
Experimental Diabetes Reduces Circulating 

1,25-Dihydroxyvitamin D in the Rat 

Abstract. Duodenal calcium absorption and a vitamin D-dependent duodenal cal- 
cium-binding protein are depressed in rats with alloxan- or streptozotocin-induced 
diabetes. To test for possible abnormal vitamin D metabolism in diabetes we mea- 
sured serum concentrations of 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D in 
control, streptozotocin diabetic, and insulin-treated diabetic rats. The serum concen- 
tration of 1,25-dihydroxyvitamin D was depressed in untreated diabetic rats to one- 
eighth of the level in controls and was restored to control levels by insulin treatment. 
The serum concentration of 25-hydroxyvitamin D was the same in all three groups. 
Hence, effects of diabetes on duodenal calcium transport can be explained by re- 
duced concentrations of 1,25-dihydroxyvitamin D resulting either from failure of re- 
nal la-hydroxylation of 25-hydroxyvitamin D or increased catabolism of 1,25-dihy- 
droxyvitamin D. 

Uncontrolled experimental diabetes 
(induced by alloxan and streptozotocin) 
in the rat is associated with depressed 
duodenal calcium absorption and cal- 
cium-binding protein (1). Intestinal cal- 
cium absorption is regulated by 1,25- 
dihydroxyvitamin D [1,25-(OH)2D], the 
kidney metabolite of vitamin D that acts 
directly on the mucosal epithelial cell (2). 
Correction of subnormal duodenal cal- 
cium absorption in diabetic rats can be 
achieved by treatment with 1,25-(OH)2D 
and its synthetic precursor, la-hydrox- 
yvitamin D [la-(OH)D], but not by ei- 
ther vitamin D or its intermediary metab- 
olite, 25-hydroxyvitamin D [25-(OH)D] 
(3). Alleviation of depressed calcium ab- 
sorption is also effected by an extract of 
the South American plant Solanum 
malacoxylon (4), which has recently 
been shown to contain a glycoside of 
1,25-(OH)2D3 (5). These data suggest a 
lesion in vitamin D metabolism in diabe- 
tes, perhaps in the renal la-hydrox- 
ylation step. Furthermore, it has been re- 
ported that in humans with diabetes 
there is a significant loss of bone mass 
whether the onset of the disease occurs 
in the juvenile or the adult (6). Since 
1,25-(OH)2D is considered to be the ac- 
tive form of vitamin D at the bone (7), as 
well as the intestine, it was of interest to 
seek direct evidence for abnormal vita- 
min D metabolism in diabetes by mea- 
suring circulating concentrations of 
25-(OH)D and 1,25-(OH)2D in diabetic 
rats. 

Male albino rats of the Carworth strain 
weighing about 200 g were divided ran- 
domly into two groups. Rats to be made 
diabetic received an intraperitoneal in- 
jection of streptozotocin (Upjohn) in cit- 
rate buffer (pH 4.5); 100 mg/kg and 25 

mg/kg were administered on two succes- 
sive days, each dose in 0.5 ml of buffer. 
Control rats received buffer only. Cri- 
teria for diabetes were growth failure and 
greater than 2 percent urinary glucose 

1452 

concentrations. On day 3 after injection, 
the diabetic group was subdivided into 
two groups. One group of diabetics was 
injected with 6 international units of por- 
cine insulin (NPH, 40 unit/ml; Eli Lilly) 
for the remainder of the study, while the 
other group of diabetics and the controls 
received distilled water. All rats were 
placed in individual stainless steel me- 
tabolism cages and given free access to 
commercial laboratory chow containing 
adequate amounts of vitamin D (1.5 unit/ 
g, 2 percent Ca, 0.9 percent P; Teklad 
Mills). Food and water intake, urine vol- 
ume, and urinary glucose concentrations 
were measured daily. On day 7 of insulin 
treatment (10 days after injection), con- 
trol, diabetic, and insulin-treated diabet- 
ic rats were anesthetized by an intra- 
peritoneal injection of Nembutal (35 mg/ 
kg). 

