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We previously studied downhill calcium
absorption in the diabetic rat (luminal con-
centration 3.4 mM, serum ionized calcium,
I-1.1 mM): Duodenal absorption by dia-
betics was half that of controls whereas ileal
absorption was normal (1). Although vitamin
D intake and absorption of fat are normal in
diabetic rats (1), we subsequently found vi-
tamin D metabolism to be abnormal: serum
concentrations of 1,25-dihydroxyvitamin D
(1,25-(OH),D) in diabetics are one-eighth the
levels in controls (2). Since 1,25-(OH):D is
the active metabolite of vitamin D that acts
directly on the gut, the depression of 1,25-
(OH).D concentration explains the decreased
duodenal calcium absorption. Unexplained is
the lack of effect of diabetes on ileal calcium
absorption, since the ileum responds to vi-
tamin D depletion and repletion (3). Since
we had studied only downhill calcium ab-
sorption and had examined diabetics during
the 5- to 10-day time span after injection (1),
it was possible that we did not detect an effect
of diabetes on ileal transport because of the
luminal calcium concentration used or the
time span after induction of diabetes selected
for study (1). We therefore examined the
effects of diabetes on duodenal and ileal cal-
cium transport early (4 days) and late (11
days) after induction of diabetes and at lu-
minal calcium concentraions below and
above serum ionized calcium.

Materials and Methods. We used male
Sprague Dawley derived rats (Simonsen
Labs, Gilroy, CA) housed in air-conditioned
quarters and fed Teklad diet (1.5% calcium;
1.3% phosphorus). Animals to be made dia-
betic received intraperitoneal streptozotocin
freshly prepared in citrate buffer, pH 4.5. The
initial dose was 100 mg/kg body wt and 24
hr later they received a second injection of 25
mg/kg. Controls received similar injections
of buffer alone. Diabetes was assessed by loss
of body weight, glycosuria and elevated fast-
ing blood glucose. To measure absorption,

rats were anesthetized with intraperitoneal
Nembutal and perfused in vivo by recirculat-
ing 10 ml of solution at a pump rate of 2.0
ml/min for 2 hr. Absorption was studied
following an overnight fast at 4 days and 11
days after injection of streptozotocin. The
first 10 cm of duodenum and last 15-20 cm
of ileum were perfused in each rat, and con-
trol and diabetic rats were always studied at
the same time. Perfusates contained 0.8 mM
calcium or 3.4 mM calcium, **Ca (12 puc/liter,
initial specific activity 2000 pCi/mg, New
England Nuclear Corp.), 165 mM NaCl, and
50 mg/1 phenol red.

At the conclusion of perfusion blood was
drawn from the inferior vena cava to measure
glucose in serum (4). The duodenal and ileal
segments were removed, measured for length,
weighed, and the mucosa scraped from the
underlying tissue. Total wet weight and total
length of the small intestine were also ob-
tained. Tissues were dried for 24 hr at 100°
in a vacuum oven and reweighed to obtain
dry weight. Calcium was measured by atomic
absorption spectrometry in test solutions and
luminal perfusates. *Ca was measured by
liquid scintillation counting (5) and phenol
red was estimated colorimetrically (6).

Calculations. Absorption is net movement
of calcium from the lumen into the animal
calculated by the equation

V[*Ca; — (“’Cay)(PRR)]
LorW
Lumen-to-plasma (LP) flux is unidirectional

movement of calcium and is calculated by the
equation (7)

Absorption =

V[*Ca; — (**Ca))(PRR)]
[(SA: + SA)/2] W

The subscripts i and f refer to initial and
final values respectively. “’Ca is calcium con-
centration in ymoles per ml, and **Ca is con-
centration of radioactive calcium in cpm per

LP flux =
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ml. V is volume perfused in ml. PRR is ratio
of initial to final phenol red concentration. L
is segment length in cm and W is dry weight
of mucosa in g. SA is specific activity of
calcium in cpm per micromole.

Statistics. Data are given as mean values
+ 1 SE. Statistical analysis between groups of
controls and diabetics was by analysis of
variance and Tukey’s multiple comparison
test (8). P values less than 0.05 are considered
significant.

Results. Mean initial body weights did not
differ among control and diabetic groups and
ranged from 187 to 199 g. Control groups
increased body wt by 7 g/day whereas dia-
betics maintained their initial body wt. Mean
serum glucose (mg%) ranged from 100 to 117
in control groups. In diabetics mean serum
glucose ranged from 240 to 334 and means of
diabetics were greater than those of controls
(p < 0.05). Mean serum calcium (mM) was
the same in control (2.50) and 4-day diabetic
groups (2.49), but was decreased (p < 0.05)
in 11-day diabetics (2.22). Mean serum inor-
ganic phosphorus (mg%) was also similar in
control (10.8) and 4-day diabetic groups
(11.9) but was increased (p < 0.05) in 11-day
diabetic groups (13.8).

