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ORIGINAL ARTICLE

Hemodynamic and hormonal effects of exogenous
adrenomedullin administration in humans
and relationship to insulin resistance

Toshihiro Kita, Yoshihiko Suzuki! and Kazuo Kitamura

Although adrenomedullin (AM) is a potent hypotensive peptide that acts mainly as a vasodilative and proliferation inhibitory
factor, there have been few hemodynamic studies on AM in humans, especially concerning arterial stiffness and hormonal
effects. In addition, AM is a suppressive factor in insulin resistance, suggesting that the effects of AM in a state of insulin
resistance are important. To evaluate the effects of AM in humans, 28 participants were intravenously administered AM

(5 pmol min—! kg~1) for 90 min. They also received a representative vasodilator drug, nicardipine, as a reference drug. Blood
pressure, heart rate, pulse wave velocity (PWV) and blood flow were monitored throughout the experiment. Hormonal changes
were also monitored by blood tests. The effects of AM were compared with those of nicardipine. In addition, the effects of AM
were re-evaluated against insulin resistance state. AM and nicardipine produced the same level of hypotension, but AM showed
a more potent ability to increase heart rate, blood flow and cardiac output and reduce PWV. AM and nicardipine similarly
stimulated plasma noradrenaline and renin activity. However, in the state of insulin resistance, favorable effects of AM on aortic
stiffness were blunted and differences between AM and nicardipine disappeared. Furthermore, there was a significant correlation
between maximum changes in the PWV induced by AM and the homeostasis model assessment of insulin resistance index
(r=0.58, P—-0.001). Our results suggest that AM may improve arterial stiffness and act as a compensatory factor against arterial
sclerosis. Moreover, decreased reactivity of AM may participate in the progression of arterial sclerosis in insulin resistance.
Hypertension Research (2010) 33, 314-319; doi:10.1038/hr.2009.236; published online 22 January 2010
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INTRODUCTION

Adrenomedullin (AM) is a potent hypotensive peptide found ubiqui-
tously in tissues and organs, especially in cardiovascular tissues, the
kidneys, lungs and endocrine glands. AM has multiple functions in a
wide range of tissues and acts mainly as 2 vasodilative and prolifera-
tion inhibitory factor.! AM also has a role in the development of
arterial sclerosis as an inflammatory modulator.?® Recently, it was
shown that endogenous AM has a protective effect against cardiovas-
cular injury, possibly through the inhibition of oxidative stress.?
Morphologically, dense manifestation of AM has been detected in
macrophages within plaques of atherosclerotic lesions.” Shinomiya
et al.® reported an association between plasma AM concentration and
carotid atherosclerosis in patients. with stroke. Furthermore, we
previously reported a relationship between plasma AM levels and
pulse ‘wave velocity (PWV), ‘an indicator of arterial stiffness, in
patients.” In addition, AM may counteract insulin resistance develop-
ment through an antioxidative stress factor.®? Insulin resistance is
well recognized as a major pathogenetic factor of arterial disorders,

including hypertension and arterial sclerosis. - Accamulating data
suggest that AM acts as an important modulator against arterial
sclerosis and organ damage.

Exogenous AM administration has been shown to have beneficial
effects in various stages of cardiovascular disease. In normotensive and
hypertensive subjects, short-term AM infusion produced hypotension
through vasodilation and increased cardiac output!®! AM also
improved hemodynamics in heart failure patients. Specifically, AM
administration reduced arterial pressure and cardiac filling pressure
and also increased cardiac oufput and renal sodium excretion.'?
However, the effect of AM on the arteries, especially large arteries,
has not been determined in humans. A sustained increase in arterial
stiffiiess, as demonstrated by increased PWYV, is closely correlated with
morbidity and mortality in cardiovascular events.!>!% In this study,
we investigated the effect of AM on arterial stiffness in human
subjects. In addition, because the effect of AM may be affected by
insulin resistance, we evaluated the relationship between the effects of
AM and insulin resistance state in these subjects.
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METHODS

Study subjects

Twenty-eight subjects that were normotensive (i=11), hypertensive (#=9) or
diabetic (#=8) received AM. In addition, all subjects received nicardipine as a
reference drug at least 1 week after AM: Subjects with one or more of the
following conditions wete excluded: (1) heart failure (ejection fraction <50%),
(2) severe valvular diseases, (3) renal insufficiency (serum creatinine >1.0mg
per 100 ml), (4) peripheral artery diseases and (5) history of cardiovascular
events, All subjects were completely free from any kind of drugs. The study was
approved by the ethics comimittee of the institute, and all participants gave
written informed consent.

Preparation of human AM

Chemically synthesized human AM was purchased from the Peptide Institute,
Osaka, Japan. The homogeneity of human AM was confirmed by reverse-phase
high-performance liquid chromatography and amino- acid analysis. AM was
dissolved in’ distilled water with: 3.75% p-mannitol: and 0.05% aminoacetic
acid; then sterilized by passage through' a 0.22-pm filter (Millipore, Bedford,
MA, USA): The chemical nature and content of the human' AM in vials were
verified by reverse-phase high-performance liquid chromatography.

Study protacol

All - experiments began at 0900 hours with subjects in a fasted state.
Experiments were conducted in our outpatient office, which provided a quiet
environment with a constant temperature. A 20-gauge cannula was inserted
into the forearm vein for infusion of 0.9% saline. Saline was infused at a
rate of 100mlh~! throughout the experiments (Figure 1). Baseline measure-
ments were obtained after a 30-min equilibration period. Then AM
(5 pmol min~—! kg~!) was intravenously administered at a rate of 5mlh™! for
1.5h followed by saline infusion for 1.5h. One week after AM infusion, the
same subjects were infused with nicardipine (1-1.5 pgminlkgl) a5 a
reference drug. Blood pressure and pulse rate were monitored every 10min
by an automated hemodynamometer on a brachial cuff. Every 15min, blood
pressure, heart rate and PWV were measured using an automatic waveform
analyzer: (form PWV/ABI,: BP-203RPE; Omron Colin, Komaki, Japan), as
reported in our previous study’ Carotid: artery pulsation was measured
using echo’equipment at three time points, as indicated in Figure 1, and the
elastic property!® was calculated, Using the Doppler echo method, blood flow
in' the common carotid artery and segmental renal artery were measured, as
was cardiac output. In addition, blood samples were taken at three time
points, namely, before, during and after AM infusion (Figure 1). Plasma
total and mature AM were measured by specific immunoradiometric assay
kits ‘(Shionogi, Osaka, Japan). Plasma concentrations of other hormones
were measured using a commercially available laboratory testing service
(SRL, Hachioji, Japan). .

