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The significantly increased incidence of
biochemical and radiologic evidence of rick-
ets and osteomalacia in patients receiving
anticonvulsants for prolonged periods has
been adequately documented (1-3) since
the first reports of Schmid (4) and Kruse
(5). Lifshitz and MacLaren (6) in an epide-
miological study in an institution for se-
verely retarded patients have shown that the
patients on anticonvulsant drugs had lower
serum calcium and phosphate concentra-
tions and higher alkaline phosphatase activi-
ties than those with comparable motor disa-
bilities who were not receiving anticonvul-
stants. This effect was seen primarily in pa-
tients receiving both phenobarbital and di-
phenylhydantoin. Inasmuch as phenobarbi-
tal is known to induce the liver microsomal
enzymes of the cytochrome P-450 system
which hydroxylates steroids which are then
glycuronidated (7), the possibility that anti-
convulsant medication has an anti-vitamin
D effect through increasing the rate of inac-
tivation of 25-OH-vitamin D has been pro-
posed (8). MacLaren and Lifshitz (9) have
treated institutionalized patients with anti-
convulsant-associated rickets using physio-
logic amounts of 25-OH-cholecalciferol and
have demonstrated healing in patients who
WeTe unresponsive to much larger amounts
of ergocalciferol. They suggested that the
anticonvulsants interfered with 25-hydrox-
ylation by liver.

Studies in rats have suggested an addi-
tional effect of diphenylhydantoin which
might contribute to the increased vitamin D
requirement of patients on anticonvulsant
therapy. No evidence of an anti-vitamin D
action of diphenylhydantoin in rats has been
demonstrated using skeletal changes of rick-
ets (10) or hypocalcemia as an indicator
(unpublished data). However, Caspary (11)
and Koch et al. (12) have reported impair-
ment of intestinal calcium transport in rats

given diphenylhydantoin or diphenylhydan-
toin plus phenobarbital.

The present studies were designed to ex-
amine this effect and to determine whether
it could be separated from a deficiency of
the active vitamin D metabolite, 1,25-dihy-
droxyvitamin D, resulting from the action of
the anticonvulsants. The design of the ex-
periments was based on the measurement of
response of hypocalcemic, vitamin D-de-
pleted rats treated with diphenylhydantoin
and phenobarbital to physiological amounts
of vitamin D or 25-hydroxy-vitamin D using
three criteria of response: serum calcium
concentration, active transport of calcium in
vitro by everted intestinal loops, and diffusi-
bility of calcium across the intestinal wall in
vitro. The active transport of calcium in the
in vitro system is indicated by the develop-
ment of a concentration of calcium in ser-
osal fluid much higher than that in mucosal
fluid and is an energy-requiring process.
The diffusion of calcium from a higher con-
centration in the mucosal phase to a lower
concentration in the serosal phase occurs
at low temperature and in the presence of
metabolic inhibitors which block active
transport of calcium. Vitamin D increases
both diffusibility and active transport of cal-
cium across the intestinal mucosa. If a sep-
aration of the effect of vitamin D on these
two processes could be demonstrated in
the diphenylhydantoin- and phenobarbital-
treated rats, the locus of action of the anti-
convulsant drugs on calcium transport might
be further delineated. The combination of
diphenylhydantoin and phenobarbital was
used to duplicate more closely the clinical
state in man since the increased susceptibil-
ity to rickets and osteomalacia is most strik-
ing in patients receiving combinations of an-
ticonvulsant drugs usually including diphen-
ylhydantoin (6, 13).

