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Abstract

We have previously shown that the addition of gum arabic (GA) to ora rehydration solution (ORS) enhances water and electrolyte
absorption during jejunal perfusion in rats under anesthesia. This study investigates whether GA by oral administration could be equally
effective in rats.

Isotonic solutions containing 25 g/L GA (Ag), or without GA (A,) were administered via ora tube to lightly anesthetized adult female
rats. Similar experiments were conducted with hypertonic solutions containing no GA (B,), or either 10 (B,.) or 50 g/L GA (Bgp). Blood
concentrations of sodium, glucose, glutamate, zinc, and tritiated water were determined at 0, 15, 30, 60, 90, 120, and 180 minutes, and results
between treatments were compared. Administration of the isotonic, GA-containing solution (Ag) resulted in a higher blood zinc level than
with the isotonic GA-free solution (A) from 15 minutes throughout 180 minutes. Blood zinc at 15 minutes (means = SEM) was as follows:
for Ag: 69.3 £ 2.0, for Ag: 83.4 = 3.5 nmol/L, P= 0.002. At 180 minutes, A,: 52.6 = 1.8; Ag: 68.1 = 4.6 nmol/L, P= 0.004. The
corresponding areas under the curve (AUC) were as follows: for A, 10,737 = 214; for Ag: 13,919 + 765 nmol X min/L, P<< 0.001).
Glucose, glutamate, sodium, and tritiated water body distribution presented no differences in blood concentrations. For sodium and tritiated
water body distribution, there was a significant time effect (P<< 0.0001). In hypertonic solutions, blood zinc levels declined over time,
possibly due to their osmotic, counter-absorptive action, thus obscuring possible opposite effects of GA. GA appears to be an effective
enhancer of zinc absorption when orally administered in isotonic solutions to laboratory animals. This proabsorptive capacity could be
attributed to some of the physicochemical and biochemical properties of GA and suggest possible applications of GA in liquid formulas and
solid food preparations. © 2004 Elsevier Inc. All rights reserved. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The limitations of sodium—glucose formulations in oral
rehydration solutions (ORS) for the treatment of acute di-
arrhea have prompted attempts to improve electrolyte and
water absorption by introducing additional organic nonelec-
trolytes, known to be cotransported with sodium. These
substances are intended to support the role of glucose in
recruiting sodium for transport across the intestinal mucosa.
The most extensively tested additives have been the amino
acids glycine, aanine, and glutamine. However, none of
these additives have provided unquestionable success be-
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cause of resulting hypertonicity, competition with glucose
for the sodium cotransporter, and instability in solution
[1-3]. Other avenues to improve ORS rehydration effec-
tiveness and the speed of recovery from diarrheal episodes
have included reducing the osmolality, altering the carbo-
hydrate composition, and supplementation with zinc, Lac-
tobacilli, and/or soluble fiber [4—6]. Specificaly, it has
been shown that an ORS supplemented with 40 mg/L of
zinc was moderately efficacious in reducing the severity of
diarrheain children [7]. Furthermore, zinc supplementation,
in the range of 10-20 mg/day (0.15-0.30 mmol/day), in
addition to a standard ORS, was reported to lower the
morbidity and mortality of infants and children with diar-
rheal disease [8, 9].

In preceding studies we have shown that gum arabic
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(GA) improved small intestinal absorption of water, glu-
cose, and electrolytes in normal rats, and more so under
conditions mimicking diarrheal diseases [10-12]. The ben-
eficial effects of GA have been associated with its nitric
oxide (NO) scavenging property [13], its indirect modifica-
tion of basolateral membrane potassium channels [14], and
its enhancement of intestinal paracellular transport [15, 16].

