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Vitamin A deficiency and small intestinal secretory
function in the rat

H Nzegwu, R J Levin

Abstract
The influence of vitamin A on the functions of
the small intestine was examined in rats made
vitamin A deficient for 40 days by feeding a
special diet after weaning and in pair fed
vitamin A deficient rats that were given
supplementary vitamin A (240 IU/day) in their
drinking water. The basal and stimulated
electrogenic secretory and absorptive
functions of the jejunum and proximal and
distal ileum removed from these rats were
examined in vitro using the short circuit current
as the index of transport activity. The basal
short circuit current in the jejunum and
proximal ileum was not significantly different
but that of the distal ileum was lower. Electro-
genic glucose transfer was not significantly
affected by the vitamin deficiency. Cholinergic
stimulation using the M1/M2 agonist
bethanechol showed a greatly enhanced
electrogenic secretion in the jejunum of the
deficient rats while secretion stimulated by
dibutyryl cyclic adenosine monophosphate
was significantly greater in their distal ilea
compared with the supplemented group. The
vitamin deficiency also disrupted the normal
higher/lower hierarchical pattern of transport
activity between the proximal and distal ileum.
The enhanced secretory activity of the vitamin
A deficient small intestine offers a putative
explanation for the well known relation
between vitamin A deficiency and diarrhoea
found in humans.
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Vitamin A deficiency has been claimed to rank
worldwide among the most common of dietary
deficiencies.' In humans it is usually associated
wth diarrhoea, but despite many observational,
clinical, interventional, and field studies it is still
unclear whether the deficiency is the direct cause
of the diarrhoea or merely a consequence of poor
nutritional health.2 3 While there have been a few
animal studies on the effects of vitamin A
deficiency on the small intestine, these have
focused either on changes in the population
dynamics of the enterocytes, such as the decrease
in number of goblet cells,"7 an increased cell
cycle time coupled with an impaired migration
rate out of the jejunal crypts,8 or on biochemical
changes in nuclear RNA and protein syn-
thesis9 10 and the enzymes alkaline phosphatase
and Na+-K+adenosine triphosphatase."
Apart from a briefnote by Kancha and Anasuya'2
that vitamin A deficiency enhanced in vitro the
duodenal transfer of calcium and the jejunal
transfer of oxalate, there have been no investi-
gations on the absorptive or secretory functions
of the small and large intestine in vitamin A
deficiency. The present study was devised to

establish whether vitamin A deficiency by itself
influenced the secretory mechanisms of the
intestine in rats. Because vitamin A deficiency
reduces food intake`3 the use of pair fed controls
is essential as a reduction in food intake is now
known to induce hypersecretory activity in both
small and large intestine"'7 and rectum in the
rat.`8 This paper describes the secretory
behaviour of the rat small intestine in vitamin A
deficiency. A preliminary report has been
published.

Methods

ANIMALS AND DIET
Weanling 3 week old male albino rats (weight
approximately 80 g) of the Sheffield strain were
divided into five groups. Group 1 was fed a
commercially supplied vitamin A deficient diet
(diet ssDii from SDS Diets, England) ad
libitum and had free access to water. The diet
contained casein (15%), rice starch (35%),
safflower oil (10%), solkafloc (a bulking agent)
(10%), icing sugar (25%), and a mixture of
vitamins (excluding vitamin A) and essential
minerals (5%) and was quoted as having a retinol
concentration of 0 mg/kg diet by analysis. The
diet was fed for 40 days and the food intake of the
rats was measured daily. Group 2 was pair fed the
vitamin A deficient diet using the food intake
values ofgroup 1 but had a soluble preparation of
vitamin A dissolved in their drinking water
(Rovimix A 500W, Roche Products) such that
their intake approximated to 80 IU vitamin A/
day. Similarly, group 3 was also pair fed on the
vitamin A deficient diet according to the intake
of group 1 but had an intake of approximately
240 IU vitamin A per day in their drinking water.
Group 4 was pair fed the standard CRM pelleted
diet used in all our previous studies (Diet CRM
Labsure, London, containing 1500 IU vitamin
A/kg diet) while group 5 comprised age matched
controls fed the standard CRM pelleted diet ad
libitum. All the rats were housed in plastic cages
and were kept at 20(1)°C and 72% humidity with
the lights on from 530am until 630pm. The
food intakes of the vitamin A deficient group are
shown in Table I for days 1, 10, 20, 30 and 40.

