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Aldosterone mediates the changes in hexose transport
induced by low sodium intake in chicken distal intestine

Carles Garriga, Joana M. Planas and Miquel Moreto

Departament de Fisiologia-Divisié 1V, Facultat de Farmacia, Universitat de Barcelona,

E-08028, Barcelona, Spain

(Received 18 February 2001; accepted after revision 6 April 2001)

In chickens, low Na™ diets markedly decrease the hexose transport in the rectal segment of the
large intestine; transport in the ileum shows a lower, but significant reduction and transport
in the jejunum is unaftfected. These effects involve both apical (SGLT1) and basolateral (GLUTZ2)
hexose transporters.

The role of the renin—angiotensin—aldosterone axis (RAAS) in the epithelial response to Na*
intake was studied in chickens fed high-NaCl (HS) and low-NaCl (LS) diets. The V,,, of
a-methyl-D-glucoside and D-glucose were determined in vesicles from the brush-border
(BBMVs) and basolateral (BLMVs) membranes, respectively. The binding of phlorizin to BBMV
and cytochalasin B to BLMV were used as indicators of the abundance of SGLT1 and GLUTZ2,
respectively.

In HS-adapted chickens, the serum concentration of aldosterone (means + S.E.M.) was
35+ 5pg ml™" (n=6) and that of renin was 20 + 2ng ml™" (n=3). In LS-fed birds, these
values were 166 + 12 pg ml™" (n = 6)and 122 + 5ngml™" (n = 3), respectively. Administration
of captopril, the inhibitor of the angiotensin-converting enzyme (ACE), to LS-chickens lowered
the aldosterone serum concentration without affecting the renin concentration. Captopril also
prevented the reduction of apical and basolateral hexose transport in ileum and rectum
characteristic of the intestinal response to LS adaptation.

Administration of the aldosterone antagonist spironolactone to LS-adapted chickens did not
affect the serum concentrations of aldosterone, but prevented the effects of LS intake on
hexose transport in both apical and basolateral membranes. This suggests that the effects of
aldosterone are mediated by cytosolic mineralcorticoid receptors.

Administration of exogenous aldosterone to HS-fed birds induced hexose transport and
binding properties typical of the LS-adapted animals. These findings support the view that
aldosterone, besides its primary role in controlling intestinal Na* absorption, can also modulate
the expression of apical and basolateral glucose transporters in the chicken distal intestine.
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Unlike mammals, certain regions of the large intestine of
chickens can co-transport glucose and amino acids with
Na* (Lind et al. 1980; Moreté & Planas, 1989; Ferrer et al.
1994, Bindslev et al. 1997). This function is observed in
animals fed commercial diets, typically containing
relatively high amounts of NaCl. When chickens are
switched to diets containing low levels of NaCl, the
RAAS is activated to control several homeostatic
adaptations: a significant increase in the short-circuit
current in the ileum, caecum and rectum (Skadhauge,
1983; Grubb & Bentley, 1987; Amat et al. 1988), and
higher expression of the Na®~H™ exchanger isoform 2
(NHEZ2) and the epithelial Na* channel (ENaC) (Goldstein
et al. 1997; Donowitz et al. 1998). Interestingly,
adaptation to LS diets also reduces the capacity of the
large intestine to transport glucose and amino acids (Lind
et al. 1980).

We have studied the effects of Na' intake on the
intestinal transport of sugars in chickens for several
years. When birds are fed a LS diet, the capacity to
accumulate hexoses by jejunal enterocytes is partly
reduced (Jaso et al. 1995), whereas this capacity is
completely abolished in enterocytes from the rectum
(Lind et al. 1980; Arnason & Skadhauge, 1991; Jaso et al.
1995). In the small intestine, in the proximal caecum and
in the rectum, glucose is absorbed by a Na*-dependent
phlorizin-sensitive SGLT1-type transporter present in
the brush-border membrane (Amat et al. 1996; Bindslev
et al. 1997; Garriga et al. 1999a). Western blot analysis of
this transporter has shown that chicken SGLT1 has an
apparent molecular mass of 75 kDa (Garriga et al. 19990),
similar to that described for mammals (Bindslev et al.
1997). The basolateral membrane has a Na*-independent,
phloretin and cytochalasin B-sensitive GLUT2-type
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transporter that has been characterised by functional and
binding studies (Kimmich & Randles, 1975; Garriga et al.
1997).