We have shown that rats with osmotic-secretory diarrhea
induced by oral magnesium citrate and phenol phthalein had
a faster recovery when presented with an ORS containing
GA than with either a plain ORS or water [12]. These data
suggest that GA could be similarly effective when con-
sumed orally as much as when directly introduced distally
from the stomach, as done in the studies of intestinal per-
fusions under anesthesia [10—16]. To verify these results,
the experiments presented here were intended to determine
whether different types of solutes and water were more
rapidly absorbed from solutions containing GA than in the
absence of this additive. The tests were conducted by tube
administration into the stomach of rats of preparations with
or without GA, and monitoring the absorption rate via
sequentially determined blood concentrations.

2. Methods and materials
2.1. Experimental animals

We used femae Sprague-Dawley rats with an initia
weight of 150—170 g, purchased from Taconic Farms (Ger-
mantown, NY) and acclimated in the animal facility for at
least 48 hours before the experiments. Solid food (Rodent
Chow, Harlan-Teklad, Madison, WI) was withheld over-
night from animals to be used the following morning. The
test solutions were administered under CO,, anesthesia using
a 3-inch stainless steel feeding tube (Y ale 16) attached to a
3-mL syringe.

2.2. Test solutions

Two types of solutions were used. Type [A] was iso-
tonic and contained 75 mmol/L D-glucose, 60 mmol/L
NaCl, 25 mmol/L Na glutamate, and 15 mmol/L zinc chlo-
ride. The GA-containing version of this solution [Ag] con-
tained 25 mg/mL of GA plus the remaining components.
The hypertonic test solution [Bg] was similar to a prepara-
tion for a glucose tolerance test and contained 2.78 mol/L
(500 mg/mL) D-glucose, 2.5 mmol/L zinc chloride, and 5
mmol/L Naglutamate. The same solution was also prepared
with additions of either 10 [B;] or 50 mg/mL [Bgy] GA. All
formulas aso contained =70 kBg/L of *H,O and were
administered by oral tube at a dose of 1 mL/100 g body
weight. The precise volume introduced was determined by
weighing the syringe before and after intubation and fluid
delivery. The specific gravity of the solutions was taken into
consideration to calculate the volume.

2.3. Experimental procedure and assays

Before administering the solutions oraly the animals
were anesthetized by CO, and a baseline blood specimen of
0.3-0.4 mL was obtained from the suborbital sinus. After
the oral dose of each solution, also given under anesthesia
(as indicated in “Experimental animals’ section), blood
samples of 0.3—0.4 mL were obtained from the same route
at 15, 30, 60, 90, 120, and 180 minutes. The samples were
collected in heparinized tubes and the amount collected was
determined by weighing. After the last blood drawing, the
rats were euthanized by CO, overdose. The protocol de-
scribed above was approved by the Institutional Animal
Care and Utilization Committee. Whole blood specimens
were deproteinized with two volumes of 1.1 mol/L HCIO,.
The samples were centrifuged at 600 X g and the superna-
tants neutralized with an equal volume of ice-chilled 2.0
mol/L K,HPO,. After centrifugation at 600 X g and 4°C,
the supernatants were used for the assays described below.

Glucose was determined by a spectrophotometric
method (Sigma 510-DA; Sigma-Aldrich, St. Louis, MO);
sodium and zinc were assayed by atomic absorption spec-
trophotometry using external standards (Varian SpectrAA-
10; Varian Analytical Instruments, Walnut Creek, CA); and
glutamate was determined by an enzymatic method [17].
For estimation of water absorption using the isotope dilution
method, counts of *H,O (Packard 1900TR; PerkinElmer
Life Sciences, Boston, MA), minus background, were ex-
trapolated to total body water, assuming it was 55% of body
weight. If necessary, data were corrected from the actual
dose administered to 1 mL/100 g body weight.

2.4. Satigtical analyses

Data were analyzed using three methods. Repeated mea-
sures analysis of variance (RMANOVA), where solution
type was the between subjects effect and time was the
within subjects effect, was used to examine the relationship
between solution and time for each solution. Significant
interactions were assessed using pairwise comparisons at
each time point within the RMANOVA model (SAS Insti-
tute Inc., Cary, NC). The area under the curve (AUC)
calculations were based on the trapezoidal method for each
rat, and the differences between the two treatments with
isotonic solutions (type A) were anayzed by ANOVA.
Graphic representation of results was done with Sigmaplot®
(SPSS Inc., Chicago, IL). Trends were evaluated using the
Cuzick test based on Wilcoxon's approach [18].

