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Correction of Enhanced Na+-H+ Exchange of Rat
Small Intestinal Brush-Border Membranes in Streptozotocin-induced
Diabetes by Insulin or 1,25-Dihydroxycholecalciferol
Pradeep K. Dudeja, Ramesh K. Wali, Alan Klitzke, Michael D. Sitrin, and Thomas A. Brasitus
Department of Medicine, University of Chicago, Chicago, Illinois 60637

Abstract

Diabetes was induced in rats by administration of a single i.p.
injection of streptozotocin (50 mg/kg body wt). After 7 d, dia-
betic rats were further treated with insulin or 1,25-dihydroxy-
cholecalciferol [1,25(0H)2D3J for an additional 5-7 d. Control,
diabetic, diabetic + insulin, and diabetic + 1,25(OH)2D3 rats
were then killed, their proximal small intestines were removed,
and villus-tip epithelial cells were isolated and used to prepare
brush-border membrane vesicles. Preparations from each of
these groups were then analyzed and compared with respect to
their amiloride-sensitive, electroneutral Na+-H+ exchange ac-
tivity, using 22Na uptake as well as acridine orange techniques.

The results of these experiments demonstrated that (a) H+
gradient-dependent 22Na uptake as well as Na+ gradient-de-
pendent transmembrane H+ fluxes were significantly increased
in diabetic vesicles compared to their control counterparts, (b)
kinetic studies demonstrated that this enhanced 'Na uptake in
diabetes was a result of increased maximal velocity (V.,.) of
this exchanger with no change in apparent affinity (K.) for
Na+, (c) serum levels of 1,25(OH)2D3 were significantly lower
in diabetic animals compared with their control counterparts;
and (d) insulin or 1,25(OH)2D3 treatment restored the V.,
alterations to control values, without any significant changes in
K., concomitant with significantly increasing the serum levels
of 1,25(OH)2D3 in diabetic animals. These results indicate that
Na+-H+ activity is significantly increased in proximal small
intestinal luminal membranes of streptozotocin-induced dia-
betic rats. Moreover, alterations in the serum levels of
1,25(0H)2D3 may, at least in part, explain this enhanced anti-
porter activity and its correction by insulin. (J. Clin. Invest.
1991. 87:1755-1762.) Key words: antiporter - diabetes mellitus
* sodium-hydrogen ion exchange - streptozotocin- vitamin D

Introduction

Chemically induced diabetes mellitus has been shown to be
associated with a number of structural abnormalities in the
mammalian small intestine, such as hypertrophy (1), as well as
several functional alterations, including enhancement of the
uptake of hexoses (2), various amino acids (3), bile salts (4), as
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well as sodium (5, 6). Insulin therapy, moreover, has been re-
ported to correct many of these intestinal alterations associated
with diabetes, including sodium absorption (5, 6). Although it
has been postulated that this increased sodium absorption ob-
served in diabetes may be an adaptive response to excess loss of
urinary sodium as a result of osmotic diuresis produced by
glycosuria (6), to date, the mechanism(s) underlying this intes-
tinal phenomenon in this pathological state remain(s) enig-
matic.

In this regard, recent studies in renal proximal tubular
brush-border membrane vesicles isolated from streptozotocin-
induced diabetic rats have demonstrated an increase in elec-
troneutral amiloride-sensitive, Na'-H' exchange activity in
these preparations compared to their control counterparts,
which was partially corrected by insulin administration (7, 8).
Since this ubiquitous transporter(s) has been implicated in a
number of diverse physiological processes, including cellular
proliferation (reviewed in reference 9), these authors suggested
that this enhanced Na'-H' exchange might underlie known
complications of the diabetic state such as renal hypertrophy
(7, 8).

This carrier-mediated exchange process has also been
shown to exist in the apical membranes of the mammalian
small and large intestine and plays an important role in elec-
troneutral sodium absorption in these organs (10-16). In the
small intestine, this exchanger has been clearly documented in
the apical membranes of the villus cells, however, its presence
on the apical membranes of crypt cells is uncertain (17). Re-
cent studies in both the large and small intestine have demon-
strated that the activity of this antiporter is subject to hormonal
regulation (18-21). For example, apical membranes isolated
from colonocytes of rats treated with dexamethasone (18) ex-
hibited increased Na+-H' exchange activity, whereas, estradiol
treatment decreased this exchange process (19). Additionally,
previous studies in our laboratory (20) and others (21) have
demonstrated modulation of Na'-H' exchange by 1,25-dihy-
droxycholecalciferol [1 ,25(OH)2D3] in CaCo-2 and chick small
intestinal cells, respectively. These latter findings are particu-
larly interesting in view of earlier studies (22), which docu-
mented a decrease in the serum levels of 1,25(OH)2D3 in ani-
mals administered streptozotocin, secondary to decreased
renal 1-hydroxylation. Insulin therapy, moreover, has been
shown to correct these alterations in 1,25(OH)2D3 in diabe-
tes (22).

Based on the above observations, in the present experi-
ments it was, therefore, of interest to determine whether Na'-
H+ exchange activity was altered in brush-border membrane
vesicles prepared from the proximal intestinal villus cells of
streptozotocin-induced diabetic rats as well as to explore the
possible factor(s) responsible for such alterations, including the
vitamin Dstatus of these animals. The present results as well as
a discussion of their physiological relevance in this experimen-
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tal model of diabetes mellitus serve as the basis for the present
report.