In a previous study on hexose kinetics across apical and
basolateral membranes, it was demonstrated that during
LS adaptation there is a dramatic reduction in the
number of specific transporters in the rectum and the
ileum, but not in the jejunum (Garriga et al. 1999q). These
effects are rapidly reversed by resalination. Indeed, LS-
adapted chickens given a single oral dose of saline showed
the HS diet profile of intestinal glucose transport within
4 h of NaCl administration (Garriga et al. 2000). Birds fed
LS diets have a serum aldosterone concentration that is 5-
to 8-fold higher than animals fed HS diets (Skadhauge,
1983; Arnason et al. 1986; Grubb & Bentley, 1987;
Rosenberg & Hurwitz, 1987; Bindslev et al. 1997; Garriga
et al. 1999q). Furthermore, when LS-adapted chickens are
resalinated, the serum aldosterone concentration drops
even below the concentration representative of the HS
condition (Skadhauge, 1993; Garriga et al. 2000). Studies
on whether dietary NaCl affects other blood hormones
indicate that the concentration of circulating cortico-
sterone is not modified by Na® intake (Skadhauge, 1983;
Arnason et al. 1986; Rosenberg & Hurwitz, 1987), while
arginine-vasotocin (Arad et al. 1986 vs. Skadhauge, 1983)
and prolactin (Arad et al. 1986; Arnason et al. 1986) show
conflicting results. Aldosterone is, therefore, the best
candidate for the signal that controls the number of
apical and basolateral glucose transporters in the distal
chicken intestine. However, evidence that aldosterone is
directly responsible for these changes is lacking.

Here we pursue this question further. We determined the
hexose transport function in the apical and basolateral
membranes, and the number of transporters at different
stages of the RAAS response. In view of the limitations of
Western blot analysis of chicken apical SGLT1 (Garriga
et al. 1999b) and in the absence of specific antibodies to
quantify the chicken basolateral GLUTZ2, we used a
probe-binding approach to quantify both transporters.
This technique enables accurate quantification of the
transporters and, together with the Kkinetic results, an
estimation of turnover numbers (Cheeseman & Maenz,
1989; Garriga et al. 1999a, 2000). The results support the
hypothesis that aldosterone is directly involved in the
control of glucose transport in the distal intestinal
segments of the chicken, acting through mineralo-
corticoid receptors.

METHODS

Animals

Male White Leghorn chickens (Gallus gallus domesticus L.) were
obtained from a commercial farm (Gibert, Tarragona, Spain) on the
day of hatching and housed in stainless-steel cages in standard
temperature and humidity conditions, and 18—6 h light—dark cycle.
They were fed a commercial diet (Gallina Blanca Purina, Barcelona,
Spain) and water ad libitum. When they were 10 weeks old, they
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were given a 14 day diet consisting of wheat and barley (1:1), with
the following contents (in g (kg diet)™): crude protein, 107.9; lipid,
20.5; carbohydrate, 626.4; crude fibre, 100.5; Na*, 0.013; K*, 0.413;
and CI7, 0.346. The metabolisable energy content was 13.2 MJ kg™
Drinking water contained added NaCl to yield a final concentration
of either 0.015 mM NaCl (LS diet) or 150 muM NaCl (HS diet) as used in
previous studies (Garriga et al. 1999a, 2000).

The experimental design was based on seven groups (10—15 animals
per group): (1) high Na* diet (HS diet), (2) low Na* diet (LS diet),
(3) HS diet + 100 gM captopril, (4) LS diet 4+ 100 uM captopril, (5) HS
diet 4+ 50 M spironolactone, (6) LS diet 4+ 50 g spironolactone, and
(7) HS diet + osmotic pump delivering aldosterone.

Captopril was used to inhibit the angiotensin-converting enzyme and
thus reduce the conversion of angiotensin I to angiotensin II
(Brunner et al. 1978). Spironolactone is a mineralcorticoid that binds
cytosolic mineralocorticoid receptors with higher affinity than
aldosterone (Atwill et al. 1965). Osmotic pumps were implanted in
HS animals to deliver aldosterone in order to stimulate the secondary
hyperaldosteronism characteristic of the LS condition, which has
proved effective in rats (Pacha & Pohlova, 1995) and birds (Grubb &
Bentley, 1987).