The abdominal wall was opened by a 
midline incision and all rats were ex- 
sanguinated from the bifurcation of the 
aorta with a No. 19 butterfly needle. Se- 
rum glucose (8), calcium (by means of 
atomic absorption spectrometry), and 
phosphorus (9) concentrations were de- 
termined on each sample. For vitamin D 
metabolite determinations, serum sam- 
ples from each control, diabetic, and in- 
sulin-treated diabetic group were pooled 
randomly to produce five samples per 
group, each of which contained the se- 
rum of four or five rats. Serum concen- 
trations of 25-(OH)D and 1,25-(OH)2D 
were determined by the radioactive lig- 
and receptor assay described by Hughes 
et al. (10). Serum (approximately 15 ml) 
was utilized for triplicate assay of each 
metabolite. After the addition of 1000 
count/min each of tritiated 25-(OH)D3 
and tritiated 1,25-(OH)2D3 (6 to 8 c/ 
mmole), the sterols were extracted and 
isolated by way of a dual three-step chro- 
matography procedure (Sephadex LH- 
20, silicic acid, and micro-Celite) as de- 
tailed elsewhere (10). Final yields ranged 

from 50 to 75 percent. Although with 
these chromatographic procedures the 
25-(OH)D and 1,25-(OH)2D are proc- 
essed separately, their respective D3 
and D2 forms are not resolved. Assays 
were carried out by the competitive 
binding technique, the chick intestinal 
receptor system being used as described 
by Brumbaugh et al. (11). This receptor 
has an equal affinity for binding 1,25- 
(OH)2D3 and 1,25-(OH)2D2, and both 25- 
(OH)D3 and 25-(OH)D2 compete com- 
parably but at 500-fold higher concentra- 
tions; therefore the assay measures total 
1,25-(OH)2D and 25-(OH)D (10). The 
minimum sensitivity of the assay is 17 pg 
for 1,25-(OH)2D and 10 ng for 25-(OH)D, 
and triplicate assays result in a 10 to 15 
percent interassay variation. Preparation 
of the intestinal receptor system and the 
binding assay have been modified (12) 
since the original reports of this method 
(10, 11). 

The results (see Table 1) are expressed 
as means ? one standard error. One-way 
analysis of variance followed by the 
Tukey's multiple comparison test was 
used for determination of statistical sig- 
nificance (13). In contrast to the normal 
growth pattern observed for controls, 
diabetic rats exhibited weight loss (Table 
1, day 3). Diabetic rats treated with in- 
sulin, however, began to grow at a rate 
greater than that of controls and by day 7 
of treatment weighed the same as control 
rats (Table 1, day 10). Food intake was 
slightly greater in the diabetic (34 ? 1 g/ 
day) and insulin-treated diabetic (33 ? 1 
g/day) groups than in the control group 
(29 ? 1 g/day). Glycosuria (> 2 percent) 
and hyperglycemia of the diabetic group 
were corrected by insulin. Of particular 
interest is the finding (Table 1) that se- 
rum concentrations of 1,25-(OH)2D (14) 
were strikingly lower in diabetic rats 
than in controls and were restored to the 
normal level by insulin treatment. Since 
serum concentrations of 25-(OH)D were 
the same in all groups, the data on vita- 
min D metabolites in Table 1 are consist- 
ent with an aberration in the renal la-hy- 
droxylation of 25-(OH)D in diabetes. Se- 
rum concentrations of calcium were 
similar in control (10.3 + 0.1 mg/dl), dia- 
betic (10.2 ? 0.2 mg/dl), and insulin- 
treated diabetic (10.2 ? 0.1 mg/dl) 
groups. Serum phosphorus was also sim- 
ilar in control (7.2 ? 0.2 mg/dl), diabetic 
(7.6 + 0.5 mg/dl), and insulin-treated 
diabetic (6.9 ? 0.2 mg/dl) groups. 

Our data indicate an abnormality in vi- 
tamin D metabolism in uncontrolled dia- 
betes in the rat. Previous studies showed 
that depressed duodenal calcium absorp- 
tion could be corrected by treatment 
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with 1,25-(OH)2D, la-(OH)D, S. mala- 
coxylon extract, or insulin (3, 4, 15). Nei- 
ther 25-(OH)D nor vitamin D produced a 
transport effect in diabetes (3). These 
studies imply a defect in the la-hydrox- 
ylation step of vitamin D metabolism. 
The 1,25-(OH)2D3-glycoside of S. mala- 
coxylon is glycolytically cleaved to yield 
the active sterol in vivo (16), and la- 
(OH)D requires hydroxylation by the liv- 
er for activity (17); therefore, both com- 
pounds are active in repairing depressed 
calcium absorption in diabetes without 
the requirement for renal metabolism to 
produce 1,25-(OH)2D, which acts direct- 
ly on the intestinal mucosal cell. Our 
study demonstrates that correction by 
insulin of calcium absorption in diabetes 
(15) is through restoration of depressed 
1,25-(OH)2D. 