Methods

Materials. 1,25(OH)2D3 was kindly provided by Dr. M. R. Uskokovic,
Hoffman-LaRoche, Inc., Nutley, NJ. A 1,25(OH)2t3 radioreceptor as-
say kit was acquired from Incstar Corp., Stillwater, MN. Streptozotocin
(2-deoxy-2-[([methyl-nitrosoamino]carbonyl)amino]-D-glucopyra-
nose), N-methyl-D-glucamine, -gluconic acid lactone, sodium gluco-
nate, acridine orange, valinomycin, nigericin, and amiloride hydrochlo-
ride were from Sigma Chemical Co., St. Louis, MO. Stock solutions of
N-methylglucamine gluconate (N-MGG)' were made by titrating 1 M
N-methyl-D-glucamine with solid D-gluconic acid lactone. Iletin II puri-
fied pork insulin (500 U/ml) was a generous gift from Eli Lilly & Co.,
Indianapolis, IN. Mini-osomotic pumps (model 2001) were obtained
from Alzet Corp., Palo Alto, CA. [3H]Thymidine (20 Ci/mmol) and
22Na (24.1 Ci/mmol) were obtained from NewEngland Nuclear, Bos-
ton, MA. All other materials were obtained from Sigma Chemical Co.
or Fisher Scientific Co., Springfield, NJ, and were of the highest purity
available.

Induction of experimental diabetes and administration of insulin
and J,25(OH)2D3. Male Lewis rats (250-300 g body wt; Charles River
Breeding Laboratories, Inc., Wilmington, MA) were divided into two
groups. Diabetes mellitus was induced in one of the groups by the single
intraperitoneal injection of streptozotocin (50 mg/kg body wt in 0.9%
NaCl), while the control group received the vehicle alone. The diabetic
rats were further subdivided into insulin-treated, 1,25(OH)2D3-treated,
or nontreated groups. Insulin-treated diabetic rats received 4-6 U per
day of Iletin II pork insulin by subcutaneously implanted osmotic
mini-pumps for 5-7 d beginning 7 d after streptozotocin administra-
tion (23). 1,25(OH)2D3-treated diabetic rats were injected subcutane-
ously with calcitriol (dissolved in 5%ethanol in propanediol) at a daily
dose of 10 ng/ 100 g body wt for 5-7 d, beginning 7 days after streptozo-
tocin administration. Previous studies from our laboratory have shown
that this dose was physiologic as it did not overcorrect Ca and P absorp-
tion in vitamin D-deprived rats (24). The streptozotocin-treated rats
were periodically analyzed for glycosuria and were eliminated from the
study if they did not show at least 1%glycosuria at all times. Tail vein
blood was used to monitor glucose levels using the Glucoscan 2000
(Lifescan Inc., Mountain View, CA). Only those insulin-treated rats in
which the blood glucose levels stabilized at 140±20 (mg/dl) for at
least 3 d before sacrifice were used in the present experiments. Serum
1,25(OH)2D3 levels were assayed by a nonequilibrium competitive pro-
tein-binding assay based on a thymus receptor, using a kit and proce-
dure supplied by Incstar Corp.

Isolation of villus enterocytes. Control, diabetic, insulin-treated dia-
betic, and 1,25(OH)2D3-treated diabetic rats were fasted for 16 h with
water ad lib. before sacrifice. Animals were killed by rapid cervical
dislocation, the proximal half of their small intestines was quickly re-
moved, their wet weights were determined, and nine fractions of enter-
ocytes along the crypt-villus axis were sequentially harvested using a
technique which combines chelation of divalent cations with mild me-
chanical dissociation as previously described (25, 26). For each prepara-
tion two or three animals in each group were used. Fractions 1-3,
representing villus-tip cells were pooled for these experiments. Prepara-
tions from each of the different experimental groups were comparable
with respect to sucrase specific activity and [3H]thymidine incorpora-
tion into DNA, indicating similar populations of mature enterocytes,
as previously described (26).

Brush-border membrane preparation. Brush-border membranes
were prepared from villus-tip cells of all four groups by using 10 mM
MgCl2, instead of 10 mMCaC12, as the precipitating agent as
previously described (27). Purity and comparability of the preparation

1. Abbreviations used in this paper: MES, 2-(N-morpholino) ethane
sulfonic acid; N-MGG, N-methylglucamine gluconate.

as well as contamination by microsomal, mitochondrial, and basolat-
eral membranes were assessed by using appropriate marker enzymes
(27). All brush-border membrane preparations were equally purified
15-20-fold compared with the original homogenates, using sucrase and
alkaline phosphatase (p-nitrophenylphosphatase) as marker enzymes,
and showed minimal contamination by other membranes as
previously described (27). Protein was measured by the method of
Lowry et al. (28), with bovine serum albumin as standard. All enzy-
matic activities were measured under conditions that were linear with
respect to time and protein (27).

22Na uptake experiments. Brush-border membrane vesicles from
each group were prepared and the final pellet was resuspended and
washed twice as previously described (29). The first buffer consisted of
300 mMmannitol, 5 mMTris-Hepes (pH 7.5). In experiments, in
which the intravesicular pH was 7.5, a second washing with 144 mM
KCI, 5 mM2-(N-morpholino) ethane sulfonic acid (MES), 13 mM
Tris, and 13 mMHepes (pH 7.5) was used and the final pellet was
suspended in the same buffer. In studies in which the intravesicular
medium was pH 5.5, the second washing solution contained 150 mM
KCI, 25 mMMES, and 4.6 mMTris (pH 5.5).

