on survival of 
NZB/W F1 female mice. D1, 
Ribavirin treatment; ?, 
phosphonoacetic acid treat- 
ment; V, levamisole treat- 
ment; A, saline control; 0, 
ara-A treatment. 

Table 1. Effect of antiviral agents on proteinuria and antibodies to DNA in NZB/W F1 mice. 

Therapy group: 
Age 

(months) Ara-A Levamisole Phosphono- Ribavirin Saline 
acetic acid 

Proteinuria* 
5 0/30 (0%) 1/30 ( 3%) 0/30 ( 0%) 0/29 ( 0%) 0/32 ( 0%) 
7 0/25 (0%)t 4/22 (18%)t 13/28 (46%) 10/29 (34%)t 21/31 (68%) 
9 0/15 (0%)t 9/20 (45%) 14/26 (53%) 4/27 (15%)t 17/24 (71%) 

11 0/7 (0%)t 11/17 (65%) 11/17 (65%) 0/26 ( 0%)t 8/13 (62%) 
12 0/5 (0%)t 5/10 (50%) 6/13 (46%) 0/25 ( 0%)t 5/9 (56%) 

Antibodies to DNAt 
7 64 ? 3% 55 + 3% 52 + 2% 44 + 2%? 59 ?+ 2% 

*Animals with urinary protein concentration greater than 100 mg/dl per number surviving. tP < .05 com- 
pared to the saline control by chi-square analysis. tExpressed as percent binding ? S.E.M. ?P < .05 
compared to saline control by Student's t-test. 

centration of freshly expressed urine was 
measured with tetrabromphenol paper 
(Albustix). Serum antibodies to native 
DNA were detected by a modified Farr 
assay (5) at 7 months of age. 

Median survival was prolonged in 
mice receiving ribavirin as compared to 
groups of mice on other treatments and 
control mice (Fig. 1). In control NZB/W 
mice the median survival was 10 months, 
with a 26 percent survival at 12 months. 
Ribavirin therapy was associated with a 
12-month survival of 86 percent (P < .01 
by Wilcoxon analysis). Levamisole and 
phosphonoacetic acid both modestly pro- 
longed median survival to 11.4 and 11.6 
months, respectively. However, this pro- 
longation was not statistically significant 
by Wilcoxon analysis. Treatment with 
ara-A shortened median survival to 9 
months and reduced 12-month survival 
to 17 percent. 

The development of proteinuria with 
time is shown in Table 1. Animals receiv- 
ing ara-A remained without proteinuria 
throughout the entire study. The in- 
cidence of proteinuria in the ribavirin- 
treated group was 34 percent in animals 
at 7 months, and there was no protein- 
uria at 11 months; between 7 and 12 
months the percentage of control mice 
with proteinuria was constant, whereas 
the groups treated with levamisole and 
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phosphonoacetic acid showed increased 
protein excretion. 

Determination of antibodies to native 
DNA revealed a significant decrease in ti- 
ter in the ribavirin-treated mice at 7 
months of age (Table 1). Other treatment 
groups showed no consistent change in 
antibodies from 7 to 11 months. Control 
animals had the characteristic increase in 
binding levels of antibody to DNA until 8 
months of age; after this time there was a 
decrease in mean titer among the survi- 
vors (6). 

Our study was designed to determine 
the efficacy of selected antiviral agents 
and an immunostimulatory drug in pro- 
longing life in NZB/W mice. The results 
demonstrate the usefulness of ribavirin 
in prolonging survival, reducing protei- 
nuria, and decreasing the titer of anti- 
bodies against native DNA. Mice treated 
with ribavirin displayed a regression of 
established proteinuria in a significant 
number of animals; the explanation for 
this phenomenon remains to be deter- 
mined. Levamisole and phosphonoacetic 
acid did not appreciably alter the natural 
history of immune-complex glomerulo- 
nephritis, and ara-A treatment was asso- 
ciated with shortened survival even 
though it prevented proteinuria. It is diffi- 
cult to compare drug efficacy in long- 
term studies because of the absence of 

data on long-term toxicity and dosage. 
Therefore, the negative results in the oth- 
er therapy groups may be the result of 
dosage schedules and not of drug activi- 
ty. 