Statistical analyses

All data were expressed as the mean#s.em. Comparisons of parameters
between the two groups (AM vs. nicardipine) were carried out using paired
Student’s £-tests. Comparisons of the time course of parameters between the
two groups were carried out by two-way repeated measures analysis of
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variances followed by Bonferroni/Dunn’s multiple comparison tests. A value of
P<0.05 was the criterion for statistical significance.

RESULTS

Table 1 presents the baseline characteristics of the participants, AM
and' nicardipine achieved the same levels of systolic blood pressure
reduction in all subjects, as shown in Figure 2. However, AM produced
a’stronger diastolic blood pressure reduction and heart rate increase
when' compared with nicardipine (Figures 2a and b). Most interest-
ingly, AM caused a significantly larger reduction of PWV and elastic

property of the carotid artery when compared with nicardipine -

(Figures 2c and d). These changes rapidly recovered after termination
of AM or nicardipine administration, except for the prolonged
decrease in systolic blood pressure induced by nicardipine. Table 2

Table 1 Baseline characteristics of participants

Normotensive. . . Hypertensive Diabetic
N 11 9 ~ 8
Age (years) 40.8+25 50,0+2.7" 485433
BMI (kgm—2) 24.3%0.5 24.1+0.8 25.2+0.9
SBP (mmHg) 1189+18  1554+4.8'  131.3+32"
DBP {mmHg) 749+26 950367 81.0%2.2
Heart rate (b.p.m.) 59.5+2.4 65.8+3.6 63.1425
PWV (cms1) 1263+52 159873 1435+35"
Elastic’ property (kPa) 97.7+85  1542%9.77  107.1%76
Peak CAF (cms™}) 87.1+2.7 76.8+3.0° 87.9+69
Mean CAF (cms™1) 375417 36.142.7 38.1%20
Peak RAF (cms™1) 49.1+4.1 40,026 48.1+5.2
Mean RAF {cms-h) 28.9+18 251+ 1.7 28.5%3.3
Cardiac output (Imin—1) 4521028 4.55+0.28 4.73+0.25
IRI(gUmi-Y) : 7717 8.2+20 6.3+1.5
Blood sugar (mg per 100 mi) 99.4+2.2 104.9+3.3 165.0+11.5™
Total AM (fmotmi=1) 12,9207 135410 154423
Mature AM (fmol mi=1) 2.0+0.2 1.9+0.2 17402
Adrenaline (pgmi~1) 1204%29 32.8+7.6 253+2.6
Noradrenaline {pgmi=1) 255+39 282+32 188+24
Renin activity (ngmi=th-1) 0.76+£0.28 = 073015 1.24+0.26
Aldosterone (pgmi=1) 702+11.0 . 760%75 77689
ANP (pgml=1) 17.2+28 29.1:8.2 19.1+55
BNP (pgm!i=1) 12.1+29 36.7+22.0 10.2+39
¢AMP (pmoimi-1j 117406 119405 11.6+0.7
cGMP (pmo!lmi-1) 2.94+03 44%+1.0 2.9+05

Abbreviations: AM, adrenomedullin; ANP, atrial natriuretic peptide; BMI, body mass index;
BNP, brain natriuretic peptide; CAF, common carotid artery flow; DBP, diastolic blood pressure;
IRI; immunoreactive insulin; PWV, pulse wave velocity; RAF, renal segmental artery flow;

SBP; systolic blood pressure.

*P<0.05, **P<0.01 vs. normotensive.

Saline infusion [
AM or nicardipine

[30 min |
PWV T T
Echo measurements ErEE s

Blood sampling

1

T

Figure 1 Experimental protocol. ‘After- a '60-min_ baseline period,  AM (5pmol min—1kg-1) or nicardif.)ine (1=1.5pgmin-tkg™1): was intravenously

administered for 90 min followed by a 90 min post-infusion. period.
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Table 2 Changes of blood flow velocity and cardiac output

Before During After P in trend

Peak CAF (cms™1)
AM 84.0+25
Nicardipine . 83.9+2.6

<0.0001
<0.0001

130.2+£3.0°7 ##
107.2£25"

80.3+2.5
84.2+2.0

Mean CAF (cms1)
AM 37.2+1.2
Nicardipine: 36.4+1.1

<0.0001
<0.0001

53.8+1.4" ¥
42.7+1.2"

343+1.1
34.7+1.0

Peak RAF (cms 1)
AM 459124
Nicardipine = 46.112.5

<0.0001
0.0017

40.9+2.1%
45.012.2

61.2+3.3"
56.9+2.8"

Mean RAF (cms™1)
AM 276113
Nicardipine: :27.7%£1.4

24.8+1.1%
273113

<0.0001
0.066

340116 ¢
31.6%1.6

Cardiac output (Imin—1)

4.77+0.14
4.901£0.27

<0.0001
<0.0001

7.63+0.25™ ##
6.18+0.30"

4.5910.15
4,58%0.14

AM
Nicardipine

Abbreviations:' AM; adrenomedullin; CAF, common. carotid artery flow; RAF, renal segmental
artery. flow.

Date are meanits.e.m:

**p< (.01 vs. before.

#p0.05, #P<0.01 vs. nicardipine.

summarizes the increase in blood flow and cardiac output after AM or
nicardipine administration. Both reagents clearly increased blood flow,
but AM was more potent than nicardipine. AM induced significantly
larger increases in cardiac output when compared with nicardipine.