Uptake of 22Na was measured at 250C by a Millipore filtration
technique as previously described (29, 30). Unless otherwise stated, the
incubation medium consisted of 144 mMKCl, 5 mMMES, 13 mM
Hepes, 13 mMTris, 1 mMNaCl (pH 7.5), and 5 MMvalinomycin.
Experiments were started by the addition of 80 Al of the incubation
media containing (0.2-0.5 ACi of 22Na) to 20 Ml of the membrane sus-
pension (- 100,ug of protein). After designated time periods, the reac-
tion was terminated by the addition of 5 ml of stop solution containing
150 mMLiCl, 16 mMHepes, and 10 mMTris (pH 7.5). The diluted
samples were immediately filtered through a 0.45-Am Millipore filter
using a Millipore manifold filtration assembly (Millipore Corp., Bed-
ford, MA). Filters were further washed two times with 5 ml of cold
stopping solution, dissolved in scintillation fluid (Filtercount, Packard
Instrument Co., Inc., Downers Grove, IL) and the radioactivity was
measured in a liquid scintillation counter (model 5800, Beckmann
Instruments, Inc., Palo Alto, CA). Nonspecific binding of radioactivity
to the filters was subtracted from the total counts of the sample. All
incubations were performed in triplicate using membranes prepared
the same day.

In studies in which the ionophore valinomycin was used, this agent
(5 MM, final concentration) was added from an ethanolic stock solution
resulting in a final ethanol concentration of 0.5% (vol/vol) in the incu-
bation media during all measurements.

Fluorescent dye studies. The fluorescence quenching of acridine
orange was employed to monitor formation as well as dissipation of pH
gradients as previously described by our laboratory and others (1 1, 29,
31-33). The fluorescence of acridine orange was measured at 25°C
with a spectrofluorometer (excitation 493 nm, emission 530 nm;
model 650-40, Perkin-Elmer Corp., Norwalk, CT) equipped with a
thermostated cuvette, stirring system, and adding port. Care was exer-
cised to maintain constant pH and temperature, which previously have
been demonstrated to influence the reproducibility of assay results (15,
31). Calibrations of the acridine orange fluorescence response with re-
spect to membrane protein and various pH gradients were performed
as described previously (15) to ensure that the dye response was not
rate-limiting and could successfully be used to monitor transmem-
brane proton fluxes in small intestinal villus brush-border membrane
vesicles prepared from both control and diabetic animals. In general,
25 Ml of membrane vesicles (- 500 Mg of membrane protein) were
added to 1,975 Mul of incubation buffer containing 10 MMacridine or-
ange. The initial fluorescence intensity of the incubation medium
(without membranes) was adjusted to 800 arbitrary fluorescence units
by altering the instrument attenuation and was kept constant through-
out for various measurements. For proton influx studies, soon after the
addition of vesicles loaded with Na+ to incubation medium (pH 7.5
inside/7.5 outside), a time-based scan of fluorescence quenching was
performed to assess the rate of transient intravesicular acidifications by
drawing a tangent to the initial linear portion of the fluorescence signal
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(11, 15, 29, 34). For proton efflux studies, after the addition of vesicles
to incubation medium (pH 5.5 inside/7.5 outside), as soon steady-state
acridine orange fluorescence quenching developed, sufficient quanti-
ties of Na'-gluconate stock were then added with constant stirring,
resulting in reappearance of acridine orange fluorescence. The initial
rate of fluorescence recovery was calculated as described above (15,
29). The detailed incubation conditions for each experiment are given
in the table legends. After 300 s the pH gradient was dissipated by the
addition of 150 mMK+ gluconate and 10 ;g of nigericin as previously
described (15, 29). In studies, where ionophores were used, they were
added from their ethanolic solutions as described above.

Statistical analysis. All experiments were performed using at least
four or five freshly isolated independent membrane preparations. Re-
sults are expressed as mean±SEM. Paired or unpaired Student's t tests
and one way analysis of variance were used in statistical analysis as
appropriate. A P value of < 0.05 was considered statistically signifi-
cant.

Results

Profile of animal groups. Body weights (initial and at sacrifice),
intestinal wet weights at sacrifice, and blood glucose values of
control, untreated diabetic, insulin-treated, and 1,25(OH)2D3-
treated diabetic rats are included in Table I. As can be seen
from this table, unlike control rats, untreated-diabetic rats
failed to gain weight and actually lost body weight after induc-
tion of diabetes by streptozotocin. Insulin administration to
diabetic rats for 5-7 d was found to partially correct this weight
loss in these animals. Wet weights of the proximal small intes-
tines of the diabetic animals at sacrifice, however, were found
to be significantly greater than their control counterparts and
this parameter was corrected by insulin treatment for 5-7 d.
Blood glucose values for diabetic rats were also found to be
significantly higher compared to values for control animals and
insulin-treated animals. 1,25(OH)2D3 treatment to diabetic
rats, however, did not influence body weight loss, intestinal
hypertrophy or hyperglycemia observed in untreated-diabetic
rats (Table I).