That the untreated diabetic rat is 
stressed with respect to maintenance of 
calcium homeostasis is consistent with 
the finding that the concentration of se- 
rum immunoreactive parathyroid hor- 
mone (IPTH) in diabetics increases to 
double that in controls (18). The in- 
creased concentration of IPTH is most 
probably secondary to calcium malab- 
sorption resulting from the decreased 
concentrations of 1,25-(OH)2D. The fact 
that serum calcium is not depressed in 
diabetes is most probably the result of 
this compensation by increased para- 
thyroid function, rather than mobiliza- 
tion of calcium from bone by the normal 
levels of 25-(OH)D. Because parathyroid 
hormone promotes la-hydroxylation of 
25-(OH)D, the depressed 1,25-(OH)2D in 
the face of increased IPTH rules out 
parathyroid insufficiency as the cause for 
the decrease in 1,25-(OH)2D. 

The etiology of abnormal vitamin D 
metabolism in diabetes, which results in 
decreased serum concentrations of 1,25- 
(OH)2D, is unknown. Our study shows 
that hepatic 25-hydroxylation of vitamin 
D is not affected by the disease. Because 
1,25-(OH)2D concentrations are very 
low, depressed la-hydroxylation by the 
kidney or increased destruction of 1,25- 
(OH)2D would explain the findings. 
Long-standing diabetes (6 months) in- 
duced by streptozotocin in the rat is as- 
sociated with a nephropathy that is the 
result of the diabetic state rather than the 
drug per se (19). Our data at 10 days 
were obtained prior to these changes; we 
found that the serum concentration of 
creatinine was normal and that the con- 
centration of urea nitrogen in the serum 
was only slightly increased even after 
feeding (15). Therefore, it is unlikely that 
the depressed 1,25-(OH)2D in our experi- 
ments was the result of renal impair- 
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Table 1. The body weights and concentrations of glucose, 25-(OH)D, and 1,25-(OH)2D in the 
serums of matched control, diabetic, and insulin-treated diabetic rats. The data are expressed as 
means ? one standard error. 

No. Body weight (g) Serum 
of .Glucose 25-(OH)D* 1,25-(OH)2Dt rats Initial Day 3 Day 10 (mg/dl) (ng/ml) (ng/dl) 

Control rats 
25 225 ? 3 248 + 3 285 + 4 200+ 3 8.7 ?+ 0.8 6.7 + 0.5 

Diabetic rats 
24 232 ?+ 2 208 + 3t 201 ? 5t? 679 + 24t? 8.3 ? 0.8 0.8 ? 0.2t? 

Insulin-treated diabetic rats 
24 227 + 3 205 + 3t 284 + 3 81 ? 8t 8.9 ?+ 0.8 6.0 ?+ 0.9 

*Mean of four analyses in triplicate; for each analysis serums from four or five rats were pooled. tMean of 
five analyses in triplicate; for each analysis serums from four or five rats were pooled. tDiffers significant- 
ly from control at P < .05 level. ?Differs significantly from insulin-treated diabetic at P < .05. 

ment, particularly in view of the reversal 
of the depression that was brought about 
by insulin. On the other hand, it is pos- 
sible that insulin itself acts directly at the 
kidney to maintain and modulate the la- 
hydroxylase enzyme. Because la-hy- 
droxylase cannot be assayed in the rat 
(20), further kinetic studies on the turn- 
over and utilization of 1,25-(OH)2D in 
the diabetic state must be conducted be- 
fore one of these two alternative expla- 
nations, depressed la-hydroxylation 
or increased destruction, can be elim- 
inated. 

Several other explanations for the re- 
duction in 1,25-(OH)2D concentrations in 
the diabetic rat should be considered. 
First, because circulating 1,25-(OH)2D is 
transported by a binding protein (21), 
proteinuria in the diabetic rat could 
decrease the concentrations of 1,25- 
(OH)2D in the serum. However, protein- 
uria in the diabetic rat is mild even after 9 
months of diabetes (19). In addition, 
since 25-(OH)D and 1,25-(OH)2D are 
both transported by the same carrier pro- 
tein (21), which is ordinarily only 1 to 3 
percent saturated with ligand (22), and 
since 25-(OH)D levels are normal in dia- 
betes, the greatly depressed 1,25-(OH)2D 
levels are unlikely to be caused by deple- 
tion of binding protein. Second, since 
rats with diabetes induced by strepto- 
zotocin are not acidotic (23), no acid- 
base imbalance that might alter the for- 
mation or metabolism of 1,25-(OH)2D is 
present. Third, the short half-life of 
streptozotocin rules out a direct effect of 
the drug on the la-hydroxylase at the 
time of our study. Streptozotocin tox- 
icity would be unlikely to be reversed by 
treatment of the rat with insulin. Finally, 
diabetic rats also have adrenal hyper- 
function (24) and this might alter vitamin 
D metabolism because glucocorticoids 
depress calcium absorption (25). How- 
ever, since glucocorticoid treatment in- 
creases the serum concentration of 1,25- 

(OH)2D in the rat (26) and in man (27), 
the low levels of 1,25-(OH)2D are unlike- 
ly to be related to adrenal hyperfunction. 
In addition, cortisone treatment of the 
rat does not alter the conversion of 25- 
(OH)D to the 1,25-dihydroxy metabolite 
or the localization of the metabolite in 
the mucosa (28). 