Hypertension Research

The responses of these parameters were similar among normoten-
sive; hypertensive and diabetic groups of subjects (data not shown).
Next, subjects were: divided into. three groups according to the
homeostasis ‘model assessment of insulin resistance (HOMA~fR)
index; according to which the highest tertile (HOMA-IR >2.0) corre-
sponds to an insulin-resistant state in Japan. HOMA-IR values for each
group were as follows: low=10.31-1.39 (n=9), middle=143-1.78
(n=10) and high=2.00-6.96 (n=9). As shown in Figure 3, only the
reduction in PWV induced by AM was blunted in subjects with the
highest HOMA-IR, despite the nearly identical reduction in systolic
blood pressure. In this group, the reductions in PWV were similar for
AM and nicardipine treatments. This phenomenon was also confirmed
by the significant correlation between maximum changes in. PWV
induced by AM and HOMA-IR (Figure 4). The difference in elastic
property reduction between AM and nicardipine treatment was not
significant in the high HOMA-IR group (Figure 3c).

Table 3 summarizes the changes in humoral factors. AM adminis-
tration produced significant increases in total AM (approximately
2.5-fold) and ‘mature AM (approximately 7-fold) as well as an
approximately 40% increase in the second messenger cAMP. AM
and nicardipine produced the same degree of increase in noradrena-
line and renin activity. There was no significant difference among
the HOMA-IR groups for all humoral factor alterations (data not
shown). Finally; AM and nicardipine had no effect on insulin and
glucose levels.

DISCUSSION

In this study, we confirmed the hemodynamic effects of AM as a
vasodilative agent in humans. AM increased heart rate and cardiac
output and decreased blood pressure. In addition, AM increased
blood: flow in carotid and renal arteries. These effects were similar
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Figure 4 Relationship between maximum changes in pulse wave velocity
(PWVY induced by AM administration and the HOMA-IR index.

to those of the common vasodilator nicardipine. However, AM
produced greater increases in cardiac output and heart rate when
compared with nicardipine (Table 2). The ventricular myocardium has
abundant AM-binding  sites; therefore, AM increases cardiac
¢AMPI7:18 This cAMP-dependent mechanism mediates the positive
inotropic action of P-adrenergic stimulants. AM also enhances angio-
tensin-Il-induced improvement of systolic function, resulting in a
further increase in left ventricular ejection fraction.!” In addition,
a cAMP-independent mechanism for the positive inotropic action of
AM has been reported.?? These data suggest that increased cardiac
output; and probably heart rate, may be attributable not only to the
decrease in cardiac afterload but also to the direct positive inotropic
action of AM.

PWYV is a convenient indicator of arterial stiffness and is applicable
in the casual and prognostic estimation of risk for cardiovascular
events, We used brachial ankle PWV (baPWV) in this study. As shown
for authentic PWV, baPWV correlates well with blood pressure and
aging2! and increased baPWV is associated with cardiovascular
diseases and risk factors.?2 More importantly, high baPWV. values
predict poor prognosis in subjects.?? Conversely, improvement of
PWV by antihypertensive therapy may reduce the incidence of
cardiovasculdr events.!> Strong expression of AM is found ubiqui-
tously in blood vessels where AM functions as a vasodilator, coordi-

nating with other vasodilators, such as nitric oxide, to regulate

vascular torius.! AM is suggested to be'a significant modulator of
arterial stiffess, decreasing blood pressure and vascular wall tension
and preventing futute wall remodeling. In this study, AM had a greater
effect ‘on’ aortic stiffness, as assessed by baPWYV or elastic property,
when compared with a common vasodilator Ca®* channel blocker
(Figure 2). This feature may contribute to a vascular protective or
compensatory - function of AM against vascular deterioration and
resulting vascular events. :

baPWV is mainly altered by blood pressure, but other factors, such
as increased heart rate, cardiac output and sympathetic nerve activity,
may also increase baPWV. Indeed, the effect of nifedipine on baPWV
was reduced by increased sympathetic activity.*¢ Although decreases in
systolic blood. pressure were well matched in nicardipine and AM
treatments, AM showed greater baPWV reduction despite larger
increments in heart rate and cardiac output when compared with
nicardipine (Figure 2 and Table 2). The increases in catecholamines
and renin activity were equivalent in both treatments (Table 3). These
alterations probably reduced or inhibited the decrease in baPWV in
nicardipine treatment. Alternatively, it is conceivable that AM has
greater potency against negative alterations to increase baPWV. when
compared with nicardipine.

AM and nicardipine produced a larger blood pressure reduction in
hypertensive participants when compared with normotensive or
diabetic participants, which is a common feature of hypotensive
reagents (data not shown). However, other hemodynamic effects of
AM and nicardipine evaluated within each treatment were essentially
the same for each subgroup of participants. We evaluated potentially
influential factors in the effects of AM, and we found that only the
insulin resistance interfered with the effects of AM. Insulin resistance
is an aggravating factor in vascular function and is an underlying cause
of cardiovascular diseases. Insulin resistance also influences the
sensitivity or efficacy of many drugs and bioactive substances. More
importantly, increased arterial stiffness is commonly found in repre-
sentative insulin resistance states, namely, metabolic syndrome and
diabetes.?>%’ As shown in Figures 3 and 4, favorable effects of AM on
arterial stiffness were blunted in a state of insulin. resistance. AM is
thought to function as a suppressive factor against insulin resistance.®?
As such, plasma concentration of AM was progressively increased in
patients with impaired glucose tolerance, diabetes and diabetes with
nephropathy.?® In addition, an increase in AM was related to multiple
metabolic factors:?® AM and insulin resistance may conflict with each
other. Specifically, decreased reactivity of AM may contribute to
increased arterial stiffness during insulin resistance, and this alteration
may accelerate the progression of arterial sclerosis in insulin resistance:
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Table 3 Hormonal responses to adrenomedullin ot nicardipine pharmacological.' AM administration also increased ¢cAMP, which is a
‘ second messenger of AM, approximately 1.4-fold above the control
Before During After Pintrend yalue, Similar changes in AM and cAMP have been reported in

previous® studies.'%12 'AM ‘and nicardipine also produced similar
hormional - alterations, namely, stimulated sympathetic activity and
renin release, which was also observed in another study.%1! The only
difference between the effects of AM and nicardipine in our study was
on aldosterone. release. AM tended- to. inhibit aldosterone release
122+¢0.8" 26+0.1 £0.0001 despite increased renin - activity, although this- difference : was - not