3. Results

3.1. Isotonic solutions

Absorption of one of the solutes, zinc, showed that the
A solutions yielded consistently higher blood zinc concen-
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Fig. 1. Blood zinc concentrations after oral administration of isotonic
solutions (type A) containing (+GA) or omitting 25 mg/mL of GA (-GA).
The error bars represent the SEM. The asterisks denote significant differ-
ences (P<< 0.05) at various time points as determined by RMANOVA. The
AUC for both series of data was significantly different (P< 0.001). The
number of animals for each data point was between 10 and 13 and is the
same as in Table 1.

trations than with the GA-free A, solutions from 15 minutes
onward (Fig. 1). The greater AUC of Ag solutions was
consistent with a greater absorption rate (A 10,737 = 214;
Ag: 13,919 = 765 nmol X min/L, P<< 0.001). Glucose and
glutamate, two other components in the isotonic solutions,
showed no differences in blood concentrations over time.
The omission or inclusion of GA produced no differences
(Table 1). Throughout the 180 minutes of the experiment,
tritiated body water distribution was similar after adminis-
tration of either the A, or the Ag solutions. The same was
found for blood sodium levels. However, in both cases there
was a significant time effect (RMANOVA, P < 0.0001)
consistent with a progressive increase in blood sodium con-
centrations in the course of the sample collection period
(Table 1).

3.2. Hypertonic solutions

Body distribution of labeled tritiated water presented a
significant time effect (RMANOVA, P < 0.0001), although
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Fig. 2. Blood zinc concentrations after oral administration, viaintubation of
hypertonic solutions containing no GA (Sol. B), or the same solution with
either 10 or 50 mg/mL of GA. The graphic representation follows the
features described under Fig. 1. The number of rats included in each time
point varied between five and nine and is stipulated in Table 2.

there were no differences among the three hypertonic solu-
tions: either without GA (Bg), or with either 10 mg/mL
(B1o) or 50 mg/mL (Bs) of the additive (Table 2). Because
these solutions contained no sodium, this electrolyte was
not monitored during the experiments. The administration
either of the hypertonic solutions B, B4, or Bg, produced
significant differences in glucose concentrations over time.
Glutamate, however, showed a margina time effect
(RMANOVA, P= 0.0459), although there were no differ-
ences among solutions. The B, solution showed a decreas-
ing trend over time (Cuzick test, one-tailed, P = 0.0279);
however, neither the B, nor the By, solutions exhibited
significant variations over the 3-hour period. In contrast,
zinc concentrations were different as time went on after the
oral administration (RMANOVA, P = 0.0154) (Fig. 2).
Pairwise comparisons revealed that plasma concentrations
of zinc with the B, solution were significantly higher than
with the B, There were no differences between the results
of B, and By, solutions.

Table 1
Total body water distribution, blood sodium, glucose, and glutamate after administration of isotonic solutions without (Ag) or with 25 mg/mL (Ag) GA
Treat- Initial 15 min 30 min 60 min 90 min 120 min 180 min
ment
Total body water Aq — 363+40(13) 419*+36(13) 444+37(13) 482+36(13) 507=*35(13) 520=*35(13)
%of 3H,0 Ag — 342+39(13) 40.0+37(13) 448+37(13) 478+ 46(12) 492+42(12) 484+ 54(11)
dose (n)

Blood sodium A,
mmol/L (n) Ag

883+37(13) 921+ 18(12)

Blood glucose A,
mmol/L (n) Ag

Blood glutamate A,
nmol/L (n) Ag

245 + 39 (13)
182 + 20 (13)

204 = 19 (13)
208 = 34 (13)

95.1 = 2.0 (13)
924 = 23(12) 1026 * 6.7(12) 1058 = 6.1(13)