Conductance ofprotons andpotassium. Since assessment of
Na'-H' exchange activity involves measurements of Na' gra-
dient-dependent proton movement and/or proton gradient-
dependent Na' movement, it was important to examine pro-
ton conductance of control and diabetic brush-border mem-

Table I. Profile ofAnimal Groups

Intestinal
No. of Initial Sacrifice wt at Blood

Group animals body wt body wt sacrifice glucose

g g g mg/dl

Control 40 273±6 338±6 6.1±0.4 118±11
Diabetic 52 276±5 250±9* 9.3±0.7* 430±12*
Diabetic

+ insulin 44 252±8* 298±7* 6.5±1.1 143±22
Diabetic

+ 1,25(OH)2D3 40 255±10* 240±9* 8.7±0.8* 402±18*

Values are means±SEMof (n) number of separate animals in each
group. It should be noted that the initial body weights for animals in
the diabetic + insulin and diabetic + 1,25(OH)2D3 groups were ob-
tained 7 d after induction of diabetes by streptozotocin.
* P < 0.05 or less compared to control values.

brane vesicles in these studies. Acridine orange techniques, as
previously described by our laboratory and others (1 1, 29),
were used for these experiments. Vesicles from control and
diabetic animals were loaded with 150 mMK+ gluconate, 10
mMTris/Hepes, pH 7.5, and were diluted into a buffer con-
taining 150 mMN-MGG, 10 mMTris/Hepes, pH 7.5, con-
taining 10 MMacridine orange in the presence and absence of
the potassium-selective ionophore, valinomycin. As shown in
Table II in the absence of valinomycin the rate of intravesicular
acidification, which represents intrinsic potassium conduc-
tance, remained unchanged in diabetic vesicles compared to
their control counterparts. In the presence of valinomycin the
rate of intravesicular acidification, representing intrinsic pro-
ton conductance, also remained unaltered (Table II) in diabetic
compared to control vesicles. These findings, therefore, indi-
cate that K+ and H+ conductances of small intestinal villus
brush-border membrane vesicles remained unaltered in strep-
tozotocin-induced diabetes, compared to their control counter-
parts.

Time course of H+ gradient-dependent 22Na uptake. Fig. 1
shows the effect of chemically-induced diabetes mellitus on the
time course of pH gradient-dependent 1 mM22Na uptake
under voltage clamp conditions (presence of valinomycin with
K+ on both sides of vesicles). In the presence of a pH gradient
(pH 5.5 inside/7.5 outside), 22Na uptake in diabetic prepara-
tions was significantly enhanced at each time point (up to 3
min), compared to their control counterparts. At equilibrium
(1 80 min), accumulation of 22Na was, however, similar in con-
trol and diabetic vesicles. As previously discussed (35, 36), the
latter finding indicates that diabetes did not influence average
intravesicular volume and, therefore, the increased 22Na up-
take at early time points (up to 3 min) could not be ascribed to
altered vesicular size in these experiments. Since similar ali-
quots of membrane proteins were used in the transport experi-
ments, this also rules out changes in vesicular number as being
responsible for increased 22Na uptake observed in these experi-
ments. In the absence of a pH gradient (pH 7.5 inside/7.5 out-
side), there was no significant difference observed in 22Na up-
take in vesicles from control and diabetic animals, indicating
that 22Na permeability was also not influenced by the diabetic
state. These findings are in agreement with previous experi-
ments by Ghishan et al. (37), in which no differences were
noted in 22Na permeability in jejunal brush-border membrane
vesicles of control and streptozotocin-induced diabetic rats. 1

Table II. Effect of Streptozotocin-induced Diabetes on K-
Gradient-dependent Intravesicular Acidification (H+ Influx)
as Assessed by Acridine-Orange Fluorescence Quenchinga

K+-dependent H+ influx

Conditions Control Diabetic

fluorescence units/min mg

No addition 19.5±7.6 23.5±8.6
Valinomycin 100.3±16.9 117.0±20.2

Values are mean±SEMof four or five independent membrane prep-
arations. Brush-border membrane vesicles (- 500 ,g of protein) were
loaded with 150 mMK+-gluconate, 10 mMTris/Hepes (pH 7.5) and
were diluted 1:80 into 150 mMN-MGG, 10 mMTris/Hepes (pH
7.5), and 10-M acridine orange+5 MMvalinomycin.
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Figure 1. Time course of proton gradient-dependent 1 mM22Na up-
take in proximal small intestinal villus brush-border membrane vesi-
cles of control and streptozotocin-diabetic rats. Na' uptakes were
measured at 250C in membrane vesicles from control ([o] pH 5.5 in/
7.5 out and [o] pH 7.5 in/7.5 out) and diabetic ([-] pH 5.5 in/7.5 out
and [m] pH 7.5 in/pH 7.5 out) rats at various time periods indicated.
Values represent mean±SEMof four or five independent membrane
preparations.

mMamiloride significantly inhibited (- 85-95%, in 15 s) 22Na
uptake in the presence of a pH gradient, in both the control
(1,029±104 to 123.5±12.5) and diabetic groups (2,020±346 to
151.3±20.6). These findings, therefore, again indicate that
22Na uptake via the exchange mechanism was significantly in-
creased, whereas 22Na uptake by ancillary pathways was not
influenced in this experimental model.

It was also conceivable that the observed increase in 22Na
uptake in brush-border membrane vesicles from diabetic rats
was secondary to a decrease in the rate of proton-gradient dissi-
pation rather than an increase in Na'-H' exchange activity.
However, as shown in Table II, the intrinsic proton conduc-
tance of brush-border membrane vesicles in control and dia-
betic animals was not statistically different (P > 0.05, Table II),
indicating that the observed enhancement of H' gradient-de-
pendent 22Na uptake in diabetes (Fig. 1) was not a result of
altered H' conductance in these vesicles, but rather was a direct
consequence of increased Na'-H' exchange.