Chickens were killed in the morning, without previous withdrawal of
food, by cervical dislocation and were then bled. The intestinal
segments were removed, immediately flushed with ice-cold saline
containing 0.2 mM phenylmethanesulfonyl fluoride (PMSF), 0.41 uM
LiN; and 0.1 mM benzamidine, and opened lengthways. The mucosa
was scraped, frozen in liquid nitrogen and stored at —80°C.

The Ethical Committee of the University of Barcelona, in accordance
with the Spanish regulations for the use and handling of
experimental animals, approved the animal manipulation and
experimental procedures.

Implantation of osmotic pumps delivering aldosterone in vivo

Alzet mini-osmotic pumps (model 2002, Alza Corporation, Palo Alto,
CA, USA) were used. The pump reservoir was filled in sterile
conditions with a solution of aldosterone in propylene glycol at the
appropriate concentration to guarantee a daily pumping rate of
approximately 15 ug aldosterone (kg body wt)™'. Preliminary
experiments showed that the hyperaldosteronism induced at lower
delivery rates was lower than that of the LS condition. For the
subcutaneous implantation of pumps, 5mg (kg body wt)™ of
diazepam was administered intramuscularly and 30 min later the
animals were anaesthetised by the intravenous administration of
sodium pentobarbital (20 mg (kg body wt)™). An incision was then
made in the nape of the neck and a small pocket was formed by
spreading apart the subcutaneous connective tissues. The pump was
inserted into the pocket with the flow moderator pointing away from
the incision, which was then closed with sutures.

Serum determinations

Blood was sampled by vein puncture between 09.00 and 11.00 h and
the serum was stored at —20°C. The renin concentration was
determined by radioimmunoassay with a commercial kit (SB-REN,
CIS Bio International, Cambridge, UK). The serum concentration of
aldosterone was determined with the Diasorin kit (Vercelli, Italy)
and the serum concentrations of Na* and K* were measured by flame
photometry (Corning 400, Halstead, Essex, UK).

Brush-border membrane vesicle preparation

BBMVs were prepared by MgCl, precipitation (Garriga et al. 1999q).
The vesicle suspension was obtained in a medium containing 300 mum
mannitol, 0.1 mm MgSO,, 0.41 M LiN,; and 20 mmM Hepes-Tris
(pH 7.4), with a protein concentration of 20-30 mg ml™".
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Basolateral membrane vesicle preparation

BLMVs were prepared following Garriga et al. (1997). The vesicles
were suspended in a medium containing 300 mM mannitol, 20 mM
Hepes—Tris (pH 7.5), 0.1 mm MgSO, and 0.41 gM LiN,, with a protein
concentration of 1020 mg ml™".

Enzyme and protein determinations

The activity of the ouabain-sensitive Na*—K™-activated ATPase
(Na™—K*-ATPase, EC 3.6.1.3) was routinely assayed as a marker of
the basolateral membrane following Colas & Maroux (1980). Sucrase
(a-D-glucohydrolase, EC 3.2.1.48), the marker of the brush-border
membrane, was assayed according to Messer & Dahlqvist (1966). The
protein content was determined using the Coomassie brilliant blue
method with bovine serum albumin as standard (Bradford, 1976).

Transport assays

The uptake of a-methyl-D-glucoside (xGle1Me) and D-glucose (D-Gle)
was measured at 37°C by a rapid filtration technique (Garriga et al.
1999a). We have used aGleclMe in the BBMV studies because it is
specific for the apical SGLT1 isoform thus avoiding the possible
influence of basolateral membrane contamination. For the kinetic
studies of the basolateral GLUTZ2 isoform, we used D-Gle in the
absence of Na® to avoid any influence of apical contamination. To
perform the aGlel Me transport assays in short-circuit conditions, the
vesicles were preloaded with 200 mM mannitol, 50 my KCI, 20 mM
Hepes—Tris (pH 7.4), 0.1 mM MgSO, and 0.41 uM LiN;. Valinomycin
was added to the incubation medium at a final concentration of
45 pM in order to render the vesicles permeable to K*. The substrate
concentrations used for the kinetic analyses of aGle1Me and p-Gle
uptake by BBMVs and BLMVs were 0.01, 0.05, 0.075, 0.1, 1, 10, 25,
50 and 75 mm, and 0.01, 0.5, 1, 5, 15, 50, 100, 150 and 200 mM,
respectively. The osmolality of intra- and extravesicular media was
kept constant at 320 mosmol kg™ by adjusting the total sugar
concentration with mannitol.

