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Abstract

Background & Aims—Guanylin, an endogenous gastrointestinal peptide, causes the
translocation of NaCl from interstitial fluid to the intestinal lumen. The aim of this study was to
examine whether changes in dietary salt intake lead to compensatory changes in expression of the
guanylin signaling pathway.

Methods—Rats received low-, normal-, or high-sodium diets for 1 week. Colonic guanylin
expression was evaluated by Western and Northern blotting, rates of guanylin secretion by
measuring biologically active guanylin released into the medium from colon explants, and
expression of the guanylin receptor (C-type guanylate cyclase) by Northern blotting and bioassay.

Results—ByY every criterion, the low-salt diet reduced expression of guanylin to 30%—40% of
the level found in control animals. Guanylin receptor expression was also decreased, although less
dramatically and with a lower statistical significance. For both guanylin and guanylin receptor, the
high-salt diet had no significant effect on expression.

Conclusions—The data support the hypothesis that the guanylin pathway is down-regulated as
an adaptive response to salt restriction.

Intake and excretion of sodium are normally precisely balanced to achieve a stable plasma
sodium concentration and constant extracellular fluid volume. When the concentration of
sodium fluctuates by more than a few percent, endocrine pathways restore normal
equilibrium by altering the rates at which sodium is absorbed or excreted. The principal
tissues that mediate sodium absorption and excretion are the renal and intestinal epithelia.

The response to sodium deficit is controlled primarily by the renin/angiotensin/aldosterone
system. This hormonal axis enhances intestinal absorption of dietary sodium and reduces
renal excretion of filtered sodium.1,2 On the other side of the salt balance equation, a pair of
related peptides, urodilatin and atrial natriuretic peptide, reduce sodium absorption and
enhance sodium excretion in response to excessive salt intake.3-5
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Atrial natriuretic peptide and urodilatin share a common receptor, a membrane-bound
guanylate cyclase called GCA (A-type guanylate cyclase).6 This receptor is actually a
member of a larger family of membrane-associated receptor/guanylate cyclases. Recently, a
new member of this family was cloned7 and shown to be expressed at high levels in the
intestinal epithelium.8,9 This new receptor/cyclase was given the name GCC (C-type
guanylate cyclase). It was originally identified as the target of a diarrhea-inducing
enterotoxin, called STa (stable toxin type A).7 However, GCC has subsequently been shown
to serve as the receptor for a pair of endogenous gastrointestinal peptides called guanylin
and uroguanylin.10 Application of STa, guanylin, or uroguanylin to the intestinal epithelium
activates electrogenic chloride secretion, which drives the paracellular movement of sodium
into the lumen. In addition, activation of GCC inhibits epithelial sodium uptake in the
intestine by an as yet unspecified mechanism.11 Although renal expression of GCC has not
been shown directly, binding studies indicate that it (or a related receptor) is also present in
the epithelial cells of the renal tubule.12 Furthermore, application of GCC-specific ligands
to the kidney increases urinary sodium excretion.13

Taken together, these results suggest that atrial natriuretic peptide, urodilatin, guanylin, and
uroguanylin comprise an endocrine system with natriuretic actions in the kidney and the
intestine. However, there is presently no direct evidence supporting a role for the guanylin/
uroguanylin/GCC signaling pathway in salt homeostasis. In our current study, we measured
the expression of guanylin and GCC in animals fed different sodium loads. We focused our
analysis on distal colon for two reasons. First, guanylin and GCC expression are normally
high in this tissue.8 Second, this is the region of the gastrointestinal tract most likely as a
target for hormonal regulation of salt transport. It provides the intestine's last opportunity to
capture dietary salt when intake is limited and a potential route for excretion of salt when
intake is elevated. Our studies show that colonic expression of guanylin is decreased when
dietary sodium is restricted. GCC expression shows a similar trend, although the effect is
smaller and less statistically significant. We propose that these changes in expression
represent a compensatory mechanism that helps the animal adapt to demands imposed by
inconsistent sodium intake.