Methods. Weanling male rats of the
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Holtzman strain were fed a vitamin D-defi-
cient diet containing 0.6% calcium and
0.5% phosphorus. On this diet, vitamin D
depletion is not associated with hypophos-
phatemic rickets but with hypocalcemia
(14). After 3 weeks on the diet the rats were
bled from the tail and serum calcium con-
centrations determined to verify the state of
vitamin D depletion. The animals were then
divided into groups. Treated rats were given
sodium diphenylhydantoin, 8 mg/100 g, and
sodium phenobarbital, 5 mg/100 g, daily by
intraperitoneal injection divided in two
doses, and treatment was continued until
the animals were killed. Control rats were
given equivalent volumes of 0.85% saline
solution intraperitoneally. The food intake
and weight gain of treated and control rats
were measured and the anticonvulsant drug
treatment did not reduce food intake or
weight gain. On the fifth day of such injec-
tion the rats were given by stomach tube
0.25 ug (625 pmoles) of ergocalciferol, cho-
lecalciferol, or 25-OH-cholecalciferol dis-
solved in propylene glycol. Groups of
treated and control rats given only solvent
were also studied. One series of treated and
control rats was given a larger dose of chole-
calciferol, 2.5 ug (6.25 nmoles). Seventy-
two hours after the steroid administration
the rats were anesthetized with sodium pen-
tobarbital and bled from the abdominal
aorta, and segments of duodenum and ileum
were taken for the measurement of active
calcium transport in vitro by an everted in-
testinal loop sytem (15). The buffer solu-
tions in the calcium transport system con-
tained 50 mequiv/liter of sodium since at
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this concentration of sodium both ileal and
duodenal transport of calcium are maximal
(16).

In another series of experiments the diffu-
sibility of calcium across the intestinal wall
was measured, also by use of everted intes-
tinal loops of duodenum or ileum. These
determinations were done at room tempera-
ture (23°). In mucosal fluid the initial con-
centration of calcium labeled with calcium-
45 was 2.5 mM, with no calcium in serosal
fluid. The accumulation of calcium-45 in
serosal fluid during a 30-min incubation was
determined. The effect of vitamin D in in-
creasing net mucosal to serosal movement
of calcium under these conditions is not
blocked by inhibition of metabolic energy
production (15, 17), and this system may
measure facilitated diffusion of calcium
across the brush border of the mucosal cell.
The treatment of the animal was the same as
in the first series of experiments. Serum
calcium concentrations were measured by
atomic absorption spectrophotometry (18)
and phosphate concentrations by the Fiske
and SubbaRow method (19).

Results. Table 1 summarizes the response
of serum calcium and phosphate concentra-
tions of diphenylhydantoin- and phenobar-
bital-injected and control vitamin D-de-
pleted rats to treatment with ergocalciferol,
cholecalciferol, and 25-OH-cholecalciferol.
Dilantin/phenobarbital administration did
not alter the concentrations of these ions in
the serum of vitamin D-deficient rats nor
did it modify the increase of serum calcium
concentration following administration of
the various forms of vitamin D. Table II

TABLE 1. SeruM CarLciuM AND PHOSPHATE CONCENTRATIONS IN CONTROL AND ANTICONVULSANT-
TREATED RATS.

No vitamin D ECe CCe cC 25-OHCCe
o vitamin (0.25 pg) (025 pg) @5 ug) (0.25 pg)
Concentration in se-
rum (mg/100 ml) c D-p C D-P C D-p C D-P C D-pP
Calcium 5.3 5.6 73 7.7 7.6 7.9 9.6 9.8 7.8 8.4
+0.20 + 0.19 = 0.56 + 0.40 +0.30 +0.13 +0.12 +0.19 +0.27 *0.23
6) (%) (6) ) (5) ) 6) (%) (5) %
Phosphorus 8.7 8.4 8.1 8.2 8.2 7.8 10.8 10.4 9.0 8.4
*0.27 * 0.35 + 0.30 + 0.30 *0.17 *0.19 + 0.25 + 0.34 +0.20 +0.25

6y (5) (6) @)

(5 ©) (6) (6) () ®

¢ EC, ergocalciferol; CC, cholecalciferol; 25-OHCC, 25-hydroxycholecalciferol.

¢ C, control, saline injected.

¢ D-P, diphenylhydantoin and phenobarbital injected.
4 Mean + SEM.

¢ (n), Number of rats in group.
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TABLE II. EFFecT OF DIPHENYLHYDANTOIN/PHENOBARBITAL ADMINISTRATION ON in Vitro TRANSPORT OF

CaLciuM BY EVERTED SEGMENTS OF RAT SMALL INTESTINE.?