Total AM, fmolmi-1
AM 13.9+038 32.8+1.8" 159+%06 <0.0001
Nicardipine 13.1+x04 12.4+£0.4% 12.8+0.5% NS

Mature AM, fmol mi-1

AM 1.810.1
Nicardipine 1.6+0.2 1.840,20# 1.7+0.2% NS significant (P=0.051, Table 3). AM did not change aldosterone levels
: in healthy volunteers or patients with essential hypertension,%!! but
cAMP, pmol mF1 AM suppressed increased aldosterone levels in patients with heart
AM 11.8+03 . 165+05" 12904 <0.0001 - failure.!? Furthermore, AM may have renin-independent suppressive
Nicardipine ' 11.1+04 11.0£0.4% 11.14+04% Ns potency for aldosterone release; and this feature should be elucidated
in future studies;

cGMF, pmolmt! In conclusion, exogenous AM and Ca?* channel blocker nicardipine
AM 3.5:04 37103 3.4+04 NS caused similar vasodilations in humans; accompanied with resemble
Nicardipine =~ 3.6£0.3 3.7303 3.04£0.2 NS interactions with the renin-angiotensin and sympathetic nervous

S systems. However, AM had a greater potency in its cardiac inotropic
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Adrenomedullin treatment reduces intestinal inflammation
and maintains epithelial barrier function in mice
administered dextran sulphate sodium
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ABSTRACT

Hyperactivation and hyperpermeability of the intestinal epithelium is a hallmark of IBD. AM has been
shown to reduce the severity of colitis in the acetic acid and TNBS-induced colitis model, however the
mechanism of the therapeutic effect of AM against the colitis has not been clarified. Here, we show that
the protective capability of AM is associated with suppression of inflammation and maintenance of the
intestinal epithelial barrier function. In the DSS-induced colitis model, intra-rectal AM-treated mice
showed a reduction in loss of body weight and severity of colitis. AM-treatment suppressed phosphory-
{ation of STAT1 and STAT?3 in the colonic epithelium, and altered the cytokine balance in the intestinal
T cells, with lower levels of IFN-y and TNF-« but higher levels of TGF-B. Expression of the epithelial
intercellular junctions such as tight and adherence junctions were sustained in the AM-treated mice. In
contrast, the epithelial junctions were down-regulated in the control mice, leading to loss of epithelial
barrier integrity and enhanced permeability. Collectively, these data indicate a broad spectrum of AM-
induced effects with respect to protection against DSS-induced colitis, and suggest a potential therapeutic
value of this treatment for IBD. '

‘Key words adrenomedullin; colitis, epithelial barrier.

AM was originally isolated from human pheochromocy-  are up-regulated during inflammation (6, 8), AM has po-
toma and identified as a vasodilatory peptide (1), and has  tential therapeutic value in inflammatory diseases as well

since been shown to be constitutively produced by a va-  as several other categories of disease such as hypertension,
riety of tissues such as gut and bronchial epithelium of  cardiovascular and renal disorders, cancer, and diabetes.
humans (2, 3) and gut of mice and rats (4, 5). In addition, IBD, including CD and UC, is a chronic, relapsing,

AM also exerts anti-inflammatory (6) and antimicrobial  and remitting condition with unknown etiology which
activity (7). Since the expression of AM and its receptor  exhibits various features of dysregulated immunological
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systems (9, 10). The pathogenesis of IBD involves interplay
of the genetic, microbial, and immune systems, resulting
in chronic intestinal inflammation with disruption of ep-
ithelial integrity and barrier function and increased sensi-
tivity to intestinal flora (11-14). Interaction between IEL
and EC is necessary for maintenance of epithelial integrity
and a physical barrier to prevent potential inflammatory
responses and infectious challenges in the intestinal ep-
ithelium (14-19). Recently, we and others have reported
that AM is a potent anti-inflammatory agent in rat acetic
acid-induced colitis (20) and murine TNBS-induced coli-
tis (21). However, the mechanisms of AM-mediated ame-
lioration of colitis have not been clarified. In this study, we
have investigated the effect of AM treatment on suppres-
sion of DSS-induced colitis in the context of maintenance
of epithelial barrier function.

MATERIALS AND METHODS

Animals and peptide

Male C57BL/6 mice (7-9 weeks old) were purchased from
Japan SLC (Hamamatsu, Japan), housed under specific
pathogen-free conditions and maintained on standard
pellet chow and water ad libitum. The recombinant (r)
human AM used in this study was provided by Shionogi,
(Osaka, Japan). All experiments were carried out in accor-

dance with the regulations of the Animal Research Com- -

mittee of the University of Miyazaki and University of the

Ryukyus.

Treatment with AM and induction of colitis

AM (0.05 g of AM diluted in 0.2 ml of saline) was deliv-
ered into the lumen of the colon via a 5 cm long animal
feeding tube inserted into the rectum to a depth of ap-
proximately 3 cm from the anal verge. Non AM-treated
(control) mice were administered 0.2 ml of saline with-
out AM. AM and saline were administrated once a day
for 7 days. To induce colitis, mice were given 1.8% DSS
(molecular weight, 36 00050 000 daltons; ICN Biomedi-
cals, Aurora, Ohio, USA) in their drinking water for 7 days
(from day 0 to 6). On day 7, their water was switched to
-regular drinking water.