Materials and Methods

Tissue Preparation

Age-matched male Sprague—Dawley rats (150-175 g) were assigned randomly to one of
three treatment groups (low, normal, or high salt intake) and given free access to food
(Harlan, Indianapolis, IN) and drinking water for 1 week. Previous studies have indicated
that 1 week is sufficient for the renal salt-handling mechanisms to achieve new steady-state
levels.14 The low-salt diet contained 0.08% sodium as determined by atomic absorption
spectrometry. Normal- and high-salt diets were supplemented with NaCl to 1% and 4%,
giving final net sodium concentrations of 0.47% and 1.65%, respectively.

Rats were then Killed by exposure to CO». Distal colons were removed and either frozen for
RNA and peptide extraction or placed in Ringer's—glucose solution (130 mmol/L Na*, 120
mmol/L CI~, 25 mmol/L HCO3~, 1.2 mmol/L Mg2*, 1.2 mmol/L Ca2*, 2.4 mmol/L
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KoHPO4, 0.4 mmol/L KH,POy4, and 10 mmol/L glucose bubbled with 95% O,—5% CO, at
37°C) for bioassay and secretion experiments.

Northern Blotting

Total RNA was extracted from frozen tissues, and Northern blots were performed with
guanylin and GCC probes as previously described.8 The blots were then stripped (60
minutes in 50% formamide at 65°C and 15 minutes in 0.1x standard saline citrate plus 0.1%
sodium dodecyl sulfate 1 at 55°C) and rehybridized with a probe synthesized from a B-actin
template (Clontech, Palo Alto, CA). Autoradiograms were quantitated by densitometry using
NIH Image (National Institutes of Health, Bethesda, MD). Exposure times were adjusted to
keep signal densities within the linear range of the film.

Western Blotting

For the preparation of peptide-containing extracts, the smooth muscle layer was stripped
from the mucosal/submucosal layer and discarded before freezing. Frozen tissues were
homogenized in HEPES buffer (25 mmol/L pH 7.4) containing a mixture of protease
inhibitors, as previously described.15 After assaying protein levels (Bradford assay; Bio-
Rad, Richmond, CA), samples containing 40 ug of protein were analyzed by Western
blotting using antibodies 2538 (raised against rat preproguanyliny,_37) and 6240 (raised
against rat preproguanylings_gg). Antibody 6240 was kindly provided by Dr. Sharon
Milgram (Chapel Hill, NC). The blots were then incubated with a horseradish peroxidase—
coupled secondary antibody (goat anti-rabbit; Boehringer-Mannheim, Indianapolis, IN) and
chemiluminescence reagent (Amersham, Arlington Heights, IL) and exposed to film. Film
images were quantitated as described above using linear exposure times.

Histology and Immunocytochemistry

Animals were anesthetized with urethane (1.6 g/kg intraperitoneally), cleared with
heparinized 0.9% sodium chloride in 0.01 mol/L phosphate buffer, pH 7.4, and fixed with
4% paraformaldehyde—0.18% picric acid in 0.16 mol/L phosphate buffer, pH 7.2. Tissue
was postfixed, sectioned, and stained with H&E16 or processed for immunocytochemistry
with antibody 2538 as previously described.15

GCC Bioassay

Distal colon was subdivided into small pieces (~5 x 5 mm) and incubated in Ringer's-
glucose solution containing 0.5 mmol/L isobutyl methylxanthine (IBMX) for 30 minutes.
STa was then added to the appropriate vials for 30 minutes. Reactions were stopped by
freezing tissue pieces on dry ice. Each individual piece was then homogenized in 6%
trichloroacetic acid (TCA) and centrifuged to separate TCA-insoluble protein from TCA-
soluble guanosine 3’,5’-cyclic monophosphate (cGMP). The pellet was dissolved in 1N
NaOH and assayed for protein content (Bio-Rad Bradford assay). The cGMP level was
quantitated by radioimmunoassay using standard procedures15 and was normalized to
protein to correct for small differences in the sizes of the original pieces of tissue.

Gastroenterology. Author manuscript; available in PMC 2015 February 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lletal.