Within the limits of our study, ribavi- 
rin is an effective drug in altering the nat- 
ural history of immune-complex glomeru- 
lonephritis and prolonging survival in 
NZB/W female mice. It has been sug- 
gested that ribavirin may have direct an- 
titumor properties (7) and may be immu- 
nosuppressive in other systems (8). How- 
ever, treatment of both NZB/W and 
BALB/c mice with the above ribavirin 
schedule for 1 month failed to depress se- 
rum antibody response to sheep red 
blood cells or an aqueous solution of 
polyinosinic acid . polycytidylic acid, 
and also failed to alter primary rejection 
of skin allografts from C57B 1/6 mice. 
Since the incidence of tumor devel- 
opment in our control animals is less 
than 5 percent (9), the prolonged survival 
seen with ribavirin cannot be attributed 
to antitumor action. The exact mecha- 
nism of ribavirin action in this disease 
process has not been demonstrated, but 
there is no evidence to support its role as 
an immunosuppressive agent. Because 
of ribavirin's definite antiviral activity in 
vivo and in vitro against both RNA and 
DNA viruses in other systems (10), its 
effectiveness in a disease having a 
suggested viral pathogenesis offers new 
investigational possibilities for SLE 
and other diseases with similar patho- 
genesis. 
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Acrodermatitis enteropathica (AE) is 
an autosomal recessive inherited dis- 
order characterized by severe skin le- 
sions on the extremities and around body 
openings, alopecia, and diarrhea (1). The 
onset of symptoms of AE usually occurs 
when such infants are weaned from hu- 
man breast milk to cow's milk (1-3). The 
therapeutic value of human milk in this 
disorder has been known for a long time 
(2). Moynahan and Barnes (4) have re- 
ported low levels of zinc in the plasma of 
AE patients and the successful treatment 
of the disorder with oral zinc, resulting in 
an increase in the levels of zinc in the 
plasma and subsequent clearing of epi- 
dermal lesions. 

Human milk generally contains less 
zinc than bovine milk, with the zinc con- 
centrations of both decreasing progres- 
sively throughout lactation (5, 6). Since 
the zinc concentration of human milk is 
generally lower than that of cow's milk 
we postulated that the zinc in human 
milk must be present in a form different 
from that found in cow's milk, and pre- 
dicted that it contains a specific zinc- 
binding ligand not present in the bovine 
milk. To test this hypothesis we have 
separated both human and bovine milk 
by gel filtration to determine the associa- 
tion of zinc with protein fractions in the 
two species. 

Fresh samples of human (N = 5) and 
Holstein cow's (N = 5) milk were 
cooled at 4?C and centrifuged at 10OOg 
for 5 minutes to separate the fat. The 
zinc content of the fat-free cow's milk 
was 4.22 ? 0.37 /Lg/ml (S.E.M.) with a 
range of 3.56 to 4.80 ,tg/ml compared to 
0.97 ? 0.29 ,tg/ml with a range of 0.27 to 
2.05 tzg/ml for the human samples. 

Fat-free samples were diluted with an 
equal volume of 13 mM tris buffer, pH 
7.4, and chromatographed on a Seph- 
arose 2B column (50 by 2.6 cm). Frac- 
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tions obtained by gel filtration were as- 
sayed for protein by the method of War- 
burg and Christian (6) and for zinc by 
means of a Unicam SP 90 atomic absorp- 
tion spectrophotometer. 