Detection of anaerobes

Detection of anaerobes was performed as described pre-
viously (16).

Histological analysis

Paraffin-embedded colonic sections of 10% formalin-
fixed tissues were stained with HE.
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Disease evaluation

Intestinal inflammation in the mice was evaluated accord-
ing to previously described criteria (22). The disease score

- was determined by a combination of ulceration (0, no ul-

ceration; 1, presence of erosion; 2, presence of focal ulcer-
ation; 3, presence of multiple ulcerations) and histological
scores (03, inflammatory cell infiltration; 0--3, epithelial
cell elongation).

Preparation of EC, IEL and cell culture
for cytokine ELISA

IEL and EC were isolated and prepared according to
a previously published method (16). Briefly, dissected
small segments of the intestines were incubated at 37°C
for 40 min in an RPMI 1640 medium (Sigma-Aldrich,
St. Louis, MO, USA) containing 10% FCS and 1 mM
DTT with vigorous shaking. The tissue suspension was
passed through a nylon mesh to remove debris and
centrifuged through a 25/40/75% discontinuous Percoll
(Sigma-Aldrich) gradient at 600 x g at 20°C for 20 min.
The cells collected from the interface of 25/40% were EC,
and that of 40/75% were IEL. IEL were cultured for 48 hr
with anti-CD3 mAb in RPMI 1640 supplemented with
10% FCS. The supernatants were collected to estimate the
cytokine contents by ELISA using mouse IFN-y, IL-4, and
TNF-w (e-Bioscience, San Diego, CA, USA) and TGF-8
(Biosource International, Camarillo, CA, USA) according

to the manufacturer’s instructions.

Western blot analysis

Lysates were prepared from colonic EC and analyzed by
Western blotting according to a published method (14).
Abs used in the Western blotting were as follows: rab-
bit anti-PY-STATS3, anti-PY:-STAT1, anti-STAT3 and anti-
STAT1 (Cell Signaling Technology, Danvers, MA, USA),
rabbit anti-ZO-1 and anti-occludin (Zymed, South San
Francisco, CA, USA), mouse anti-E-cadherin (BD Trans-
duction Laboratories, Lexington, KY, USA), mouse anti-
B-catenin (BD Transduction Laboratories), and mouse
anti-B-actin (Sigma, St Louis, MO, USA).

FACS analysis

IEL were stained with FITC-conjugated TCRys (GL3),
PE-conjugated TCRB (H57-597), AP-conjugated CD3e
(145-2C11) mAb as described previously (16). Flow cy-
tometry analysis was performed on a FACS calibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
All mAbs were purchased from BD Pharmingen (San Jose,
CA, USA).
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RT-PCR and real-time PCR

Total RNA was extracted from freshly isolated EC us-
ing an RNeasy Mini kit (Qiagen, Valencia, CA, USA)
and primed with 20 pmol of a random primer in mix-
tures for reverse transcription. The synthesized cDNA was
amplified by PCR using primers specific for the murine
junctional molecules. The primer sets for detection of
these junctional molecules have previously been described
(23). For quantitative analysis of mRNA, the synthesized
c¢DNA was amplified by using primers and probes spe-
cific for ZO-1, occludin and B-actin cDNA sequences
(TagMan gene Expression Assays; Applied Biosystems,
Foster, CA, USA) according to the manufacturer’s instruc-
tions, Quantitative real-time PCR was performed by using
an ABI Prism 7000 Sequence Detector System (Applied
Biosystems Foster, CA, USA). Results are expressed as the
n-fold difference relative to the expression of S-actin.

Measurement of TER

The functional integrity of tight junctions in cell layers es-
tablished on filter inserts was assessed by measuring TER
using a Millicel ERS Volt-ohm meter (Millipore, Bedford,
MA, USA) as described previously (19). CMT93 cells, a
murine intestinal epithelial cell line, were seeded on the
apical chamber of a transwell using BD BioCoat Intestinal
Epithelium Differentiation Environment (BD Biosciences
Bedford, MA, USA) for.72 hr in a 5% CO; incubator
according to the manufacturer’s instructions, and devel-
oped a TER around 450 Ohm x cm?. The culture medium
was then removed from the apical and basolateral cham-
bers and replaced with either fresh medium or medium
containing 100 ng/ml rIEN-y (Chemicon, Temecula, CA,
USA) and AM (107, 1078 and 10 ? M). Values of TER are
expressed as percentage of the initial resistance as follows:

% of initial resistance = ([resistance from  each
point]— [resistance from a blank]/[resistance from non-
treated cells] — [resistance from a blank]) x 100. [1].

Statistical analysis

Data are presented as means =+ SD. Statistical parame-
ters were ascertained with Statview 4.51 software (Abacus
Concepts, Berkeley, CA, USA). A P value of less than 0.05

was taken as significant.

RESULTS

AM administration abrogates colitis
in DSS-treated mice

We investigated the therapeutic effect of intrarectally ad-
ministered AM on the severity of DSS-induced colitis.

© 2009 The Societies and Blackwell Publishing Asia Pty Ltd

Mice given DSS showed profound and sustained weight
loss, a major symptom of colitis (Fig. 1a). In contrast,
AM-treated mice exhibited maintenance of body weight
and suppression of other clinical symptoms such as overt
bleeding and diarrhea. The AM-treated mice remained
healthy and experienced none of the long-term effects of
colitis seen in the control mice by day 28, while all of
the control mice succumbed (data not shown). These re-
sults indicate that the administration of AM significantly
abrogates severe symptoms of DSS colitis.

Histological analysis revealed neutrophil and lympho-
cyte infiltration on day 3; furthermore, remarkable thick-
ening of the colonic wall, excessive crypt abscesses, EC
erosions, and destruction of epithelial integrity were ob-
served in the control mice on day 10 after DSS administra-
tion (Fig. 1b). By contrast, the AM-treated mice exhibited
lesions that were much less severe, although there was mild
thickening of the colon wall. On day 14 after AM admin-
istration, no evidence of inflammation was observed in
the AM-treated mice, whereas crypt hyperplasia and infil-
trated inflammatory cells were still evident in the control
mice. This finding was further supported by assessment
of changes in disease score (Fig. 1c). These results in-
dicate that treatment with AM reduces development of
DSS-induced colitis and strikingly improves inflamma-
tory symptoms.