Alteration of vitamin D metabolism in 
uncontrolled diabetes in the rat can be 
extrapolated to the diabetic condition in 
humans only with caution. However, 
there are several observations that war- 
rant consideration in this regard. For ex- 
ample, bone formation has been shown 
to be decreased in human diabetes (29). 
In addition, human diabetics of both sex- 
es have significant osteoporosis when 
compared with age-matched controls (6, 
30), and they exhibit clinical com- 
plications of osteoporosis such as verte- 
bral body and femoral neck fractures 
(31). Vitamin D metabolism should 
therefore be assessed in human diabetes, 
especially in view of the decreased circu- 
lating concentrations of the hormonal 
form of the vitamin here reported for a 
diabetic animal model. 
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strain fi-om man were first isolated from 
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Serological studies have shown that 
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in man in 1968 prior to infection of pigs 
with this virus (2, 3). The detection of an- 
tibodies to Hong Kong influenza virus in 
pigs in widely separated parts of the 
world-Germany, Hungary, Great Brit- 
ain, United States, and Taiwan (2, 3, 4)- 
suggests either that this virus spreads rap- 
idly in pigs or, more likely, that multiple 
transmissions from man to pigs have oc- 
curred. The Hong Kong/68 influenza vi- 
rus caused no overt signs of disease in 
pigs, and experimental transmission to 
contact animals could only be demon- 
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strated serologically (1, 3). Serological 
and virus isolation studies since 1972 in- 
dicate that the A/England/42/72 and the 
A/Port Chalmers/l/73 variants of Hong 
Kong/68 influenza virus have also been 
transmitted to pigs and avian species (5, 
6). There has been no evidence to date 
that the Hong Kong strains have been 
maintained in the pig populations of the 
world. 

We now describe (i) the character- 
ization of A/Hong Kong/l/68--like and A/ 
Victoria/3/75-like influenza viruses iso- 
lated from pigs in Hong Kong in 1976 and 
(ii) experimental transmission studies of 
these viruses in pigs. In man, the A/Hong 
Kong/1/68 variant of influenza virus has 
been superseded by the England, Port 
Chalmers, Scotland, and Victoria strains 
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Table 1. Identification of influenza viruses isolated from pigs in Hong Kong in May 1976 by 
hemagglutination inhibition. Postinfection ferret serums were provided by the Center for Dis- 
ease Control Atlanta; the serums were treated with receptor-destroying enzyme and tested in 
HI assays with four agglutinating doses of virus as described (8). 

HI titers with postinfection serums to: 

Hong Eng- Port Scot- Victo- Sw/ Sw/ 
Virus Kong/ land/ Chal- land/ ria/ HK/ HK/ 

68 72 mers/ 74 75 3/76 4/76 
(F)* (F) (F) (F) (F) (P)* (P) 

A/Hong Kong/1/68 6,000 1,600 300 200 560 160 <20 

A/England/42/72 1,000 18,000 2,000 400 560 40 <20 

A/Port Chalmers/1/73 150 2,000 2,000 400 300 20 20 

A/Scotland/840/74 <20 300 560 2,000 150 20 <20 

A/Victoria/3/75 <20 640 4,500 150 18,000 <20 640 

A/swine/HK/3/76 2,500 6,400 300 150 500 160 <20 

A/swine/HK/4/76 <20 300 1,000 <20 4,500 <20 320 

*F = ferret serums, P = postinfection pig serums. The figures represent the reciprocals of the serum dilu- 
tions inhibiting three out of four agglutinating doses of virus. 
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Persistence of Hong Kong Influenza Virus Variants in Pigs 

Abstract. The A/Hong Kong/1/68 (H3N2) influenza virus which has not been iso- 
lated from man for several years, was recently isolated from pigs in Hong Kong. 
Influenza viruses similar to A/Victoria/3/75, which are currently circulating in man, 
were also isolated from pigs. Both above-mentioned viruses could be transmitted 

readily from pig to pig in experimental studies. The isolation of influenza viruses 
similar to A/Hong Kong/68 from pigs in 1976 suggests that pigs may serve as a 

potential reservoir for future human pandemics as well as a possible source of genetic 
information for recombination between human and porcine strains of influenza virus. 
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