Phlorizin binding measurements

Steady-state phlorizin binding was assayed at 37°C by following
Peerce & Clarke (1990) with some modifications (Garriga et al. 1999a).
The density of phlorizin binding sites is expressed in picomoles of
phlorizin bound per milligram of protein at 50 gM phlorizin (Bs).

Cytochalasin B binding measurements

Steady-state cytochalasin B binding was assayed at 37°C by the
method described by Cheeseman & Maenz (1989) with some
modifications (Garriga et al. 1999¢a). The density of cytochalasin B
binding sites was expressed in picomoles of cytochalasin B bound per
milligram of protein at 1 ud cytochalasin B (5)).

Chemicals

All unlabelled reagents were from Sigma except those used to
determine enzymatic activity, which were from Boehringer
(Mannheim, Germany). b-[U-"C]Glucose (specific activity
251 mCi mmol™"), a-methyl-p-["*Clglucoside (specific activity
265 mCi mmol ™), [*Hphlorizin (specific activity 46.4 Ci mmol™") and
[*Hleytochalasin B (specific activity 15 Ci mmol™) were purchased
from New England Nuclear Research Products (Dreieich, Germany).
The final activity of labelled substrates in the incubation medium
was 0.5-2 uCiml™".

Kinetic analysis

Total aGle1Me and D-Gle fluxes from at least three independent
experiments were analysed by non-linear regression using the
Biosoft Enzfitter program (Cambridge, UK). As the errors associated
with experimental fluxes were roughly proportional to their values it
was considered appropriate to apply proportional weighting to the
data.
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Statistical analysis

Kinetic parameters and binding measurements were compared using
Student’s ¢ test (P < 0.05).

RESULTS
Animal model

The serum concentrations of renin (6-fold) and aldosterone
(56-fold) were higher in LS than in HS groups (Fig. 1), in
agreement with previous results (Garriga et al. 1999aq,
2000). The serum K* concentration was significantly
higher in the LS group than in HS animals and no
differences in the blood concentration of Na® were
observed (results not shown), again confirming previous
observations (Garriga et al. 1999aq).

The effects of drug treatment are shown in Fig. 1.
Captopril, which inhibits the conversion of angiotensin 1
into angiotensin II, had no effect on the renin or
aldosterone concentrations in HS-fed animals, but
prevented hyperaldosteronism in LS animals without
affecting the renin concentration. Spironolactone, which
competes with aldosterone for the cytosolic mineralo-
corticoid receptors, had no effect on renin or aldosterone
concentrations in either dietary condition. Finally, the
chickens fed the HS diet that was supplied with
aldosterone by subcutaneous osmotic pumps developed
hyperaldosteronism that was similar to that induced by
the LS condition, indicating that the protocol used to
mimic physiological hyperaldosteronism in HS birds was
appropriate.

Characterisation of the membrane vesicles

The membrane purity of both BBMVs and BLMVs was
determined by marker enzyme assays. In the final BBMV
preparation, sucrase activity was highly enriched and the
overall recovery was over 82% in the three intestinal
segments and for all experimental groups. The
enrichment factor was between 11.5 and 13.0 (jejunum),
11.3 and 13.1 (ileum), and 11.3 and 12.7 (rectum), without
differences between experimental groups in any
intestinal segment. The activity of the basolateral marker
Na*—K*-ATPase was not enriched (0.81 + 0.10-fold,
n=42). Membrane orientation was studied according to
Del Castillo & Robinson (1982), and results indicated that
92 + 2% of the vesicles were oriented outside-out. The
intravesicular volume, calculated in equilibrium
conditions at 0.1 mM aGlelMe, was the same in the three
intestinal segments and in all experimental groups, with
a mean value of 0.63 4+ 0.15 ul (mg protein)™' (n = 42).