Page 4

Guanylin Secretion Studies

A 4-5-cm length of distal colon was removed from the animal after death. The tissue was
opened longitudinally, rinsed, and incubated in oxygenated Ringer's-glucose solution at
37°C for 60 minutes. The incubation medium was then fractionated by reverse-phase high-
performance liquid chromatography (HPLC) (HR5/5 C-18 column; Pharmacia, Piscataway,
NJ) as shown in Figure 4. HPLC fractions were dried, resuspended in Hank's balanced salt
solution plus 1 mmol/L IBMX, and assayed for guanylin-like activity in a standard T84 cell
bioassay, as previously described.17 To calibrate the column, synthetic rat guanylin 15 (a
gift from Dr. Ding Chuang, Peninsula Laboratories), opossum uroguanylin (a gift from Dr.
Leonard Forte, Columbia, MO), STa (Sigma), and partially purified rat proguanylin were
chromatographed using the same elution profile. The HPLC fractions were then either
assayed on T84 cells (guanylin 15, uroguanylin, and STa) or analyzed by Western blotting

(proguanylin).

Statistical Analysis

Results

The reported sample size (n) indicates the number of animals in each treatment group. For
the Northern blot and secretion studies, one measurement was made from each animal, and
these measurements were used to determine the mean, SEM, and P value for each treatment
group. For the Western blot and GCC bioassay studies, 5 and 15 independent measurements
were made from each animal, respectively, and used to calculate the average value for each
animal. The averaged values were then used to determine the mean, SEM, and P value for
each treatment group. Student's two-tailed t test was used to calculate P values, and
differences between treatment groups were defined as statistically significant with P values
of <0.05.

Expression of Guanylin and GCC Messenger RNAs

Animals were maintained on defined diets containing low, normal, or high sodium levels for
1 week, and Northern blots were performed to quantitate expression of guanylin, GCC, and
[B-actin. The representative blots in Figure 1A show that each of the probes hybridizes
exclusively to a single transcript of the appropriate molecular weight. Initial analysis showed
that B-actin expression is unaffected by salt intake (data not shown). Thus, each of our
measurements of guanylin or GCC messenger RNA (MRNA) expression has been
normalized to the amount of -actin MRNA determined in the same sample on the same blot
to correct for variations in the amount of RNA loaded from each sample.

As shown in Figure 1B, animals maintained on the low-sodium diet for 1 week have a
significant decrease in expression of guanylin mRNA (to approximately 40% of control). In
contrast, after 1 week on the high-sodium diet, expression of guanylin mRNA is unaffected.
GCC expression follows the same trend (Figure 1C), although the difference between low-
and normal-salt treatment groups did not reach our arbitrary criterion for statistical
significance.
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Expression of Proguanylin

Two biologically active forms of guanylin have been recognized: guanylin 15, a 15-amino
acid peptide purified from intestinal extracts,17 and guanylin 14, an N-terminal truncation of
guanylin 15 that was subsequently isolated from intestinal perfusates.18 However, Western
blot15,19 and peptide expression20 studies indicate that guanylin is initially synthesized in
the form of a biologically inactive 10-kilodalton propeptide, which has the guanylin 15 and
guanylin 14 sequences at its C terminus. To measure guanylin propeptide levels in extracts
of distal colon, we performed Western blots using two different antibodies. Antibody 2538
is directed against a region near the N terminus of the propeptide, and antibody 6240 is
directed against a region just adjacent to the biologically active C terminus. Previous work
has shown that antibody 2538 is highly specific, recognizing only the 10-kilodalton guanylin
propeptide in extracts of intestinal tissue.15 As shown in figure 2A, antibody 6240
recognizes the same 10-kilodalton propeptide and additionally cross-reacts with two
uncharacterized proteins at 29 and 31 kilodaltons.

Figure 2B shows proguanylin levels in each of the treatment groups as measured with
antibody 6240. Identical results are obtained with antibody 2538 (data not shown). These
observations are fully compatible with the gene expression experiments of Figure 1B:
proguanylin levels are decreased to approximately 30% of control in animals on the low-salt
diet but remain comparable to control levels in animals on the high-salt diet. To verify the
specificity of this effect, we analyzed expression of the 29- and 31-kilodalton proteins
recognized by antibody 6240 and found that they are not affected by salt intake (data not
shown).