In addition to anti-inflammatory activity, AM displays
potent antimicrobial activity against a variety of Gram-
negative and Gram-positive bacteria (7, 24). After induc-
tion of DSS colitis the number of anaerobes was signif-
icantly decreased in the AM-treated compared with the
control mice (Fig. 2). Since increased numbers of facul-
tative anaerobes can be associated with IBD in humans
(13), these results suggest that AM protects against dis-
ruption of the mucosal epithelium through suppression
and translocation of anaerobes into the intestinal mu-
cosa, leading to recruitment and activation of immune
cells.

AM administration decreases inflammatory
cytokines and increases regulatory cytokines

Hyperactivation due to deregulation of cytokine signal-
ing has been suggested as a cause of colitis in the murine
model and in IBD patients (12). Thl-type cytokine and
cytokines which belong to the IL-6 cytokine family have
been reported to induce acute bowel inflammation in IBD
patients (25, 26) and in DSS-treated mice (27). Suppres-
sion of colitis can also be attributed to cell-to-cell inter-
action between T cells and enterocytes causing changes in
the cytokine profile (15, 16). The effect of AM-treatment
was also seen at the level of cytokine production from
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IEL of the large intestine. IEL isolated from the control
mice consistently produced high concentrations of IFN-
¥ TNF-q, and IL-6, with peak concentrations detected on
day 10 after DSS administration (Fig. 3a). In contrast, AM
treatment induced substantial TGF-g production, which
did not occur in the IEL taken from the control mice, IL-4
production after DSS administration was not affected by
AM treatment. ,

Cytokines bind to specific cell-surface receptors and
activate cytoplasmic signal transduction pathways such
as the JAK/STAT pathway (28). Continuous activation of
STAT3 and STAT1 is often observed in patients with IBD
as well as other inflammatory diseases (29, 30), and ex-
perimental and clinical data point toward aberrant ac-
tivation of the Thl-dominant cytokine network. Since
STAT3 is preferentially activated by IL-6 and its related
cytokines and STAT] is activated by IEN-y (31), we ex-
amined both STAT3 and STAT1 activation. As shown in
Figure 3b, in control mice STAT3 and STAT] activation in
the intestinal mucosa was observed on day 10; in contrast,
their suppression was clearly shown in the AM-treated
mice.

Disease score
G e YD RSO NGO KDY

Fig. 1. Preventive effect of AM in DSS
colitis: associated weight loss and mucosal
injury. (a) Body weight changes in C57BL/6 mice
treated with or without AM after DSS
administration. CNT: control mice, AM:
AM-treated mice. Values represent the

means =+ SD; *P. < 0.05. (b) HE staining of the
colon in AM:and control mice. The data
demonstrate representative transverse sections
of the colon on days 0, 3, 10'and 14. (Original
magnification 400x) (c) Disease score evaluated
by histological examination on day 10 (CNT,
n=13; AM, n = 12). **Represents a statistically
significant difference (P < 0.01). :

Since interaction between IEL and EC is important
for the maintenance of intestinal homeostasis and both
TCRaBt and TCRy$* T cells have been implicated in the
development of colitis (16, 32, 33), we examined changes
in the number of IEL and the proportion of TCRaS* and
TCRy$* T cells in the IEL compartment of the large in-
testine. Although colonic CD3-positive IEL increased for
7 days following DSS administration in both control and
AM-treated mice (Fig. 4a), TCRys IEL decreased in the
control mice, but not in the AM-treated mice (Fig. 4b).
The number of IEL recovered to the initial amount in the
AM-treated mice but not in the control mice. The induc-
tion of DSS colitis led to changes in the IEL profile, with a
relative decrease in the TCRy§* population on days 7 to
10 after DSS administration. Treatment of mice with AM
prevented these alterations in the TCRaf and TCRy$ IEL
populations. Collectively, these results suggest that AM
suppresses the production of proinflammatory cytokines
by maintaining the TCR 8 IEL and increasing the produc-
tion of TGF-B expressed by the TCR y4 IEL, thus leading
to suppression of continuous STAT3 and STAT1 activation
in EC.
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Fig.. 2. The. number of intestinal anaerobes in mice with
DSS - induced-colitis is: decreased: by -AM treatment. Num-
ber of “anaerobes was” determined “on day 7,10 ‘and ‘14 after
AM’ administration. Three. ‘mice. were used - for each: point. Val-
ues’ represent the means & SD of three individual experiments.: *
and. ** represent a statistically significant difference. (*P . < 0.05,
*P<0.01)

Treatment of mice with AM leads to recovery
of junctional molecules in EC

To maintain the integrity of the intestinal epithelial barrier,
EC express various junctional molecules including those
-associated with a tight junction; (ZO-1, occludin, and
JAM); an adherens junction (8-catenin and E-cadherin);
desmosomes (desmoglein-2) and a gap junction (con-
nexin 26). The combined function of these molecules is to
mairnitain the epithelial layer as a continuous impermeable
belt to prevent paracellular crossing of a variety of 1
contents (34, 35). Expression of the junctional molecules
is decreased in the course of colitis (23).