In BLMVs, the enrichment factor and the overall
recovery of Na'—K'-ATPase activity were high. In
jejunal preparations enrichment was between 10.1 and
11.0, in ileal vesicles between 9.8 and 12.0, and in rectal
BBMVs between 10.8 and 12.1. The activity of sucrase
was not enriched in BLMVs (0.99 + 0.12-fold, n=42).
The orientation of BLMVs was routinely checked as
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described previously (Garriga et al. 1997) demonstrating
that the vesicle preparation consisted of more than 85%
outside-out vesicles. The intravesicular volume, calculated
in equilibrium conditions at 1 mm D-Gle, was 2.07 4+ 0.33 ul
(mg protein)™ (n = 42), without statistical differences
between intestinal segments and experimental groups.
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Figure 1. Serum aldosterone and renin
concentration, and relative changes of maximal
transport rates across BBMVs and BLMVs from
the jejunum, ileum and rectum

Results of aldosterone and renin are presented as
means + S.EM. (n = 3—7 animals). Maximal transport
rates (V,..) for aGle1Me and D-Glec are expressed
relative to the values of the HS condition and are
calculated from data contained in Tables 1 and 2.

* P <0.05 compared with the HS group. Cpt,
captopril; Spi, spironolactone; Aldo, aldosterone.
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Transport of aGlec1Me across BBMVs

The kinetic study was carried out in triplicate in the
seven experimental groups described above (Table 1). The
total fluxes from each experiment were resolved into a
saturable (mediated) and a linear component, and the
resulting values were subjected to an analysis of variance.
This revealed two patterns: the HS pattern, characterised
by high mediated hexose transport rates (V,,.,) and the LS
pattern, characterised by significantly lower V.. The
jejunum only showed a single pattern, indicating that the
transport of aGlelMe by the apical membrane was not
affected by NaCl intake. The Michaelis constants (K,
calculated for all segments and experimental conditions
ranged from 1.1 to 1.8 mM without differences between
groups. The linear component enabled the calculation of
the diffusion constants (K,) for aGlc1Me, which were
between 11.8 and 17.8 nl (mg protein)™' s™', without
statistical differences between groups. These results show
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Figure 2. Correlation between hexose V,,, and
density of transporters

A, aGle1Me uptake vs. density of phlorizin binding
sites in BBMVs. aGle1Me V. is a linear function of
the density of specific phlorizin binding (50 uM, Bs),
and is defined by the equation y= 2.5x + 23.9
(r=10.990). B, 0-Glc uptake vs. density of
cytochalasin B binding sites in BLMVs. D-Gle V. is a
linear function of the density of specific
cytochalasin B binding (1 uM, B,), defined by the
equation y = 29.4x 4+ 561.9 (r = 0.986).
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Table 1. Maximal aGle1Me transport rates and specific phlorizin binding to BBMVs in the 7 groups

Captopril Spironolactone Aldosterone
(50 pen) (100 pm) (osmotic pump)
HS LS HS LS HS LS HS

Jejunum

Vo 2254+ 16 230 + 41 248+ 16 254 + 48 236 +15 237 + 11 250 + 21

By, 82+ 3 86 + 3 82+ 2 82+5 86 + 3 83 +4 84 +4
Ileum

Viax 241 +10 116 +6* 237 +40 215+ 14 226 + 51 205 + 11 110 + 18%*

By, 80+3 43 + 3% 85+5 83+ 2 79+6 7843 47 £+ 4%
Rectum

Vinax 125 +7 69 + 8* 127+ 11 119412 120+ 10 134+ 18 72+ 3%

By 38+3 14 4+ 2% 36+6 38+5 4245 40 +3 15+ 2%

The maximal transport rate constant (V) of aGle1Me is expressed as pmol (mg protein)™ s and the

specific phlorizin binding, determined using 50 uM phlorizin (B, is expressed as pmol phlorizin (mg
protein)™. Values are the means 4+ S.E.M. of 3 separate experiments. * P < 0.05 compared with HS
condition. There were no differences in K, and K, values between groups (see Results).

Table 2. Maximal D-Glc transport rates and specific cytochalasin B binding to BLMVs in the 7 groups

Captopril Spironolactone Aldosterone
(50 pn) (100 pm) (osmotic pump)
HS LS HS LS HS LS HS
Jejunum
Viax 1525+ 32 1602 + 101 1498 +44 1563 + 12 1626 + 74 1702 + 106 1679 + 34
B, 53+6 56 +5 60+ 6 62+5 59 +4 60 + 4 58+ 2
Tleum
Vs 1725+ 124 1234 + 131 * 1530+ 106 1627 £98 1714 +34 1736 + 50 1194 £ 70 *
B 49 + 1 30+ 2% 49+ 3 53+3 51+5 50+ 3 30+6%*
Rectum
Vs 1206 +75 728 +40* 1234+65 1178 £ 115 1197 +102 1303 + 28 692 + 24 *
B, 36+ 2 14+1%* 35+4 36+4 30+ 2 35+4 15+3%