To see if changes in salt intake are accompanied by changes in tissue morphology, we
analyzed sections of distal colon obtained from animals on each type of diet (data not
shown). No histological differences were detected between treatment groups after staining
with H&E. We also immunostained sections with antibody 2538 to examine guanylin
expression at the cellular level. When treatment groups were compared, no obvious
differences were apparent in the distribution or frequency of guanylin-expressing cells.
Unfortunately, because of the nonquantitative nature of this technique, it was not possible to
show decreased staining levels in the low-salt group relative to the other groups.

Expression of GCC Cyclase Activity

In evaluating GCC expression at the receptor level, we used a bioassay that measures the
ability of explants of distal colon to increase cGMP levels in response to STa, a potent and
specific GCC ligand. As shown in Figure 3, GCC-mediated responses are significantly
decreased to about 70% of control by the low-salt diet but are not affected by the high-salt
diet. These results seem to parallel the findings of GCC mRNA expression studies shown in
Figure 1C and may thus reflect a common underlying cause. However, given uncertainty
about the significance of the observed differences in GCC mRNA expression, it is also
possible that the effects of low salt intake on receptor activity occur by a mechanism that is
independent of gene transcription. For example, the low-salt diet could induce changes in
the phosphorylation state of GCC, which would alter its activity without any change in
receptor number.21,22
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Analysis of Guanylin Secretion

Figure 2B shows that long-term low salt intake reduces the steady-state level of proguanylin
in the distal colon. However, in a physiological context, a decrease in peptide content would
be most meaningful if it, in turn, specified a decrease in the rate of peptide secretion. To see
if this might be the case, we obtained colonic tissue explants from animals maintained on
each diet, organ cultured the explants for 60 minutes, and measured the amount of guanylin
released into the incubation medium.

As mentioned above, the biologically active forms of guanylin are thought to be guanylin 15
and guanylin 14. Because these fragments are too small to detect by Western blotting, we
measured their levels by applying our samples to a GCC-expressing cell line and
quantitating the increase in intracellular cGMP levels.

We used two criteria to ensure specificity in this bioassay. First, our reporter cell line (T84)
expresses significant amounts of GCC17 but very low amounts of the other membrane-
associated receptor/guanylate cyclases.23 Second, to distinguish guanylin-related peptides
from other known GCC ligands (uroguanylin and STa), we applied our samples to a reverse-
phase HPLC column and used an elution protocol that successfully resolves these peptides
from one another. Figure 4 shows that two peaks of biological activity are secreted by
explants obtained from all three treatment groups. The major peak coelutes with a synthetic
guanylin 15 standard and is clearly distinct from uroguanylin or STa. The minor peak does
not correspond to any known peptide. It could be an alternate cleavage product derived from
proguanylin or prouroguanylin or it could be some other as yet undescribed molecule. The
fact that colonic explants secrete guanylin but not uroguanylin is consistent with the
observed expression patterns of the two peptides: rat colon expresses relatively high levels
of guanylin mMRNA24 and propeptidel5 but almost undetectable levels of uroguanylin
mRNA and propeptide.25

Secretion of biologically active material is reduced after 1 week of low salt intake. In the
case of the major peak, the reduction is statistically significant (P = 0.037). The rate of
secretion of the minor peak also appears to be reduced, although the significance (P = 0.059)
is slightly above our arbitrary criterion of 0.05. As with all other parameters evaluated in this
study, 1 week of elevated salt intake has no effect on the rate of secretion of either of these
peaks.

Discussion

Although salt homeostasis is primarily considered the function of the kidney, important
contributions are also made by the intestine. First, the intestine is the only organ that can
absorb salt from outside the body, thus replacing the electrolytes lost in sweat and urine.
Second, the natriuretic response of the kidney to an increased sodium load occurs faster
when the load is delivered orally than when the same load is delivered intravenously.26 This
suggests that the intestine is capable of providing the kidney with information about dietary
salt intake, although the nature of the signal is still unknown. Because guanylin and
uroguanylin are primarily synthesized in the intestine but can induce natriuresis in the
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kidney,10 they are in fact good candidates for such a signal. Detection of both guanylin and
uroguanylin in the blood19,27,28 and the urine29 supports this idea.