IN VITRO PREPARATION
On the day of use (after 40 days on the diets) the
rats were anaesthetised with intraperitoneal
pentobarbitone (May & Baker; 60 mg/kg body
weight). On achieving surgical anaesthesia, a
midline incision was made and the mid-jejunum,
some 40-45 cm from the ligament of Treitz,
identified. A 5 cm length of this area was
removed, cut open, and mounted as a flat sheet
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TABLE I Food intake (glratlday) on day 1, 10, 20, 30, and 40 ofthe study. Results are mean
(SE)

Food intake (glrat/day)
on day:

1 10 20 30 40

Group 1: vitamin A deficient (n=26) 2-4(0.2), 7 (0.7)b 7-7 (0.5), 8-2 (05)d 9 (0.8)'
Group 2: vitamin A deficient +80 IU

vitamin A/day PF PF PF PF PF
Group 3: vitamin A deficient +240
IU vitamin A/day PF PF PF PF PF

Group 4: CRM pair fed PF PF PF PF PF
Group 5 CRM age matched, fed ad

libitum (n=22) - - - 24 (0.5)'

Kruskal-Wallis analysis of variance followed by Conover's multple t test were used to identify the
signifcant values. a v b; a v c; a v d; a v e; e v f are all significant at p<0001. PF=pair fed.
CRM=standard diet.

between two identical chambers as described
previously.4 Similarly mounted was a 5 cm
segment of ileum (15-20 cm aboral from the
ileocaecal junction) and a 5 cm segment of distal
ileum (removed aboral from the ileocaecal
junction). The segments were incubated at 380C
in bicarbonate saline gassed with 95% 02 5%
CO2. The tissue potential difference (in mV),
short circuit current (pA/cm2 serosal area), and
the tissue resistance (ohms/cm2 serosal area) were
all obtained by a previously published standard
technique.20 Secretory function was assessed in
the basal state without the addition of
secretagogues and as the maximum secretory
current minus the basal secretory current after
the serosal addition (1 mmol/l) of the stable
muscarinic (M1/M2) agonist bethanechol or
dibutyryl cyclic adenosine monophosphate
(AMP). The absorptive function of the segments
was monitored by the mucosal addition of
28 mmol/1 glucose (balanced osmotically by the
serosal addition of 28 mmol/l mannitol) which
generated, by Na+- coupled electrogenic
glucose transfer, a transfer short circuit current.

PLASMA VITAMIN A ESTIMATION
The concentration of vitamin A in the plasma of
the various experimental groups was estimated
by a modification by Robinson2' ofthe techniques
of Grys22 and Bayfield and Cole.23

TABLE II Plasma vitamin
A concentrations in various
nutritional groups. Blood
samples were collectedfrom
the inferior vena cava in
anesthetised rats. Results are
mean (SE)

Plasma vitamin A
("g/l)

Group 1 (n= 14) 224 (56)
Group 2 (n=6) 355 (36)b
Group 3 (n= 11) 792 (77)'
Group 4 (n= 11) 996 (60)'
Group 5 (n=8) 927 (80)'

Kruskal-Wallis analysis of
variance followed by
Conover's multiple t test were
used to identify the significant
values. a v c; a v d; a v e; b v d,
and b v e are all significant at
p<O-OOl; b v c is significant at
p<0002.