Na+ gradient-dependent H+ influx. Since amiloride-sensi-
tive, H' gradient-dependent 22Na uptake was increased in dia-
betes (as shown above), the effect of diabetes on Na' gradient-
dependent H' influx, using acridine orange techniques (11,
29), was also examined. Vesicles were loaded with 100 mM
Na'-gluconate, 50 mMK+-gluconate, 1O mMTris/Hepes, pH
7.5, and were diluted into a buffer containing 100 mMN-
MGG,50 mMK+-gluconate, 10 mMTris/Hepes, pH 7.5, and
10 ,M acridine orange±5 ,M valinomycin.

Dilution of sodium-loaded vesicles in sodium-free media
resulted in transient intravesicular acidification as observed by
quenching of acridine orange fluorescence. As shown in Table
III, the rate of intravesicular acidification in the absence of
valinomycin was significantly enhanced in the diabetic prepara-
tions compared to respective control values. Sodium gradient-
dependent influx of protons can be attributed to either conduc-
tive coupling or direct coupling via electroneutral exchange of

Table III. Effect of Streptozotocin-induced Diabetes on Na'
Gradient-Dependent Intravesicular Acidification (H+ Influx)
as Assessed by Acridine-Orange Fluorescence Quenchinga

Na'-dependent H' influx

Conditions Control Diabetic

fluorescence units/min- mg

No addition 69.0±5.1 106.2±3.2*
Valinomycin 39.8±8.3 76.9±4.7*

Values are means±SEMof four to six independent membrane prepa-
rations. Brush-border membrane vesicles (- 500 ,gg of protein) were
loaded with 100 mMNa'-gluconate, 50 mMK+-gluconate, 10 mM
Tris-Hepes (pH 7.5) and were diluted 1:80 into 150 mMN-MGG,
50 mMK+-gluconate, 10 mMTris-Hepes (pH 7.5), and 10 MMacri-
dine orange±5 MMvalinomycin.
* P < 0.05 or less compared to control.

Na' for H'. To distinguish between these two possibilities, 5
MiM valinomycin was added in the presence of K+ on both sides
of the vesicles. As shown in Table III, addition of valinomycin
markedly decreased Na+-dependent intravesicular acidifica-
tion in vesicles from both control and diabetic rats, indicating
the presence of significant conductive coupling of Na+ and H+
in these vesicles. The rate of Na+ gradient-dependent intravesi-
cular acidification in the presence of valinomycin was also al-
most doubled (Table III) in vesicles prepared from diabetic
animals compared to their control counterparts. This valino-
mycin-insensitive intravesicular acidification was significantly
inhibited (- 85%) in the presence of 1 mMamiloride (data not
shown). These findings, therefore, confirm an increase in small
intestinal luminal membrane electroneutral, amiloride-sensi-
tive Na+-H+ exchange activity associated with experimental
diabetes.

Na+ gradient-dependent H+ efflux. Inwardly directed Na+
gradient-dependent H+ extrusion was also measured to assess
Na+-H+ exchange activity in these vesicles using acridine or-
ange fluorescence technique. Vesicles were loaded with 100
mMN-MGG, 50 mMK+-gluconate, 20 mMMES-Tris (pH
5.5) and were diluted into a buffer containing 100 mMN-
MGG,50 mMK+-gluconate, 20 mMTris-Hepes (pH 7.5) and
10 MuMacridine orange±5 MAMvalinomycin.

Dilution of vesicles in incubation media resulted in
quenching of acridine orange fluorescence. Addition of 20 mM
Na+-gluconate (final concentration) resulted in the reappear-
ance of fluorescence representing Na+-dependent H+ efflux. To
distinguish between conductive coupling and direct coupling,
experiments were also performed in the presence of valinomy-
cin/K+-induced voltage clamping as described above. As
shown in Table IV, the rate of reappearance of fluorescence
was significantly decreased in both control and diabetic vesicles
under voltage clamp conditions compared to non-voltage
clamp conditions, again indicating the presence of consider-
able conductive coupling of H+ and Na+ in these vesicles.
These findings are in agreement with previous studies by Cas-
sano et al. (1 1) also describing the presence of significant
amounts of conductive coupling of Na+ and H+ in rat jejunal
brush border membrane vesicles. In view of the presence of
considerable amounts of Na+- and H+-conductive coupling in
these vesicles, voltage clamp conditions were used for all subse-
quent experiments.
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Figure 2. Effect of insulin treatment on H+ gradient-dependent time
course of 1 mM22Na uptake in proximal small intestinal brush-
border membrane vesicles of streptozotocin diabetic rats. Na+ uptakes
were measured at 20°C in membrane vesicles from control (o), dia-
betic (-), and insulin-treated diabetic (A) rats at various time periods
in the presence of an outwardly directed pH gradient (pH 5.5 in/7.5
out). Values represent mean±SEMof five to seven independent
membrane preparations.

In the presence of valinomycin, the rate of fluorescence
reappearance representing electroneutral, amiloride-sensitive
Na+-H+ exchange was significantly increased in diabetic vesi-
cles compared to their control counterparts (Table IV). These
findings further confirm an enhancement in Na+-H+ exchange
process in vesicles isolated from streptozotocin-diabetic rats.