In addition, these peptides are likely to regulate local salt transport within the intestine itself.
First, the guanylin/uroguanylin receptor (GCC) is present at considerably higher levels in the
intestine than in any other organ.7 This receptor is expressed exclusively in epithelial cells,
8,9 and its luminal orientation30 suggests that it functions to detect local signals rather than
blood-borne signals. Second, immunocytochemical studies show prominent guanylin
expression in intestinal goblet cells,15,31 which are specialized for vectorial secretion into
the intestinal lumen rather than into the blood. Indeed, studies with perfused intestinal tissue
show that the rate of luminal release of guanylin is much higher than the rate of vascular
release.18,32 Third, guanylin and uroguanylin have potent natriuretic actions on the
intestinal epithelium: both peptides induce electrogenic chloride secretion, which drives the
luminal accumulation of sodium and water.10

Not surprisingly, salt intake is a key parameter that controls the expression of hormones,
receptors, and downstream effectors that are involved in salt transport. Given the
involvement of guanylin and uroguanylin in epithelial salt secretion in several different
tissues, we decided to investigate whether expression of this signaling pathway is affected
by salt intake. Uroguanylin-specific reagents are not currently available for rats. However, a
combination of complementary DNA probes, antibodies, and bioassays provided us with
several independent ways to measure the expression of the rat isoforms of guanylin and its
receptor, GCC. Because guanylin and GCC are expressed at particularly high levels in the
colon and because distal colon is an important player in regulated salt and water transport
within the gastrointestinal tract,33 we focused our studies on this tissue.

As described above, we found that low salt consumption significantly depresses the levels of
guanylin mRNA, guanylin propeptide, and GCC-mediated cGMP synthesis as well as the
rate of release of biologically active guanylin from tissue explants. Thus, essentially all of
the parameters that control the status of the guanylin signaling pathway are down-regulated
in parallel. This is consistent with other physiological changes that occur during periods of
salt restriction: low salt intake drives the distal colon to become a sodium scavenging tissue,
and suppression of guanylin-induced sodium efflux would eliminate a mechanism that
opposes sodium absorption.

Many of the responses induced by low salt intake are controlled by aldosterone, a steroid
hormone that acts through specialized receptors to regulate gene expression.1,14 Two
classes of steroid receptor mediate the effects of aldosterone: a high-affinity
mineralocorticoid receptor and a lower affinity glucocorticoid receptor, both of which are
expressed in distal colon.34,35 Once a steroid has bound to mineralocorticoid receptor or
glucocorticoid receptor, the hormone-receptor complex interacts with steroid hormone
response elements in the nucleus to either enhance or repress transcription of specific genes.
It is of interest to note that a classical glucocorticoid response element has been identified in
the promoter region of the guanylin gene.36 Thus, it is tempting to speculate that an
aldosterone-based mechanism is responsible for the changes in guanylin expression that we
have observed, although further experiments are required to verify this idea.

Gastroenterology. Author manuscript; available in PMC 2015 February 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Lletal.

Page 8

Our studies also show that there is no change in guanylin or GCC expression when animals
are placed on a high salt load. It is possible that some response could be induced by higher
salt concentrations, or observed after longer or shorter treatment times. However,
physiologically, it might actually make more sense if this did not happen. Unlike the kidney,
the intestine has no mechanism for concentrating salt. Thus, using the intestine to dispose of
excess salt would lead to simultaneous loss of water, which would be counterproductive in
an animal that is ingesting an excessive salt load.

Several previous studies18,32 have analyzed secretion of guanylin-like peptides from
internally perfused small intestine. The material detected in these studies corresponds to
guanylin 15 and guanylin 14. Our data, shown in Figure 4, show that, similar to the intestine,
the colon also secretes biologically active material corresponding to either guanylin 15 or
guanylin 14 (it is doubtful that our HPLC protocol would clearly separate these two
peptides). Additionally, our data show that the rate of release of this biologically active
material is roughly proportional to the tissue content of proguanylin. We cannot tell if intact
proguanylin might also be simultaneously released in our experimental paradigm because
the low biological activity of the propeptide precludes its detection by bioassay.20,37,38
However, our data do show the presence of a second peak of biological activity, distinct
from proguanylin and from all known forms of biologically active guanylin. This material is
not uroguanylin or STa because it fails to elute with our uroguanylin and STa standards; its
identity remains unclear. Perhaps the most interesting aspect of our secretion studies is the
observation that colonic explants, isolated from extrinsic neural and hormonal inputs,
tonically release two peaks of guanylin-like activity and that the rate of release of both peaks
reflects the animal's history of salt consumption. It would be of interest to repeat these
studies, using a more intact preparation, to see whether these results are modified when
extrinsic inputs are maintained.