To evaluate the protective effect of AM against cytokine-

ll;lldl

induced impairment of the epithelial barrier in vitro, we

examined TER by using CMT93 cells, a murine intestinal
epithelial cell line. The TER of CMT93 cells was decreased
by the addition of IFN-y. The addition of AM increased the
TER of the cells treated with IFN-y in a dose-dependent
manner (Fig. 5a). We next examined the degree of expres-

sion of specific mRNA for a variety of junctional molecules

in large intestinal EC in vivo. Following induction of DSS-
colitis, mRNA expression levels of junctional molecules
in the tight junction, adherens junction, and desmosomes
were drastically decreased on day 10 and had incompletely
recovered on day 14 in the control mice (Fig. 5b). In con-
trast, these changes were much smaller in the AM-treated
mice. There was a slight transient reduction in the expres-
sion of junctional molecule mRNA on day 10 of colitis
induction, but full recovery was noted by day 14 in the
AM-treated mice. Since ZO-1 and occludin are crucial for
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the formation of TER, we further examined their expres-
sion by real-time RT-PCR. ZO-1 expression in the control
and AM-treated mice decreased and recovered in parallel.
Occludin expression in the control mice continued to de-
crease, whereas that in the AM-treated mice was sustained
(Fig. 5¢). This result is coincident with the RT-PCR data
shown in Figure 5a. Western blot data also showed de-
creased expression of junctional molecules in the control
mice but maintenance of the initial degree of expressionin
the AM-treated mice, except in the case of ZO-1 (Fig. 5d).
These results indicate that AM plays a role in maintain-
ing the expression of junctional molecules and epithelial
barrier function in the large intestine after induction of
colitis.

DISCUSSION

Since IBD are refractory diseases of unknown etiology in
humans, the development of new therapies is important.
Recently, AM has been suggested as a candidate for IBD
treatment because it acts as an anti-inflammatory agent
in the rodent colitis model (20, 21). However, the mech-
anism of AM’s protective effect against destruction of the
epithelial barrier, which is a remarkable feature of IBD,
has yet to be elucidated. This study is the first showing
that the therapeutic effect of AM against colitis is cor-
related with maintenance of epithelial barrier integrity.
The effects of AM on DSS-induced colitis include changes
in cytokine production from IEL, and in expression of
junctional molecules of EC and microbial flora, suggest-
ing that AM exerts wide beneficial effects which protect
against IBD.

The oral administration of DSS stimulates nonlym-
phoid cells such as EC and phagocytes, causing loss of
body weight, mucosal ulcers, and neutrophil infiltra-
tion, and resulting in release of proinflammatory cy-

 tokines and destruction of the epithelial layer. Because

DSS colitis occurs in mice lacking T cells, B cells, and
NK cells, T cell-mediated immunity is not essential for
induction of DSS colitis (36, 37). However, Thl-biased T
cell-mediated immunity is activated in this model (38).
We have clearly shown that AM suppresses Thl-type cy-
tokines and subsequent proinflammatory responses as-
sociated with production of regulatory cytokines by IEL.
These responses might be a mechanism for the therapeu-
tic effect of AM treatment in colitis. Another therapeu-
tic effect of AM based on a murine model of Crohn’s
disease has been reported: AM treatment was associated
with down-regulation of both inflammatory and Thl-
driven autoimmune responses, including regulation of a
wide spectrum of inflammatory mediators mediated by
CD47CD25? regulatory T cells (21). In the IBD models,
colitis is ameliorated by TGF-B, an immunosuppressive
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cytokine produced by regulatory T cells (39, 40). TGF-g
exerts a protective role against Thl-type colitis by sup-
pressing the activated T cells (39, 41). Therefore, TGE-8
produced by IEL of AM-treated mice also suppressed col-
itis in our experimental system.

TCRyS IEL can produce TGF-B and may suppress in-
flammation as regulatory T cells (42). In fact, Cs5 /- mice,
which lack y8 T cells, show a reduction in TGF-B produc-
tion (16). In the present study, a decrease in TGE-g pro-
duction by IEL may have been caused in part by a decrease
in TCRy$ IEL after DSS treatment of mice (Figs. 3aand 4).
Because TCRy$ IEL were maintained in AM-treated mice
(Fig. 4b), the TCRy3 IEL were assumed to be regulatory
cells which suppress the Th1-type inflammatory response
through cytokines or cell-to-cell interactions between EC
and TCRa IEL (15, 16). The IEL and EC reciprocally
regulate their development and growth mediated by a va-
riety of cytokines and their receptor signaling (15, 43,
44). C5~/~ mice show a reduction in the turn-over of EC
and down-regulation of expression of the MHC class II
molecule (45). TCRyS IEL-mediated exertion of the sup-
pressive function of EC may be an important mechanism
of TCRyS T cell-mediated suppression of TCRa IEL in
the murine colitis model (16). Taken together, these re-
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Fig. 3. AM administration suppresses the
production of Th1-and inflammatory
cytokines in the large intestine. (a) Changes
in cytokine production of IEL: Three mice were
used for each point. Values represent the
means £ SD of three individual experiments.

" *Represents a statistically significant difference
(P < 0.05). (b) Phosphorylation of STAT1 and
STAT3 in colonic EC on days 0 and 10 after DSS
administration.

sults indicate that it is of great worth to investigate when
and how AM regulates the function of TCRy4 IEL during
the development of colitis.

A possible alternative mechanism of AM-mediated sup-
pression of colitis is modification of intestinal microbial
flora through its antibacterial activity. Although the eti-
ology of IBD is unknown, an abnormal inflammatory
response directed against enteric microbial flora in sus-
ceptible hosts has been reported (9). AM has potent an-
tibacterial activity against a variety of Gram-positive and
Gram-negative bacteria that are frequently detected in the
skin, digestive tract and airways (7, 24), and it has been
suggested that the antibacterial activity is enhanced by
post-secretory processing of the AM protein (24). Our re-

. sults show that, after induction of DSS colitis, the number

of intestinal anaerobes decreases in the AM-treated com-
pared to the control mice, suggesting that AM suppresses
colitis induction through modification of intestinal micro-
bial flora by its antibacterial activity. Since AM is present
in epithelium and mucosa in the gastrointestinal tract, it
could also prevent the development of colitis in healthy
individuals through its antibacterial activity.