. . EC CC CC 25-OHCC(0.25
N
o vitamin D (0.25 ug) (0.25 pg) 2.5 ug) 18)

Calcium C D-P C D-P C D-P C D-P C D-P
Duodenum 1.58 1.57 4.16 * 2.20 561 * 2.58 6.94 * 1.76 508 * 2.29
+0.18 *0.20 = 0.75 + (.37 +1.52 = 0.20 = 1.64 + 0.18 = 0.74 + 0.31

© @ () 5) ) ® ) © (9 )
Ileum 1.00 1.00 4.16 2.51 3.75 2.66 10.50 * 5.73 4.77 * 2.51
+*0.03 *£0.09 =*=1.27 + 0.36 = 0.61 + 045 = 1.45 + 0.63 = 0.78 + 0.34

6 @ () M 5) © (6 © (9 ©)

@ All of the data represent C,/C,, values, i.e., the ratio at the end of incubation of the concentration of ion in the
serosal fluid to that in mucosal fluid. The degree to which this ratio is increased above 1, the initial state,
represents the net mucosal to serosal transport of the ion. The incubation period for the calcium transport studies
was 90 min. The values are means = SEM. An asterisk (*) between a pair of values indicates a significant

difference (P < 0.05). (n), Number of everted loops on which mean is based.

presents the results of the active calcium
transport measurements expressed as Cy/Cy,
values. The diphenylhydantoin plus pheno-

TABLE 1II. EFFeECT OF DIPHENYLHYDANTOIN/
PHENOBARBITAL TREATMENT ON DIFFUSIBILITY OF
CALCIUM ACROSS INTESTINAL WALL in Vitro.

barbital injection did not further reduce the Calcium CcC
. . diffusion® No (0.25 ng)

low calcium transport rates in duodenum or (ug Ca/30  vitamin D
ileum of vitamin D-depleted rats. This treat- min/loop) C C D-P
ment did, however, significantly reduce the pyodenum 3.08 8.02 6.28
effect of 0.25 ug of ergocalciferol, cholecal- *0.17 * 1.00 +0.54
ciferol, and 25-OH-cholecalciferol on cal- (11) (14) (14)
cium transport by duodenum as well as the lleum 133 2.22 2.52
effect of the larger dose of cholecalciferol, £ 017 £ 0.20 £018
2.5 ug. Although ileal calcium transport 1 (14) (14)
was somewhat less in the treated rats receiv- ;. 8.6
ing 0.25 of er H : : Serum Ca 5.4 7. .

g ug gogalcnferol in comparison (mg/100 ml) = 0.16 + 024 +0.14
with controls, the differences were not sta- 11) (14) (14)

tistically significant. The decreases were sig-
nificant in the groups receiving either the
larger dose of cholecalciferol, 2.5 ug, or 25-
OH-cholecalciferol.

The results of the second type of experi-
ment in which the non-energy-requiring dif-
fusibility of calcium across the intestinal wall
was measured are shown in table III. The
diffusion of calcium into the serosal com-
partment was increased by treatment of the
vitamin D-depleted rats with 0.25 ug of
cholecalciferol, and this effect was not sig-
nificantly altered by injection of the rats
with diphenylhydantoin and phenobarbital.
In this group of rats the increase of serum
calcium concentration following vitamin D
was actually greater in the rats given anti-
convulsants than in the saline-injected con-
trols, but this was not found in the other
series of experiments.