In summary, we have found that the guanylin signaling pathway is down-regulated by low
salt intake. The most consistent effects are observed on guanylin itself: levels of guanylin
mRNA, guanylin propeptide, and secreted bioactive guanylin are all significantly reduced to
about 40% of the levels measured in matched controls. In parallel, the guanylin receptor
(GCC) also seems to be down-regulated, although less strongly: both GCC-mediated cGMP
synthesis and GCC mRNA levels are decreased to 60%—-70% of control (although, due to
scatter in the data, the latter effect failed to reach statistical significance). Taken together,
these responses correlate well with the physiological requirements imposed by restricted salt
intake, because one direct consequence of decreasing activity in the guanylin pathway
should be a net increase in salt absorption. In contrast, high salt intake has no effect on
guanylin or GCC expression in the intestine. However, it is possible that high salt intake
might affect expression of guanylin or GCC in other tissues. Also, it is possible that high salt
intake may act on uroguanylin rather than on guanylin. In fact, high concentrations of
uroguanylin in urine, relative to guanylin,10 make it the better candidate for an intestinally
derived stimulus that induces renal natriuresis and thus a more likely target for regulation
during salt loading.
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Figure 1.
Northern analysis of RNA obtained from rats maintained on low-, normal-, or high-salt

diets. (A) Representative blots showing hybridization patterns obtained with complementary
DNA probes for GCC, guanylin, and B-actin. Molecular weights are indicated to the right of
each blot. (B) Densitometric quantitation of guanylin mRNA levels. Expression is
significantly reduced in rats from the low-salt group (*P < 0.03 compared with control). (C)
Densitometric quantitation of GCC mRNA levels. Expression is reduced in low-salt rats,
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although the effect is not statistically significant (P < 0.27 compared with control). All RNA
measurements are normalized to B-actin levels.
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Figure2.
Western analysis of peptide extracts obtained from rats kept on low-, normal-, or high-salt

diets. (A) Representative blots performed on identical aliquots of a single extract from a rat
maintained on a normal-salt diet showing immunoreactive polypeptides detected by
antibodies 2538 and 6240. Molecular weights are indicated on the right. (B) Quantitation of
proguanylin levels (10-kilodalton immunoreactive protein) using antibody 6240.
Comparable results are obtained with antibody 2538. Proguanylin expression is significantly
reduced in rats from the low-salt group (*P < 0.05 compared with control).
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Figure 3.
GCC-mediated bioassay responses of colonic tissue isolated from rats maintained on low-,

normal-, or high-salt diets. Each bar shows the fold-increase in cGMP levels when tissue
explants are challenged with STa. Responses are significantly reduced in rats from the low-
salt group (*P < 0.04 compared with control). The basal levels of cGMP were 6.8 + 0.42,
7.39 + 0.45, and 7.37 = 0.39 pmol/mg protein in the low-, normal-, and high-salt groups,
respectively. Although the average basal level in the low-salt group was less than that of
either of the other two treatment groups, the difference was not statistically significant (P =
0.25).
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Figure 4.
Colonic explants release two peaks of biological activity that can be separated by HPLC.

Activity was determined by applying an aliquot of each fraction to T84 cells. One unit is
defined as the amount of material that increases the cGMP level in a well of confluent cells
by 1 pmol/30 minutes. Arrowheads indicate the retention times of standards (1, guanylin 15;
2, uroguanylin; 3, STa; 4, proguanylin). The most prominent peak coelutes with the guanylin
standard. Secretion of this material is significantly suppressed in rats from the low-salt
group (*P < 0.04 compared with control). A second peak of unknown identity elutes in
fraction 18. Secretion of this material is also suppressed in low-salt animals, although the
statistical significance of the effect is slightly less (P = 0.059). @, Low salt; O, normal salt;
O, high salt.
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