D-Gle V. is expressed as pmol (mg protein)”' s~ and the specific cytochalasin B binding, determined
using 1 uM cytochalasin B (B)), is expressed as pmol cytochalasin B (mg protein)™. Values are the
means + S.EM. of 3 separate experiments. ¥ P<0.05 compared with HS. There were no significant
differences between K, and K, values (see Results).

that there is a single apical pathway for the co-transport
of glucose in the three intestinal regions, and that dietary
NaCl intake does not affect the affinity constant for the
glucose analogue aGlcl Me.

Adaptation to the LS diet had no effect on apical hexose
transport by the jejunum but this was significantly
reduced in the ileum and rectum, confirming previous
observations (Garriga et al. 1999a, 2000). Captopril had no
effect on hexose transport in HS-fed animals, but
prevented the changes in V,,, induced by the LS diet.
Spironolactone had no effect in the HS group, but
prevented the reduction of V. characteristic of the LS
condition. The subcutaneous administration of aldosterone
to HS-fed chickens had the same effect on hexose
transport as LS-induced secondary hyperaldosteronism.

Phlorizin binding measurements

The specific binding of phlorizin (Bs) for the three
intestinal segments and for all experimental conditions is

shown in Table 1. The effects of diet and drug treatment
on B;, parallel the changes observed in V. (Fig. 24). Both
variables show a linear correlation defined by the
equation y= 2.5z 4+ 23.9 (r= 0.990).

Transport of D-Gle across BLMVs

The initial D-Glc uptake by BLMV was analysed using the
same strategy that was used for aGlclMe uptake by
BBMVs (Table 2). The LS adaptation had no effect in the
jejunum, but reduced glucose transport in the ileum and
the rectum. Drug interaction with the RAAS paralleled the
changes observed in the apical membrane, i.e. captopril
and spironolactone prevented the effects of secondary
hyperaldosteronism, and exogenous aldosterone induced
a LS pattern in HS-fed animals. The Michaelis constants
(K,,) of the seven groups were between 12.9 and 17.0 mM
and the diffusion constants (K;) between 17.3 and 21.6 nl
(mg protein) ™' 87!, without statistical differences between
groups.
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Cytochalasin B binding measurements

Table 2 shows the specific cytochalasin B binding (B;) for
all segments and experimental conditions. The changes
observed in B, closely correlate with the maximal transport
rates, as shown in Fig. 2B. Both variables are linearly
correlated and defined by the equation y=29.4x + 561.9
(r=0.986).

Calculation of turnover numbers for glucose
transporters

In a previous paper (Garriga et al. 1999a) we estimated
the turnover number for SGLT1 using aGlc1Me V,,,, and
the maximal specific phlorizin binding constant (B5,,,,) and
obtained a mean SGLT1 turnover number for the
jejunum, ileum and rectum of 3 s~". In the present study,
using a phlorizin concentration that saturates 75—100 %
of the binding sites of the transporter, we found a value
of 2.5s7", which is similar. This indicates that the
experimental conditions used in the present study allow a
good estimation of the turnover number. The statistical
analysis showed that there were no differences between
experimental groups or intestinal segments. The turnover
numbers for GLUT2 were approximately 30 s~', without
differences between segments or experimental conditions.

DISCUSSION

In contrast to the large intestine of mammals, that of
birds can transport amino acids and glucose by
mechanisms analogous to those present in the small
intestine. The small and large intestine of the chicken
have a single glucose transporter in the apical membrane,
with functional and structural properties compatible
with SGLT1 (Amat et al. 1996; Bindslev et al. 1997,
Garriga et al. 1999a,b). They also have a GLUT2-like
glucose and fructose transporter in the basolateral
membrane (Kimmich & Randles, 1975; Garriga et al.
1997, 19994). An interesting feature of the chicken is that
a high NaCl-containing (high sodium, HS) diet favours
the expression of glucose transporters in the distal
segments whereas a low NaCl-containing (low sodium,
LS) diet results in reduced hexose accumulation and
transport, especially in the rectum (Lind et al. 1980;
Arnason & Skadhauge, 1991; Jaso et al. 1995; Garriga et
al. 1999a). It has been demonstrated that the decrease in
hexose transport in the apical and basolateral membranes
of ileal and rectal enterocytes during LS adaptation is due
to a reduction in the number of apical (SGLT1) and
basolateral (GLUT2) hexose transporters (Garriga et al.
1999aq).