215 + 24 (13)
228 = 33 (13)

972+ 24(12) 944+21(12) 1016+ 3.1(12) 1020+ 3.1(11)
1052 + 6.0(12) 111.6+ 8.4 (11) 1129+ 7.6(12) 117.9 = 8.3(10)

251+ 011(18) 3.50 * 0.13(13) 4.13+ 0.37(13) 3.60 = 0.14(13) 3.77 = 0.15(13) 4.83 + 0.15(13) 503 =+ 0.33(13)
222+ 016(13) 3.86* 0.17(13) 393 0.16(13) 4.34 =+ 0.32(13) 4.82 = 0.44(12) 5.07 * 0.44(12) 574 = 0.66 (11)

235 = 22 (12)
222 = 33 (13)

220 = 29 (13)
227 = 45 (12)

235 + 30 (13)
217 + 34 (12)

232 = 29 (12)
206 = 46 (11)

All values are means = SEM.

A very significant time effect (P < 0.0001) was observed for tritiated water body distribution and blood sodium.
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Table 2
Total body water distribution and blood glutamate after administration of hypertonic solutions without or with 10 mg/mL (B,,) or 50 mg/mL (Bg,) GA
Treat- Initial 15 min 30 min 60 min 90 min 120 min 180 min
ment
Total body water B, — 217+45(9) 293x52(9) 402x50(9 47.9+67(9 528+50(9 589 54(9)
% of *H,0 Bio — 208*+43(8) 296=*52(8) 435+x50(8) 446+74(8) 604*=37(8 602=*6.9(8)
dose (n) Bso — 238+16(9) 309+27(9 402+33(9 503%39(9 57.1+41(9 605=3.0(9)
Blood glutamate By 300 * 65 (6) 273 + 40 (6) 240 * 36 (6) 234 + 40 (6) 228 + 18 (5) 237 + 39 (6) 211 + 35(6)
nmol/L (n) Bio 373+ 73(9) 307 £ 51(8) 303 £ 72(8) 350 + 79 (9) 309 + 88 (7) 281 *+ 48 (8) 268 = 34 (9)
Bso 417 +50(6) 335x13(5) 327=12(6) 317+14(6) 339x31(6) 289x20(6) 264 = 53(6)

All values are means = SEM.

A very significant time effect (P < 0.0001) was observed for tritiated water body distribution but no differences among solutions. There was a marginal

time effect (P = 0.0459) for blood glutamate and a specific decrease trend over time (P = 0.0279) for the B,

4, Discussion

We found that GA added to an isotonic solution pro-
duced higher serum zinc levels from the first sampling after
oral tube delivery of the solutions throughout the end of the
experiment, as compared to the solutions without GA, a
result consistent with a more rapid rate of zinc uptake and
distribution. Peak blood zinc concentrations in the presence
of GA were achieved after 15 minutes and a progressive
decline occurred theresfter. Rats given solutions omitting
GA showed a decline in blood zinc concentrations through-
out the experimental period, an effect attributable to the
volume expansion associated with the fluid administration
in the oral load.

Because zinc was included in the solutions as a soluble,
ionized sat, it may have reached the circulation via bulk
paracellular transport [19, 20]. As opposed to other ingre-
dients of the isotonic solutions, zinc was added at a rela-
tively high concentration, purposely elevated to facilitate
discrimination of a GA effect. In contrast, what could be
considered an indicator of bulk transport, the body distri-
bution of tritiated water, exhibited no differences between
treatments, possibly because water equilibration process
may proceed independently of membrane translocation of a
hydrated divalent cation such as zinc. This indicates that,
under the conditions of the experiments, that is, when orally
ingested inisotonic solution, GA does not affect fluid move-
ment. This stands in contrast to some of the data previously
obtained using rat intestinal perfusions, particularly in mod-
els of gastrointestinal dysfunction, where net water absorp-
tion was increased [11]. Although there were no differences
in blood sodium levels attributable to GA, the time pattern
for sodium consistently paralleled that of zinc. There has
been some previous evidence that zinc may be at least
partially cotransported with sodium [21]. Given the pres-
ence in these solutions of a much larger glucose concentra-
tion, it is not possible to elucidate whether zinc cotransport
is operational in these experiments, or whether sodium is
mostly involved in glucose translocation by the SGLT1
transporter [22]. GA has been shown earlier to enhance
sodium absorption in rat jejunum, particularly under condi-