Effect ofinsulin treatment on 22Na uptake. Manyabnormali-
ties of the diabetic state have previously been shown to be
corrected by insulin therapy (7, 8, 38, 39). It was therefore of
interest to examine the effect of this therapy on the enhanced
Na+-H+ exchange associated with diabetes. As shown in Fig. 2,
insulin therapy for 5-7 d significantly decreased and tended to

Table IV. Effect of Streptozotocin-induced Diabetes on Na+
Gradient-Dependent H+ Efflux as Assessed by Acridine Orange
Fluorescence Reappearance

Na+-dependent H+ efflux

Conditions Control Diabetic

fluorescence units/s. mg

No addition 484±24 571±33*
Valinomycin 193±21 273±21 *

Values are mean±SEMof four or five independent membrane prep-
arations. Brush-border membrane vesicles (- 500 ,g of protein) were
loaded with 50 mMK+-gluconate, 100 mMN-MGG, 20 mMMES-
Tris (pH 5.5) and were diluted 1:80 into 50 mMK+-gluconate, 100
mMN-MGG, 20 mMTris-Hepes (pH 7.5) and 10 ,M acridine
orange±5 1Mvalinomycin. After steady-state fluorescence quenching
developed, Na+-gluconate (20 mM, final concentration) from a 1 M
stock solution was added, and the rate of fluorescence reappearance
was measured by drawing a tangent to the initial linear portion of
the fluorescence signal.
* P < 0.05 compared to control.

Table V. Serum Levels of 1,25(OH)2D3
in Various Treatment Groups

1,25 (OH)2D3

Diabetic Diabetic
Control Diabetic + insulin + 1,25(OH)2D3

pg/ml

32.6±4.1 16.2*+ 1.7 25.3*+4.4 44.0+± 1.5
(n= ll) (n= II) (n= 5) (n=5)

Values are mean±SEMof separate (n) number of animals.
* P < 0.05 or less compared to control.
P < 0.05 or less compared to diabetic.

normalize the elevated amiloride-sensitive 22Na uptake ob-
served in the diabetic group at each time point (up to 3 min) to
control levels. There was no significant difference observed at
equilibrium point (180 min) in all the three groups, indicating
that the vesicular size and number remained unchanged in
each treatment group compared to controls, as previously dis-
cussed (35, 36).

Effect of J,25(OH)2D3 treatment on 22Na uptake. It was also
of interest to evaluate the effect of 1,25(OH)2D3 treatment to
diabetic rats on their Na+-H+ exchange activity. Diabetic ani-
mals were treated with 1,25(OH)2D3 at a dose of 10 ng/100 g
body wt subcutaneously for 5-7 d, as described in the Methods
section. Levels of 1,25(OH)2D3 were assayed in the sera of ani-
mals of the various groups at the time of sacrifice.

As shown in Table V, the diabetic state induced by strepto-
zotocin significantly lowered 1,25(OH)2D3 levels in sera com-
pared to controls, whereas insulin treatment as well as in vivo
vitamin D treatment significantly increased 1,25(OH)2D3 lev-
els compared to diabetic rats.

The effect of 1,25(OH)2D3 administration to diabetic rats
on pH gradient-dependent (pH 5.5 inside/7.5 outside), amilo-
ride-sensitive 1 mM22Na uptake was also examined. As shown
in Table VI, 1,25(OH)2D3 treatment corrected the enhanced
22Na uptake observed in the diabetic group to control levels. In
the presence of 1 mMamiloride there was no change observed
in 22Na uptake in any treatment group (Table VI). These find-
ings suggest that increased Na+-H+ exchange in diabetes may,
at least in part, be secondary to decreased 1,25(OH)2D3 levels.

Kinetics of Na+-H+ exchange. In order to elucidate the pos-
sible mechanism(s) of increased Na+-H+ exchange activity in

Table VI. I mM22Na' Uptake into Small Intestinal Villus
Brush-Border Membrane Vesicles at 5 s

Diabetic
Conditions Control Diabetic + 1,25(OH)2D3

pmol/mg protein

No addition 595±181 1,007*+52 605t±56
+1 mM

amiloride 113±34 161±34 116±11

Values are mean±SEMof five to seven separate membrane prepara-
tions.
* P < 0.05 or less compared to control values.
* P < 0.05 or less compared to diabetic values.
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Table VII. Effect of Streptozotocin-induced Diabetes and Treatment with Insulin or 1,25(OH)2D3 on Kinetic Parameters of Small
Intestinal Villus Brush-Border Na'-H+ Exchanger Using 22Na-Uptake Technique

Parameters Control Diabetic Insulin 1,25(OH)2D3

KNa+ (mM) 4.45±0.60 4.96±0.47 4.25±1.30 6.41±1.35
V.ax (nmol/5 s per mg) 4.11±0.58 10.12*+1.80 5.26t+1.31 6.40+-1.61

Values are mean±SEMof five to seven separate vesicle preparations. * P < 0.05 or less compared to control values. t P < 0.05 or less compared
to diabetic values.

diabetes and its correction by insulin and/or 1,25(OH)2D3
treatment, kinetic studies were performed to examine whether
the altered activity could be explained by a change in the affin-
ity (Ki) of the antiporter for its substrate or an effect on its
maximal velocity (V,,.). Amiloride-sensitive 22Na uptake in
the presence of an outwardly directed pH gradient (pH 5.5
inside/7.5 outside) was measured at the 5-s time period by vary-
ing 22Na concentrations (1-10 mM). As analyzed by double
reciprocal plots (40), as shown in Table VII, there was a signifi-
cant increase in the V, of 22Na uptake in the diabetic group's
membrane vesicles with no change in the apparent affinity
(Ki) for sodium, compared to their control counterparts. Fur-
thermore, insulin therapy and 1,25(OH)2D3 treatment restored
the Vm. alterations observed in diabetic animal preparations to
control values without any significant changes in Km (Ta-
ble VII).