Discussion. The significant inhibition by

@ The everted loops were incubated at 23° for 30
min.
diphenylhydantoin/phenobarbital treatment
of the vitamin D-induced increase of meta-
bolically dependent calcium transport by rat
intestine in these in vitro experiments can-
not be explained in terms of reduced con-
centrations of the active vitamin D metabo-
lite unless it is postulated that the effect of
vitamin D on active transport of calcium
requires higher concentrations of vitamin D
than its other effects. There is no inhibition
of the serum calcium raising effect of the"
steroid which also presumably involves the
formation of the active metabolite, 1,25-
diOH-cholecalciferol. The interaction of the
active vitamin D metabolite with the intes-
tinal epithelial cell is apparently not blocked
by the anticonvulsant drugs since the vi-
tamin D effect on calcium diffusibility across
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the mucosal barrier is not diminished. This
supports the observation of Koch et al. (12)
who found that treatment with diphenylhy-
dantoin reduced rat duodenal calcium trans-
port in situ but did not inhibit the vitamin D-
induced increase of calcium-binding protein
in duodenal mucosa. It is possible that the
increase of calcium diffusibility across the
intestinal wall is related to the increase of
calcium-binding protein following vitamin D
treatment. Since these two effects of vitamin
D on intestinal epithelium are not blocked
by diphenylhydantoin or the diphenylhy-
dantoin/phenobarbital combination it would
follow that the reduction of calcium trans-
port by anticonvulsants is at a more distal
stage of the calcium transport system. If it is
hypothesized that one function of vitamin
D-induced calcium-binding protein is to ac-
celerate the flow of calcium from mucosal
fluid across the brush border surface of the
epithelial cell, the inhibitory action of di-
phenylhydantoin and phenobarbital could
be on some phase of the linkage of meta-
bolic energy production with the energy-
dependent ejection of calcium at the basal
lateral surfaces of the cell. It is this latter
function which increases the concentration
of calcium in the fluid in contact with the
serosal pole of the cell. How this action of
diphenylhydantoin on intestinal calcium
transport is related to its pharmacologic ac-
tions on the central nervous system or car-
diac conduction system is only conjectural.

Addition of diphenylhydantoin in vitro to
the buffer solution in which the intestinal
loops were incubated was made to deter-
mine whether a direct inhibitory effect on
calcium transport would occur. In these ex-
periments active calcium transport was mea-
sured in everted duodenal loops from rats
given 2.5 ug of cholecalciferol 72 hr earlier.
In the treated loops, diphenylhydantoin was
added to the buffer in a final concentration
of 0.5 mM. The average C,/C,, ratios fol-
lowing 90 min of incubation were 6.78 and
6.39 for control and treated duodenal loops.
It is possible that the diphenylhydantoin did
not enter the intestinal mucosal cells during
the period of incubation or that the inhibi-
tory effect is not due to this compound but
to a metabolic derivative or to alteration of
a cellular component following prolonged
exposure to the drug.
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In man, anticonvulsant combinations such
as diphenylhydantoin and phenobarbital do
have actions on vitamin D metabolism since
there is evidence of reduced concentrations
of 25-OH-cholecalciferol in patients treated
with these drugs (20). However, Jubiz et al.
(21) have recently reported that 1,25-
diOH-cholecalciferol concentrations in the
serum of anticonvulsant-treated patients
were not reduced despite lower concentra-
tions of 25-OH-cholecalciferol. They con-
cluded that the disturbances of calcium me-
tabolism of patients treated with anticonvul-
sants cannot be explained by a deficiency of
the active vitamin D metabolite. The possi-
bility that diphenylhydantoin may reduce in-
testinal calcium absorption in man also by a
mechanism analogous to the in vitro or in
situ inhibition found in the rat remains to be
determined. If such calcium malabsorption
due to diphenylhydantoin does occur, this
could explain hypocalcemia and secondary
hyperparathyroidism in the presence of nor-
mal concentrations of 1,25-diOH-vitamin
D. Such a diphenylhydantoin action might
also be more significant in the immobile,
bedridden patient who seems to be at
greater risk for bone disease associated with
anticonvulsant medication.

Summary. The effect of combined di-
phenylhydantoin and phenobarbital admin-
istration on the response of vitamin D-de-
pleted rats to ergocalciferol, cholecalciferol,
and 25-hydroxycholecalciferol (25-OHCC)
was measured by determinations of serum
calcium and phosphate concentrations and
of intestinal transport of calcium in vitro by
everted loops of small intestine. The major
action of this anticonvulsant drug treatment
in the rat was to inhibit the action of the
various forms of vitamin D including 25-
OHCC in increasing active transport of cal-
cium by the everted intestine. The increase
of calcium diffusibility across the intestine
by vitamin D was not blocked nor was the
action of vitamin D in increasing serum cal-
cium concentrations. A specific inhibitory
effect of the anticonvulsant drugs on an en-
ergy-dependent calcium transport system in
the intestinal mucosa is suggested.
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