Small intestinal measurements for the var-
ious groups are shown in Table 1. Total in-
testinal net weight was the same in controls
and diabetics at 4 days, but was greater in
diabetics at 11 days. Duodenal and ileal mu-
cosal weight per unit length was the same in
diabetics and controls 4 days after injection,
but at 11 days, because of greater mucosal
growth in diabetics, weight of mucosa in both
duodenum and ileum had increased in dia-
betics as compared to controls.

Absorption data for calcium shown in Ta-
ble 2 are expressed as umole/hr per cm, and

CALCIUM ABSORPTION IN DIABETES

pmole/hr per g mucosal dry weight. Absorp-
tion per unit length defines absorptive func-
tion of the segment both before and after
mucosal growth. Absorption per g dry weight
mucosa defines absorptive specific activity of
the mucosa. Duodenal net calcium absorp-
tion in diabetics was lower than in controls
independently of the way in which absorption
is expressed, concentration of calcium in the
perfusate, and time after injection. Duodenal
calcium absorption in diabetics at 11 days
was lower than in diabetics at 4 days at both
luminal calcium concentrations.

In contrast, ileal net calcium absorption
(Table II) per cm segment and per g dry
weight mucosa was similar in controls and
diabetics at 4 and 1l days with 0.8 mM
luminal calcium and at 4 days with 3.4 mM
luminal calcium. With 3.4 mM luminal cal-
cium at 11 days, mean absorption per cm was
decreased in diabetics to about half the con-
trol value, but the decrease did not quite
reach statistical significance. Absorption per
g dry weight mucosa, however, was lower in
diabetics than in controls. Lumen-to-plasma
fluxes (Table II) also tended to be decreased
in diabetics as compared with controls, but
results were not as consistent as for net move-
ments.

Discussion. These experiments confirm our
previous observation of defective downhill
duodenal calcium absorption in diabetes (1)
as a result of depressed 1,25-(OH):D (2). In
addition the studies demonstrate defective
uphill duodenal calcium transport and doc-
ument that the defect is progressive with du-
ration of diabetes: duodenal specific aborp-
tion was 51-63% of controls at 4 days and
18-24% of controls at 11 days. Despite the
increased mucosal growth in duodenum of
diabetics at 11 days (68-84% above the 4-day

TABLE 1. GrouPs OF CONTROL AND DIABETIC RATS STUDIED: SMALL INTESTINAL MEASUREMENTS. MEAN = S.E.

Calcium concentration, mM 0.8 mM 34 mM
Status Control Diabetic Control Diabetic
Time. days 4 day 11 day 4 day 11 day 4 day 11 day 4 day 11 day
Number 8 7 8 7 7 7 7 7
Total intestine
Length. cm 870+ 19 94020 86.0 + 1.4 108.0 + 1.0" 880+38 980+ 1.0 850+ 17 101.0 + 3.0
Weight. g 54+ 1.6 66+02 39+07 9.0 + 0.4" 55+ 05 58+02 49 +03 87 0.7
Mucosal dry weight, mg/cm
Duodenum 72x03 82+05 6.5+05 10.9 + 0.4¢ 6.5 +0.7 7.1+08 64 +08 11.8 + 06"
Ileum 6402 62+0.1 56 +03 8.0 + 0.4" 6.0 %05 71+05 54+02 8.6 + 0.4

“ Denotes significantly different from corresponding controls (p < 0.05).
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value as compared with a 9-14% increase in
controls), absorption per cm segment re-
mained lower in diabetics than controls.
Thus, mucosal growth was ineffective in com-
pensating for the absorptive defect. The pres-
ent study demonstrates for the first time the
development of defective ileal calcium ab-
sorption in diabetes at 11 days. This is con-
sistent with vitamin D dependence of trans-
port at both intestinal sites. Ileal calcium
transport requires longer duration of diabetes
for the defect to become evident, suggesting
greater resistance of ileal transport to vitamin
D depletion or maintenance of transport by
lower concentrations of 1,25-(OH);D. The
calcium transport response pattern of the
ileum to diabetes resembles that of the large
intestine: cecal and colonic calcium transport
are not decreased until 11-14 days of diabetes
(9). Thus, in experimental diabetes gut sites
show individual time course patterns with
respect to depression of calcium transport.
These findings on ileal calcium transport are
consistent with a role for this site in the small
intestine in calcium homeostasis.

Summary. Both uphill and downhill trans-
port of calcium per unit weight of mucosa is
decreased in duodenum of diabetic rats at 4
days of diabetes and shows a further decrease
at 11 days. Absorption per duodenal segment
is decreased in diabetics compared to controls
despite much greater mucosal growth in dia-
betics. Calcium transport is normal in ileum
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of diabetic rats at 4 days, and only downhill
transport is depressed at 11 days. Since the
decreased absorption is the consequence of
depressed 1,25-dihydroxyvitamin D in the
diabetic rat, the data suggest that the ileum is
more resistant to vitamin D depletion than
the duodenum.
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