Discussion

The present studies, utilizing two distinct but complementary
techniques, have demonstrated for the first time that streptozo-
tocin-induced diabetic rats have increased amiloride-sensitive,
electroneutral Na'-H' exchange activity in proximal small in-
testinal brush-border membranes compared to their control
counterparts. Earlier studies in chemically induced diabetic an-
imals have previously described an increase in small intestinal
sodium absorption (5, 6), but did not define the mechanisms
involved in this phenomenon. The present data would, there-
fore, indicate that increased brush-border membrane Na'-H'
exchange, at least in part, may be responsible for these prior
observations.

Increased intestinal Na+-H+ exchange in diabetes could the-
oretically result from either a change in the kinetic parameters
(V..| and K.) of this process and/or an alteration in the proper-
ties of a possible H+ modifier site (41). In the present experi-
ments, kinetic analyses, in fact, revealed an enhanced maximal
velocity (V.,,,,) of this exchanger in diabetic preparations with
no change in the apparent affinity (Km) for Na+. Moreover, in
agreement with the results of recent studies in luminal plasma
membranes of the rat colon and rabbit small intestine (16),
preliminary studies from our laboratory do not support the
existence of a H+-modifier site in intestinal vesicles, as Hill plot
analyses of the effect of various internal pH values on 22Na'
uptake, failed to demonstrate positive cooperativity for protons
in these preparations (unpublished observations).

In the present studies, administration of either insulin or
1,25(OH)2D3 for 5-7 d corrected the increased Na+-H+ ex-
change observed in the intestinal membranes of diabetic rats.
These findings suggest that a number of possible mechanisms
that might be involved in enhanced Na+-H+ exchange in the
diabetic intestine, such as alterations in serum glucocorticoid
levels, membrane fluidity, metabolic acidosis, and intestinal

hypertrophy, are unlikely to play a major role in this phenome-
non. For example, previous studies from our laboratory (18)
had demonstrated enhanced intestinal Na+-H+ exchange in re-
sponse to glucocorticoid administration. Since diabetic ani-
mals have been shown to have increased serum corticosterone
levels (8), it is theoretically possible that this factor might, there-
fore, be responsible for the present transport abnormalities. As
previously noted (8), however, insulin therapy failed to influ-
ence corticosterone levels in diabetic rats and yet restored Na+-
H+ exchange to control levels in the present experiments.

Prior studies by our laboratory (18, 19, 42), utilizing several
different experimental conditions, have established a direct re-
lationship between alterations in intestinal membrane fluidity
and Na+-H+ exchange activity. In earlier studies (26), however,
we have shown that intestinal diabetic membranes are less fluid
than their control counterparts. Taken together, these findings
would suggest that it is unlikely that the increased Na+-H+ ex-
change noted in the current experiments in diabetic intestinal
membranes was secondary to a decreased membrane fluidity.

Previous experiments in kidney brush-border membrane
vesicles have also demonstrated increased Na+-H+ exchange in
response to metabolic acidosis (43, 44). Harris et al. (7), more-
over, suggested that the enhanced renal luminal membrane
Na+-H+ exchange observed in streptozotocin-diabetic rats was
the result of increased production of endogenous protons.
While acute streptozotocin-diabetic rats have not been shown
to be frankly acidotic (8), this possibility cannot be completely
ruled out as a possible mechanism for enhanced intestinal Na+-
H+ exchange. In the current studies, however, the correction of
this transport abnormality by 1,25(OH)2D3 administration
alone is unlikely to be solely explained by this mechanism.

In the present studies, in agreement with prior observations
(1), the mucosal mass of the diabetic animal's intestines were
markedly increased. This intestinal hypertrophy, however, is
also unlikely to explain the increased Na+-H+ exchange seen in
the intestine of diabetic rats, since villus cell membrane vesicu-
lar preparations of comparable size and number were used in
these studies and, furthermore, 1,25(OH)2D3 corrected the
transport abnormalities and yet had no effect on intestinal mu-
cosal mass.

In agreement with earlier experiments by our laboratory
(20) and others (21) in CaCo-2 and chick small intestinal cells,
respectively, it would appear that Na+-H+ exchange activity in
the intestine of streptozotocin-induced diabetes mellitus may
be modulated by serum 1,25(OH)2D3 levels. Decreased serum
levels of 1,25(OH)2D3 observed in this drug-induced disorder
were associated with enhanced intestinal Na+-H+ exchange ac-
tivity and 1 ,25(OH)2D3 treatment of diabetic animals corrected
this deficiency, concomitant with restoration of intestinal ex-
change activity to control values. These findings, therefore,
suggest that decreased serum levels of 1 ,25(OH)2D3 observed in
streptozotocin-diabetic rats may represent one possible mecha-
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nism of enhanced Na'-H' exchange in small intestine of these
animals. Additionally, in agreement with previous studies (22),
insulin therapy corrected this decrease in serum 1,25(OH)2D3
levels in diabetic rats and also normalized Na'-H' exchange in
the present experiments.