Colitis may influence EC immune functions such as
the production of cytokines, chemokines, and defensins

© 2009 The Societies and Blackwell: Publishing Asia Pty Ltd
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Fig. 4. Alteration of the number and proportion of IEL in the
large intestine of mice with DSS-induced colitis treated with AM.
(a) Number of CD3-positive IEL. [EL were collected on days 3, 7,10 and
14 with or without AM administration. IEL were stained with antibod-
ies against CD3, TCRB and TCRys$, followed by FACS analysis. Absolute
CD3-positive cell number was calculated by multiplying total IEL number

(46, 47), resulting in damage to the physical barrier func-
tion of EC. To maintain homeostasis and preserve the
integrity of the epithelial barrier, the intercellular junc-
tional complex, consisting of tight junctions, adherens
junctions, desmosomes and gap junctions, is thought to
facilitate appropriate communication between the exter-
nal and internal environments. Using the human intesti-
nal cell line, HT-29/B6, inflammatory cytokines such as
IFN-y and TNEF-o have been reported to down-regulate
the occludin promoter (48). Indeed, abnormal mucosal
permeability attributed to inflammation and altered ep-
ithelial paracellular permeability has been observed in IBD
patients with diarrhea (49, 50). Increased paracellular per-
meability enhances antigenic exposure to underlying im-
mune cells, further compromising barrier function. In the
present study, it was shown that mRNA concentrations
of E-cadherin and occludin, which were decreased in the
DSS-treated mice, recovered through AM administration,

(© 2009 The Societies and Blackwell Publishing Asia Pty Ltd

ﬁ
TCRyd :

by proportion of CD3+-cells. *Represents a statistically significant differ-
ence (P < 0.05). (b) The proportion of IEL bearing TCR & and TCR y8.
These TCR a8 and TCR y8 expressions on IEL are:shown after the anal-
ysis gate was set on €D3* cells, Three ‘mice were used for each point,
Representative data are shown.

indicating that AM is linked to maintenance of the epithe-
lial barrier against a Th1-type response.

The present results indicate that AM is a potential new
therapeutic agent for colitis, and works through anti-
inflammatory activity and maintenance of the colonic
epithelial barrier concomitantly with its antibacterial
effect. ’
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by real-time PCR. Data is presented as the ratio of degree of expression
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(P-< 0.05). (d) Western blot analysis of junctional molecules of colonic
EC on days 0 and 10 after DSS administration.
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Effects of uroguanylin on natriuresis in experimental
nephrotic rats

AKIKO BABA, SHOUICHI FUJIMOTO, MASAO KIKUCHI, TOSHIHIRO KITA and
KAZUO KITAMURA

Department of Internal Medicine, Division of Circulatory and Body Fluid Regulation, Faculty of Medicine,
University of Miyazaki, Japan

SUMMARY:

Aim:  Uroguanylin, isolated from human and opossum urine, is a candidate intestinal natriuretic hormone that
controls the sodium and water balance between the intestine and the kidneys. Levels of immunoreactive
(in-uroguanylin in the plasma and urine are increased in rats and humans with nephrotic syndrome, which is
physiologically characterized by sodium retention with massive proteinuria. The present study evaluates the
effect of natriuresis induced by uroguanylin on nephrotic rats.

Methods: Normal rats and rats rendered nephrotic by injections of puromycin aminonucleoside (PAN) were
treated with uroguanylin (0.5 nmol/h, delivered by an osmotic pump): or. with vehicle during the sodium retention
phase. All rats consumed the same quantity of sodium.

Results: Uroguanylin did not increase urinary excretion of sodium and water in normal rats, but significantly
increased urinary sodium excretion during the sodium retention phase in nephrotic rats (untreated vs uroguanylin-
treated nephrotic rats in mmol/mmol creatinine; 2.92 + 0,65 vs 8.93 + 2.53 on day 6; P < 0.05; 3.55 % 0.47 vs
10.37 + 1.73 onday.7, P<0.01; 14.88 + 2.32 vs.24.47 £ 2.86 on day 8, P < 0.05). Plasma levels of ir-uroguanylin
in uroguanylin-treated nephrotic rats on day 6 were significantly increased compared wuh those in uroguanylm-
treated control and untreated nephrotic rats.

Conclusion: Uroguanylin increased urinary sodium excretion in rats wrth PAN- mduced nephrosis, and might be

useful for treating sodium retention in patients with nephrotic syndrome.

KEY WORDS: natriuresis, nephrotic syndrome, PAN-induced nephrosis, sodium retention, uroguanylin.

doi:10.1111/j.1440-1797.2008.01006.x

The endogenous peptide uroguanylin, belonging to the
growing family of natriuretic peptides that activate trans-
membranous guanylate cyclase (GC)-C, influences cellular
function via the intracellular second messenger, cyclic gua-
nosine 3’-5” monophosphate (¢cGMP) and affects water and
electrolyte transport.’? This mechanism of uroguanylin in
the intestine is established, but the situation is quite differ-
ent in the kidney. Indeed; uroguanylin stimulates the
urinary ‘excretion of sodium, potassium and water in
the isolated perfused rat kidney* and in mice in vivo,>® but
the effects of uroguanylin are unaltered in GC-C-deficient
mice.! This finding suggests that uroguanylin functions
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through GC-C independent signalling pathways in the
kidney.

Although the detailed mechanism is unknown, accumu-
lating data indicates that uroguanylin could be an important
natriuretic factor in various states including nephrosis. We
previously found that uroguanylin excretion in urine is
increased in humans and rats on a high-salt diet compared
with a low-salt one, and that uroguanylin mRNA expression
is increased in the intestine and kidneys of rats given a
high-salt diet®’ In addition, natriuresis induced by oral
salt loading is decreased in uroguanylin-deficient mice."
Uroguanylin levels are also increased in the circulation of
patients with renal disease and congestive heart failure.!: 1
We recently examined relationships between urinary immu-
noreactive (ir)-uroguanylin and sodium excretion in rats
with puromycin aminonucleoside (PAN)-induced nephro-
sis.'”  That study showed that urinary excretion  of
iruroguanylin increased by approximately eightfold of more
in rats with PAN-induced nephrosis compared with controls
during the natriuretic phase, in accordance with an increase