tions mimicking chronic diarrhea [10, 11]. Oral administra-
tion of a solution of modest sodium concentration, in the
presence of glucose, does not provide optimal conditions to
discriminate whether GA could produce sodium absorption
enhancement.

The understanding of mediated zinc transport in the
gastrointestinal tract has been better defined in recent stud-
ies. The divalent cation transporter-1 transporter is a trans-
membrane polypeptide found in the crypts and lower villar
cells of the duodenum, capable of translocating several
divalent metals including zinc [23, 24]. Another group of
zinc carriers involved in cellular zinc uptake are the ZIP
transporters. Severa of the members of the ZIP family of
transporters have been identified in plants and certain ani-
mal cells, including the Caco-2 intestinal cell line [25]. The
ZIP transporter family (ZRT, IRT-like proteins) may be
involved in releasing zinc or sequestering zinc within cells
[24]. The ZnT1 transporter is located apically adjacent to
the brush borders, whereas the ZnT4 transporter islocated at
both the apical and basolateral membranes [24]. From the
data obtained in the present studies, it cannot be determined
whether a specific zinc transporter may be operational under
the experimental conditions.

In the experiments presented here, it was of interest that
zinc given oraly in hypertonic solutions produced a decline
in blood zinc concentrations in the course of the 3-hour
sampling period. The data showed comparable behavior for
the three hypertonic solutions. The group of rats fed the
hypertonic solution with 50 g/L GA (Bgy) had different
initial values than the B, (hypertonic, no GA) and the B,
(hypertonic, 10 g/L GA), athough the time sequence pat-
terns were similar. It may be possible that the “dumping”
effect of hypertonicity, pulling fluid into the gastrointestinal
tract, is strong enough to overcome any proabsorptive effect
of GA, which would tend to direct fluid from lumen to
serosa. The significant differences observed between the
isotonic and hypertonic solutions in tritiated water distribu-
tion at 15 and 30 minutes, regardless of the presence of GA,
support this contention. The much lower percentage of
tritiated water in the By, B, and Bsg, than in the Ag or Ag
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a those times (Tables 1 and 2) is consistent with this
possibility.

Glutamate presented no significant differences at any
time in blood levels, after administration via gastric tube of
isotonic or hypertonic solution, either containing or omit-
ting GA. Glutamate has active transport systems with either
sodium-dependent or sodium-independent carriers [26, 27].
Under the current experimental conditionsit is apparent that
the contents of the intestinal lumen neither affect the rate of
glutamate transport nor modulate the activity of the trans-
membrane carriers. No interaction between zinc and either
sodium or glutamate could be ascertained.

It is of potential clinical interest that GA apparently
enhances zinc absorption, in view of the role of zinc sup-
plementation in chronic and acute diarrhea of infancy and
childhood. Hence, in addition to its general proabsorptive
properties, GA may specifically improve the absorption of a
mineral element with a well documented role in the phys-
iopathology of chronic diarrhea of childhood, a condition
documented to be aggravated in overt or subclinical zinc
deficiencies [7-9]. In conclusion, the addition of GA to
orally ingested isotonic solutions produces changes in the
rate of zinc absorption consistent with a facilitation of its
uptake. To alimited extent, other test solution constituents
respond favorably to the addition of GA. These results
support the hypothesis attributing proabsorptive properties
to this natural soluble fiber. Additional studies will be
needed to confirm further the potential of GA as an additive
in specia diets or liquid formulas, and to explore the pos-
sibility that other mineral elements or poorly absorbed med-
ications may be more effectively assimilated in conjunction
with GA use.
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