The mechanisms underlying 1,25(OH)2D3 modulation of
intestinal Na'-H' exchange are unclear at this time. Recently,
in this regard, there have been a number of studies indicating a
close relationship between the Na'-H' antiporter and intracel-
lular Ca2+ levels (45-50). For example, preliminary studies
from our laboratory in CaCo-2 cells have suggested that this
secosteroid may modulate Na'-H' activity by raising intracel-
lular calcium levels in these cells (20). Semrad and Chang (47)
have also demonstrated an inhibition of amiloride-sensitive
Na'-H' exchange in chick enterocytes via intracellular cal-
cium. Short-term streptozotocin-induced diabetes in rats is
characterized by impaired intestinal absorption of calcium
(51), secondary to low circulating levels of 1,25(OH)2D3 (22).
Additionally, 1,25(OH)2D3 has been shown by our laboratory
and others to influence intracellular calcium levels in intestinal
tissue (52, 53). Based on these considerations, it is likely that
1,25(OH)2D3 might modulate intestinal Na'-H' exchange ac-

tivity in streptozotocin-diabetic rats via alterations in calcium
uptake and/or release from intracellular stores, thereby, in-
creasing intracellular Ca2+ levels. In vivo, the mechanism(s) by
which intracellular Ca2+ influences Na'-H' exchange, may in-
volve alterations in enterocyte H+/Ca2' and/or Na+/Ca2' ex-
changer activity, although Ghijsen et al. (54) have suggested
that Na+/Ca2' exchange activity of rat enterocyte basolateral
membranes was not regulated by 1,25(OH)2D3. Ca2+-mediated
effects on modulation of the Na+-H+ antiporter have also been
shown to involve protein phosphorylation by Ca2+-calmodu-
lin-dependent kinase(s) and/or by protein kinase C (9). Fur-
ther studies will be required to clarify these issues.

Regardless of the mechanism(s) involved, however, it
would appear that streptozotocin-induced diabetes is asso-
ciated with an increase in intestinal Na+-H+ exchange. What
are the consequences of such a transport abnormality? In this
regard, studies in a number of cultured cell lines have suggested
that cytoplasmic alkalinization mediated by enhanced Na+-H+
exchange may represent an early stimulus of mitogenesis (55,
56), although this is controversial (57). In view of these reports
and their previous studies (58), Harris et al. (7) suggested that
enhanced Na+-H+ exchange in renal brush-border membrane
vesicles of streptozotocin-induced diabetic rats may be closely
related to the hypertrophy observed in whole kidneys of these
animals. This assumption was also based on the fact that insu-
lin therapy decreased Na+-H+ exchange concomitant with a
decrease in renal hypertrophy. A direct correlation between
increased Na+-H+ exchange and hypertrophic stimuli, how-
ever, was not established in these previous studies (7). Al-
though our present studies also demonstrate a correlation be-
tween intestinal hypertrophy and Na+-H+ exchange in diabetic
rats and in insulin-treated diabetic rats, these two parameters
do not seem to be interrelated in the diabetic rat small intestine,
since 1,25(OH)2D3 treatment to diabetic rats corrected their
enhanced Na+-H+ exchange without affecting intestinal hyper-
trophy.

Previous observations in kidney brush-border membrane
vesicles of streptozotocin-diabetic rats have demonstrated de-
creased Na+-dependent D-glucose transport concomitant with
increased Na'-H' exchange (7, 8). Based on these findings, it
was suggested that decreased Na'-dependent D-glucose trans-

port was secondary to dissipation of the Na'-gradient due to
enhanced Na'-H' exchange (8). Similarly, Hopfer et al. (59)
suggested that increased Na+-glucose co-transport in intestinal
microvillus membrane vesicles from diabetic rats was second-
ary to decreased rates of non-glucose-dependent Na' flux.
Previous results from our laboratory (26), however, have re-
cently demonstrated that enhanced Na+-glucose co-transport
in the diabetic rat proximal small intestine was localized to
luminal membranes of mid-villus and lower villus enterocytes,
with no change in villus-tip enterocytes. Ghishan et al. (37)
have also demonstrated that under nongradient conditions (pH
7.5 in/pH 7.5 out), Na+-Pi co-transport in streptozotocin-dia-
betic small intestinal luminal membrane vesicles was decreased
with no change in Na+ permeability. Additionally, in the ab-
sence of a pH gradient, no differences were observed in Na+
uptake in diabetic kidney brush-border membrane vesicles,
whereas, under similar conditions, Na+-glucose co-transport
was decreased (8). These findings, taken together with our pres-
ent results, suggest that other mechanism(s) might be responsi-
ble for alterations in D-glucose transport in streptozotocin-dia-
betic rat small intestine, rather than alterations in Na+-H+ ex-
change.

In conclusion, the results ofthe present experiments demon-
strate that the luminal membranes of the small intestine of
streptozotocin-diabetic animals exhibit enhanced Na+-H+ ex-
change activity, which appears at least in part, to be secondary
to decreased serum levels of 1,25(OH)2D3 in this experimental
model. In conjunction with enhanced sodium-potassium-de-
pendent adenosine triphosphatase activity of the basolateral
membranes of these cells in diabetes (60), this increased Na+-
H+ exchange at the luminal surface may serve as one possible
mechanism for enhanced Na+ absorption previously described
in this pathological condition (5, 6). This increased Na+-H+
exchange may also play an important role in maintenance of
intracellular pH in the diabetic small intestine. Additional stud-
ies to further define the mechanism(s) involved in modulation
of intestinal Na+-H+ exchange by 1,25(OH)2D3 as well as their
possible relationship to the known structural and functional
abnormalities in the intestine of diabetic animals will, there-
fore, clearly be of interest.
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