The transport rate of hexoses either across the apical
membrane in response to changes in dietary composition,
or across the basolateral membrane in response to changes
in plasma glucose concentration (e.g. in diabetes), can be
regulated by signals from the mucosal or the serosal
compartment, respectively (Karasov & Diamond, 1983;
Solberg & Diamond, 1987; Cheeseman, 1992). Nonetheless,
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systemic hormones can also regulate the intestinal
absorption of nutrients (Ferraris & Diamond, 1997). Thus,
in chicken adaptation to dietary NaCl, aldosterone is
believed to mediate some (if not all) of the effects of
dietary sodium on intestinal glucose transport. This
hypothesis is sustained by the correlation between serum
aldosterone concentration and hexose transport and
accumulation during LS adaptation, and after resalination
(Skadhauge, 1983; Jaso et al. 1995; Donowitz et al. 1998;
Garriga et al. 2000). However, direct evidence of the
involvement of aldosterone in the control of hexose
transport had not been reported.

The role of the RAAS system in sodium homeostasis in birds
is well established (Wilson, 1984; Skadhauge, 1993).
Chickens have granulated juxtaglomerular cells in the
kidney and a macula densa that responds to changes in
NaCl intake (Christensen et al. 1982). Thus, LS adaptation
stimulates renin secretion, which eventually increases the
concentration of circulating aldosterone. To study the
involvement of RAAS in intestinal hexose transport, we
measured serum renin concentration as an indicator of
juxtaglomerular activation and determined serum
aldosterone concentration. To investigate the contribution
of the different levels of RAAS activation, we used
captopril to prevent the formation of angiotensin II and
aldosterone secretion, and spironolactone to block
aldosterone interaction with its specific cytosolic receptors.
We also induced hyperaldosteronism in animals with low
concentrations of renin and angiotensin II in the blood by
the administration of exogenous aldosterone.

Figure 1 shows the correlation of renin and aldosterone
concentrations in serum with the hexose transport rates
for the different experimental groups. Captopril, a drug
that inhibits the angiotensin-converting enzyme
(Brunner et al. 1978), affected neither the aldosterone
concentration nor the glucose kinetics in the HS group.
However, it prevented the establishment of secondary
hyperaldosteronism in LS animals without affecting the
high circulating renin concentration representative of the
LS condition. This supports the view that the chicken
RAAR regulates the production of angiotensin II, which
in turn controls the secretion of aldosterone by the
adrenocortical tissue, as in other animal species (Quinn &
Williams, 1988).

Spironolactone is a competitive mineralocorticoid
antagonist that binds the intracellular mineralocorticoid
receptors (MRs) thus blocking its activation by
aldosterone (Atwill et al. 1965). This drug inhibits
aldosterone-induced short-circuit current in the rat colon
(Jorkasky et al. 1985) and the current induced by LS in
the hen coprodeum (Clauss et al. 1987). Our results show
that spironolactone has no effects per se on hexose
transport since the transport variables measured were
not affected when the drug was administered to HS
animals. However, when spironolactone was given to LS
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birds, in spite of the high circulating concentration of
renin (hence high angiotensin II) and aldosterone, the
expression of apical SGLT1 and basolateral GLUT2 were
switched from the profile of the LS condition to that of
the HS condition. This indicates that cytosolic MRs
participate in the intestinal response to changes in
dietary NaCl intake. In rats, the cytosolic mineralo-
corticoid receptors are expressed throughout the small
and large intestine, with higher levels in the distal colon
(Fuller & Verity, 1990). In chickens, studies on the
regional distribution of aldosterone receptors along the
intestine are lacking, although they are predicted to be
more abundant in the distal regions, because these
segments show the main functional changes in Na™®
transport during intestinal adaptation to varying NaCl
intakes (Skadhauge, 1993).