MATERIALS
All the chemicals were purchased from Sigma
Chemical, Poole, England. The cubed vitamin A
deficient diet (ssDii) was purchased from SDS
Diets, England, and the normal control diet
CRM from Labsure, London. The soluble
vitamin A used in the drinking water (Rovamix,

TABLE in Basal currents (pA/crn serosal area) ofunstripped
jejunum, proximal ileum, and distal ileum in various
nutritional groups. Results are mean (SE)

Basal I currents (pA/cm2)

Jejunum Ileum Distal ileum

Group 1 63 (4)a (n= 18) 45 (4)b (n=9) 48 (4)' (n= 19)
Group 2 66 (6)d (n=9) 40 (4)' (n=9) 36 (1)' (n=9)
Group 3 64 (5) (n= 14) 53 (3)h (n= 14) 57 (4)i (n= 14)
Group 4 94 (7)' (n= 17) 64 (7)k (n= 17) 60 (4)' (n= 17)
Group 5* 92 (3)- (n=30) 47 (3)n (n=24) 33 (2)0 (n=30)

Kruskal-Wallis analysis of variance followed by Conover's
multiple t test were used to identify the significant values. a v j, a v
m; c v o are all significant at p<OOl; b v k; c v f; c v 1 are all
significant at p<005. *Data from Young and Levin. `2

A Type 500W) was a gift from Roche Products,
Welwyn Garden City, England.

STATISTICAL ANALYSIS
All the results are shown as the mean (SE). For
statistical comparisons the unpaired Student's t
test with 0.05 as the level of significance was
used. When multiple comparisons were needed
the Kruskal-Wallis analysis of variance was used
followed by Conover's multiple t test to delineate
specific differences.24

Results

FOOD INTAKE
Table I gives the food intake of group 1 for days
1, 10, 20, 30 and 40 on the vitamin A deficient
diet. There was an increase of 1'2-fold from day
20 to day 40. For comparison the food intake of
the rats fed the normal control diet (CRM,
Labsure) is shown for day 40, it being approxi-
mately 2.7 times greater than that of the vitamin
A deficient group. It should be noted that for
groups 4 and 5, who were fed the normal CRM
diet, group 4 represents a chronically under-
nourished group compared with group 5 (as on
day 40, for example, group 4 rats received only
9 g CRM diet/day while those in group S
averaged 24 g/day). Group 4 rats on 9 g/day
would have an average daily vitamin A intake of
135 IU vitamin A while those on 24 g (group 5)
would have an intake of 360 IU/day.

VITAMIN A PLASMA LEVELS
The plasma concentrations of vitamin A for the
five groups are given in Table II. The rats on the
vitamin deficient diet (group 1) had the lowest
concentrations. The average daily requirement
for vitamin A in adult rats has been estimated as
40-80 lU.'3 The vitamin A deficient rats fed 80
IU vitamin A/day (group 2) showed an increased
plasma vitamin A concentration, but this was not
significantly different from group 1 (p>005),
while those fed 240 IU vitamin A/day (group 3)
had a vitamin A concentration approximately 3.5
times greater (p<0 001) than group 1. Moreover,
the concentration for this group was not signifi-
cantly different from that in rats pair fed the
normal CRM diet (group 4) and the age matched
rats fed the normal CRM diet ad libitum (group
5). Thus feeding 80 IU vitamin A/day in the
drinking water does not satisfactorily restore the
plasma vitamin A state of the vitamin deficient
rats to normal, but giving 240 IU vitamin A/day
does.