Representative elution patterns from 
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Fig. 1. Representative elution patterns of bo- 
vine milk (a, c, and e) and human milk (b, d, 
and f) separated by gel filtration. Fat-free 
samples were applied to a Sepharose 2B col- 
umn, and fractions containing zinc (brack- 
eted) (a and b) were pooled, concentrated by 
lyophilizing, and applied to a Sephadex G-200 
column. Fractions containing zinc eluted from 
the Sephadex G-200 column (bracketed) (c 
and d) were pooled, concentrated by lyophiliz- 
ing, and applied to a Sephadex G-75 column. 
(a and b) Sepharose 2B column (2.6 by 50 cm), 
13 mM tris buffer, pH 7.4, 2 ml per fraction; (c 
and d) Sephadex G-200 column (2.0 by 50 
cm), 13 mM tris buffer, pH 7.4, 1 ml per 
fraction; (e and f) Sephadex G-75 column (1.5 
by 50 cm), 13 mM tris buffer, pH 7.4, 1 ml 
per fraction. Symbols: 0--, zinc; 0....... 
protein. 
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gel filtration of bovine and human milk 
on Sepharose 2B are shown in Fig. 1, a 
and b. In cow's milk, zinc was associat- 
ed with the fractions of higher molecular 
weight, whereas zinc in human milk was 
associated with the fractions of lower 
molecular weight. In order to observe 
whether the major zinc-binding peak of 
human milk was present in cow's milk 
but was masked by the large zinc-con- 
taining peak of the fractions of higher mo- 
lecular weight, zinc-containing fractions 
(Fig. 1) were concentrated and chromato- 
graphed again on a Sephadex G-200 col- 
umn (50 by 2.0 cm). The pooled gel-fil- 
tration fractions of cow's milk were 
eluted, resulting in a large zinc peak at 
void volume and four small zinc peaks 
(Fig. 1 c). The major zinc-containing frac- 
tion of human samples eluted from Seph- 
arose 2B were similarly chromato- 
graphed again on Sephadex G-200. Zinc 
was eluted in two broad peaks (Fig. ld), 
but the second peak (fractions 130 to 
150) varied directly with the amount of 
zinc in the original fat-free sample. 

These zinc-containing fractions from 
human samples and the corresponuing 
cow's milk fractions (Fig. 1, c and d) 
were further purified by gel filtration on a 
Sephadex G-75 column (50 by 1.5 cm). 
The zinc in both bovine and human sam- 
ples separated into two peaks (Fig. 1, e 
and f). The elution patterns showed large 
peaks in both samples, but, surprisingly, 
they were of different composition. The 
large protein peak in cow's milk samples 
was associated with a small quantity of 
zinc, whereas, conversely, the large zinc 
peak in human samples, with a slightly 
smaller elution volume, was associated 
with only a small protein peak. To en- 
sure that the zinc was tightly bound in 
samples from both human and bovine 
peaks, fractions were dialyzed for 22 
hours against 13 mM tris buffer, pH 7.4, 
containing 10 mM EDTA and rechro- 
matographed on Sephadex G-75. The 
zinc remained bound to both ligands, and 
elution volumes were nearly identical to 
those obtained prior to dialysis. After ad- 
ditional purification of the low-molecu- 
lar-weight zinc-binding ligand on DEAE- 
cellulose, the molecular weight was esti- 
mated by gel filtration on Bio-Gel A-5m 
(6M guanidium chloride, pH 7.0) to be 
8700. Insulin (chains A and B), trypsin in- 
hibitor, ribonuclease, myoglobin, chy- 
motrypsinogen, and ovalbumin were 
used as marker proteins (7). 

The demonstration of a difference in 
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The demonstration of a difference in 
zinc binding between human and cow's 
milk supports our hypothesis that there 
is a difference in the association of zinc 
to milk components in the two species. 
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associated with high-molecular-weight fractions, whereas zinc in human milk was 
associated with low-molecular-weight fractions. A species difference in zinc-binding 
ligands may explain why symptoms of the genetic disorder of zinc metabolism, acro- 
dermatitis enteropathica, can be alleviated by feeding human but not cow's milk. 
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