The involvement of cellular MRs in the effects of
aldosterone on glucose transport received further support
using a different experimental approach. This consisted
of inducing serum hyperaldosteronism in HS animals
(i.e. animals with a physiologically low endogenous
aldosterone production) by the exogenous administration
of the hormone. In spite of a higch NaCl intake and a low
renin concentration (hence low angiotensin II), the
expression of SGLT1 and GLUT2 in the ileum and the
rectum followed the pattern of the LS condition. That is,
when the only variable affected was the concentration of
circulating aldosterone, the HS glucose transport pattern
was switched to the LS pattern. To induce experimental
hyperaldosteronism in HS-fed chickens, mini-osmotic
pumps were implanted subcutaneously to avoid the
oscillations in the serum aldosterone concentration
observed when the hormone is administered by intra-
muscular injections (Clauss et al. 1984). In preliminary
experiments, we observed that when pumps delivered
aldosterone at a rate of 15 ug (kg body wt)™' day™', the
concentration of aldosterone in serum (measured 10 and
14 days after pump implantation) was in the range of the
values obtained by the diet-induced secondary
hyperaldosteronism. Higher rates of aldosterone delivery
did not significantly increase the concentration of
circulating aldosterone, suggesting that aldosterone
metabolism keeps the hormone serum concentration
within the range of 150200 pg ml™" (0.4-0.6 nm). This
might explain the relatively low concentration of
aldosterone in the plasma (only 153 pg ml™") determined
by Grubb & Bentley (1987) in chickens with implanted
pumps delivering high amounts of aldosterone
(128 pg (kg body wt) ™" day ™).

The changes in intestinal glucose absorption in response
to dietary Na® involve at least two mechanisms. First,
there is a reduction in the number of apical and
basolateral transporters, which decreases V.. and
therefore the absorptive capacity of the distal regions
(Garriga et al. 1999a, 2000). Second, there is also a
reduction in the membrane electrical potential, at least in
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enterocytes from the rectum (Jaso et al. 1995), which
decreases the electrochemical gradient for Na* across
SGLT1. Both processes reduce hexose accumulation and
transport
mediating the effects of aldosterone are complex since

in distal enterocytes. The mechanisms
they involve the transcriptional regulation of genes
encoding regulatory proteins that, in turn, control the
synthesis or the activation of effector proteins (Verrey,
1990). These regulatory proteins may control the activity
of pre-existing effector proteins involved in Na*
transport and increase the synthesis of constitutive
elements of the Na* transport machinery (Garty, 1994;
Verrey, 1995; Verrey et al. 2000). The reduction of hexose
transport in the ileum and rectum in response to
secondary hyperaldosteronism may also be mediated by
aldosterone-induced proteins controlling either the
expression of genes encoding the hexose transporters or
the trafficking of pre-existing hexose transporters from
cytoplasmatic vesicles to the cell membrane.

The present study supports the view that, in birds, the
distribution of functions between the regions of the
intestine is not as well defined as in mammals. For
example, in mammals the absorption of hexoses and
amino acids is restricted to the small intestine while the
large intestine (where aldosterone controls the expression
of apical ENaC and NHE, and the basolateral Na*—K™*-
ATPase) is more involved in the homeostasis of
electrolyte and extracellular volume. In the chicken, both
functions can be performed in both intestinal regions.
Thus, the large intestine, i.e. the rectum and the proximal
caecum, can absorb hexoses and amino acids by similar
mechanisms to those present in the small intestine (Lind
et al. 1980; Moret6 & Planas, 1989). Another example is
the ileum, which, although it belongs to the small
intestine, shares certain functions with the large
intestine. For example, it contributes to Na* homeostasis
under the control of aldosterone (Skadhauge, 1983; Grubb
& Bentley, 1987).

In conclusion, our results support the view that
aldosterone controls the expression of apical and
basolateral hexose transporters in the chicken ileum and
rectum, acting through cytosolic mineralocorticoid
receptors. Both kinds of transporters are affected to the
same extent during adaptation to the LS condition, and
these effects are rapidly reversed after resalination
(Garriga et al. 2000). We suggest that the effects of
aldosterone on hexose transport may differ from those
described for amino acid transport during LS adaptation
because they are partial (Arnason, 1997) and slow, as they
require more than 72h to reach the HS state after
resalination (Clauss et al. 1991). We also suggest that the
capacity of the small and large intestine of the chicken to
share several functions points out that the intestine of
birds has a higher functional versatility — hence
adaptability — than that of mammals.
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