INTESTINAL PHYSICAL AND BIOELECTRIC
PARAMETERS
Several basic physical and bioelectric parameters
were measured in the intestines of the vitamin
deficient rats (group 1) and the vitamin deficient
rats supplemented with 240 IU vitamin A/day
(group 3). Because there was no significant
difference between the groups for total intestinal
length or weight of jejunal, proximal ileal, and
terminal ileal segments per cm2 serosal area and
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TABLE IV Maximum secretory currents (pA/cm2 serosal
area) induced by I mmol/l serosal bethanechol in
unstrippedjejunum, proximal ileum, and distal ileum
from various nutitional groups. Results are mean (SE)

Bethanechol: maximum minus basal secretory
current (pA/cm2)

Jejunum Ileum Distal ileum

Group 1 104 (10)'(n= 10) 138 (1 1)b(n= 11) 121 (12) (n= 11)
Group 2 122 (9)d(n=9) 141 (8)'(n=9) 107 (11)' (n=9)
Group 3 56 (8)p (n=6) 101 (13)b (n=6) 91 (5)'(n=9)
Group 4 179 (17)' (n=9) 247 (13)k (n=9) 137 (9)' (n=9)
Group 5* 59 (6)m (n= 12) 140 (10)' (n=9) 63 (3)o (n= 10)

Kruskal Wallis analysis of variance followed by Conover's
multiple t test were used to identify the significant values. a v m; b
v k; c v o are all significant at p<0-001; a v j is significant at
p<0002; a v g is significant at p<0Ol; c v i is significant at
p<0 05. * Data from Young and Levin. 1425

for basal potential difference, these have not
been shown. The data for the basal current are
given in Table III. While no significant differ-
ences were found between the vitamin deficient
(group 1) and the vitamin deficient pair fed
groups (groups 2 and 3) a significant rise in the
jejunal basal current was evident in group 4
(+49%, p<0001) and group 5 (+46%, p<0001)
compared with group 1. In the ileum no signifi-
cant differences were found between the vitamin
deficient rats (group 1) and other control groups
2 and 3, but the pair fed rats in group 4 showed a
significant increase (+42%, p<0005). The
tissue resistance for the jejunum and distal ileum
was not significantly different between groups 1
and 3 but that of the proximal ileum was
significantly lower by approximately 22%
(p<0001) in the vitamin deficient group (group
1, n= 19 mean (SE) 57 (5) ohms/cm2 serosal area
compared with group 3, n= 14, 73 (5) ohms/cm2
serosal area).

SECRETORY CURRENTS INDUCED BY BETHANECHOL
The secretory currents induced in the jejunum,
proximal ileum, and distal ileum by serosal
bethanechol in the five groups are given in Table

Bethanechol (1 mmol/1)

(6)

-6 -4 -2 0 2 4 6 8 10

Time (minutes)
Figure 1: Time course ofthe response ofthe intestinal current to the serosal addition (at time 0) of
bethanechol (l mmol/l) tojejunum from vitamin A deficient rats (group 1, 0) andfrom vitamin
A deficient rats supplemented with 240 IU vitamin A/day (group 3, A). Results are plotted as
the mean with standard error bars. Where there are no bars the standard error is included in the
symbol size. Number ofrats in parentheses.

IV. The time course of the response for the
jejunum is shown in Figure 1. Comparing the
vitamin A deficient (group 1) with the deficient
rats supplemented with 240 IU vitamin A (group
3) the maximum minus basal secretory current
induced in the jejunum was 86% greater
(p<0 001), that in the proximal ileum was 37%
greater (but not significant), while that in the
distal ileum was 33% greater (p<0 05). Even in
the vitamin A deficient animals supplemented
with 80 IU vitamin A (group 2) the maximum
minus basal secretory current of the jejunum (+
118-5%, p<0 001) and proximal ileum (40%,
p<0O02) was significantly greater than that in
group 3. The CRM diet pair fed rats (group 4)
showed enhancement of bethanechol secretion
brought about by chronically reduced food
intake when compared to the maximum minus
basal secretory current induced in the rats fed ad
libitumon the CRM diet (group 5). The secretory
current of the jejunum in group 4 rats was
203% greater (p<0001), in the proximal ileum
76% greater (p<0001), and in the distal ileum
117% greater (p<0001) than that in group 5.
That in group 3 rats was not significantly
enhanced in the jejunum and proximal ileum,
but in the distal ileum it was significantly greater
(44% p<0001) than in group 5.

SECRETORY CURRENTS INDUCED BY DIBUTYRYL
CYCLIC AMP
The secretory currents induced by dibutyryl
cyclic AMP in the jejunum, proximal ileum, and
distal ileum in the five groups are given in Table
V. The time course of response for the distal
ileum is shown in Figure 2. An increase in the
maximum minus basal secretory current was
observed only in the terminal ileum (+40%,
p<001) when the vitamin deficient rats (group
1) were compared with the vitamin deficient
supplemented with 240 IU vitamin A/day (group
3); the secretory currents of the jejunum and
proximal ileum were not significantly different.
The currents of the CRM pair fed rats (group 4)
showed increases in the jejunum (+33%,
p<005) when compared with those in the rats
fed ad libitum with the CRM diet (group 5). The
currents for group 3 rats were not significantly
different from those of group 4, indicating that
feeding 240 IU vitamin A/day restored the
intestinal function to the level of the rats with
normal vitamin A concentrations but on a
reduced food intake.

TABLE V Maximum secretory currents (pA/cm2 serosal
area) induced by 1 mmol/l serosal dibutyryl cyclicAMP in
unstrippedjejunum, proximal ileum, and distal ileum
from various nutritional groups. Results are mean (SE)

Dibutyyl cyclicAMP: maximum minus basal
secretory current (pA/cm2)

Jfejunum Ileum Distal ileum

Group 1 68 (12)' (n=8) 85 (10)b(n=8) 158 (1 1)' (n=8)
Group 3 84 (12)d(n=8) 113 (8)e (n=8) 113 (6)r (n=8)
Group 4 96 (11) (n= 8) 107 (1 I)h(n= 8) 88 (12) (n=8)
Group 5* 72 (5)' (n= 19) 125 (5)k (n= 15) 56 (3)' (n= 10)

Kruskal Wallis analysis of variance followed by Conover's
multiple t test were used to identify the significant values. b v k; c
v i; c v 1 are all significant at p<0001; c v f is significant at
p<O010 . * Data from Young and Levin." 1̀4
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Figure 2: Time course ofthe response ofthe intestinal curren
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ELECTROGENIC GLUC

The transfer curreni
28 mmol/1 glucose 1

jejunum, proximal
from the various nui

Table VI. No signifi
for the maximum n

between the vitami
and the vitamin defi
240 IU vitamin A/d
values for the proxii
and the terminal il

significantly greater
fed ad libitum.

Discussion
The results show tJ
complex effects on t
small intestine whei
basal intestinal cur:
mainly electrogenic
unaltered, the ma
induced by bethar
M1/M2 agonist, v

jejunum and so wa

cyclic AMP in the (

TABLE VI Maximum tm
area) induced by 28 mmo
mannitol in unstrippedje,
ileum from various nutrit:

Glucose: maxin
(pA/cm2)

Jejunum
Group 1 58 (12), (n=9
Group 2 89 (10)d (n=9
Group 3 40 ( 1)'(n=6
Group 4 213 (20)i (n=9
Group 5* -

Kruskal-Wallis analysis of
multiple t test were used to
k; b v m are all significant E
p<c002. * Data from Youn

deficient rat. Bethanechol induced secretion is
mainly electrogenic Cl- in the jejunum,'4 but
there is some electrogenic bicarbonate secretion
in the ileum.'5 Previous studies on the distal
ileum25 have shown that this area has signifi-

K\T (8) cantly less secretory and absorptive capacity than
O~j() <%the proximal ileum and did not adapt to star-

U vation.26The former finding25 is confirmed in the
present study when the data of the distal ileum

(8) are compared with that of the proximal ileum in
group 5 rats, those fed the normal control diet
(CRM, Labsure) ad libitum. The basal current
and the bethanechol stimulated, dibutyryl cyclic
AMP stimulated, and glucose stimulated
maximum minus basal currents of the distal
ileum were clearly less than those of the proximal
ileum. This pattern is completely disrupted in

10 12 14 16 18 20 the vitamin A deficient group (group 1) where
the basal current and the bethanechol induced
and glucose induced maximum minus basal

t to the serosal addition (at time 0) Of currents of the distal ileum are not lower than
nin A deficient rats (group 1,0) and those of the proximal ileum. Even in the case of
itamin Alday (group 3, 0). Results the dibutyryl cyclic AMP induced current, that
ere are no bars the standard error is of the distal ileum in the vitamin deficient group

is actually greater than in the proximal ileum.
Vitamin A deficiency thus alters dramatically the

'OSE TRANSFER balance between the distal and proximal ileum.
Ls induced by the addition of In a previous study we presented evidence to
to the mucosal fluids of the suggest that one property of the distal ileum may
ileum, and terminal ileum be its 'chemosensing' function.25 Whether
tritional groups are shown in vitamin A deficiency also interferes with thisctandiffer ewshobse putative distal ileal function is a question to be
*inusbasal tans er en answered in further studies.
nA deficientratsf (groupt1 It is interesting that the alterations in intestinal
nAdefiient ratssuppleme d wh function brought about by vitamin A deficiency

in the rat seem to be selective for the secretoryay (group 3). In group 4 the function, for no change could be found in thenal ileum(+3163%, p<001) absorptive electrogenic transfer of glucose. The
eum (+39%, p<O-O5) were only other data on the absorptive function of the
than the values for group 5 vitamin A deficient rat is a brief note by Kancha

and Anasuya,'2 who reported that the in vitro
duodenal transfer of calcium and the jejunal
transfer of oxalate were enhanced compared with

hat vitamin A deficiency has those of control intestine from pair fed rats.
the secretory functions of the Their rats, however, were made vitamin A
assessed in vitro. While the deficient over 84 days compared with the 40 days

in our study. It is not known whether this
rent, which is known to be
Cl- secretion,14 15 seems to be increase in duration of the deficient state is an
imum minus basal current important difference between the studies. Only
iechol, a stable muscarinic two other investigations have examined secretory
vas significantly greater in function in the gastrointestinal tract of vitamin A
Is that induced by dibutyryl deficient rats. The basal transmural gastric
distal ileum of the vitamin A potential difference was not altered significantly

in vitamin A deficient rats,27 but unfortunately
no measurements were made in the rats

ansfer currents (pA/cm' serosal stimulated to secrete acid, which is probably the
/ll mucosal glucose: 28 mmolll serosal more important measurement. In the case of the
junum, proximal ileum, and distal salivary gland28 impaired secretion of saliva was
ional groups. Results are mean (SE) found during the induction ofrapid, synchronous

num minus basal transfer current vitamin A deficiency.
Vitamin A deficiency in the rat seems to

Ileum Distal ileum induce an increase in jejunal electrogenic
secretion (chloride) when activated by

62 (1i)b (n= 10) 46 (6), (n=-10) bethanechol and in the distal ileum when8)8(12), (n=9) 35 (4)'(n=9)
i) 35 (6)h (n=6) 61 (5)i (n=6) activated by dibutyryl cyclic AMP. Feeding

289 (24)' (n=9) 79(10)1 (n=9) vitamin A in the drinking water to vitamin A110 (3) (n=40) 57 (4 (n-=30) deficient rats prevented the changes. This is the
variance followed by Conover's first clear cut demonstration that vitamin A
identify the significant values. a v j; b v deficiency alone can enhance the secretory func-
at p<0 001; a v d is significant at
ig and Levin.11 tion of the small mtestme. This enhanced

[J t
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secretory activity observed in the rat offers an
explanation for the well known relation between
vitamin A deficiency and diarrhoea found in
humans.23
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