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Is adrenomedullin a causal agent in some cases of type 2 diabetes?
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Abstract

The study of two populations with a recent onset of type 2 diabetes showed that a subset of the patients had higher levels
adrenomedullin (AM) than the rest of the diabetics. In this subset, physiological elevations of AM might have triggered the disease i
predisposed individuals. Diabetics showed higher levels of AM than healthy controls. In addition, glycemia was measured in diabetic ra
after injection of saline, AM, or antiAM antibody. AM elevated glycemia, whereas the antibody reduced circulating glucose to normal.
These results suggest that manipulation of AM levels could represent a new approach in the management of diabetes for the appropr
individuals. Published by Elsevier Science Inc.
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1. Introduction ized by insufficient insulin secretion to compensate for
insulin resistance in target tissues [46]. These two charac-
Diabetes mellitus is a chronic metabolic disorder that teristics may coexist in subjects before developing diabetes,
affected 16 million people in the United States in 1995, and these people are more vulnerable to factors that further
according to estimates of the National Institute of Diabetes reduce insulin output or insulin action [7]. Many steps in the
(NIDDKD, NIH). Management costs for diabetes in 1992 stimulus-secretion coupling of glucose-induced insulin re-
was $92 billion [38]. The hallmark of diabetes, whether type lease have been implicated in the impaired insulin secretion
1 or type 2, is hyperglycemia. Clinical complications asso- in type 2 diabetes. These include the glucose transporter
ciated with diabetes, such are retinopathy, neuropathy, ne-Glut 2, the glucokinase, the adenylate cyclase system, and
phropathy, or atherosclerosis, are most likely the conse-various mitochondrial deficiencies, among others [26].
quence of long-term hyperglycemia via both altered Adrenomedullin (AM) is a multifunctional peptide with
metabolic pathways and nonenzymatic glycation of proteins many physiological actions, including hypotension [39],
[48]. Under normal conditions, insulin released from the  renal regulation [18], neurotransmission [2], growth [34,
cells of the pancreatic islets is constantly adjusted by neural47], and defense against microorganisms [45]. It has also
[5] and humoral and nutritional [32] mechanisms, so that been shown that AM and its related peptides are able to
normoglycemia is maintained. However, in patients with regulate the release of insulin [30] and other hormones,
diabetes, the regulation of blood glucose levels is impaired including catecholamines [21], adrenocorticotropin [41], al-
and the concentrations of circulating glucose are elevated. dosterone [20,49], and atrial natriuretic peptide [43]. All
Type 2 diabetes is the most frequent form of the diseasethese functions are exerted through a specific membrane
[70-95% of all diabetic patients [38,48]], and is character- receptor [19] that activates adenylate cyclase and modulates
Ca™" flux in the target cells [44]. This receptor has been
* Corresponding author. Tel.+1-301-402-3308; fax:+1-301-435- found in the rat pancreas thro_ugh in situ hybridization and is
8036. expressed by thg cells of the islets of Langerhans [30]. For
E-mail addressmartineza@bprb.nci.nih.gov (A. Martinez) a recent review on AM, see Ref. [27].

0196-9781/99/$ — see front matter Published by Elsevier Science Inc.
Pll: S0196-9781(99)00158-8



1472 A. Martinez et al. / Peptides 20 (1999) 1471-1478

Two recent studies found that the levels of circulating as it has been reported that such conditions elevate circu-
AM were elevated in patients with type 2 diabetes when lating AM [9,16,17].
compared to normal controls [15,37]. The authors attributed ~ The procurement of the samples had 1.R.B. approval by
this elevation to the vascular endothelial damage caused bythe Office of Human Subjects Research (NIH) and the

advanced stages of diabetes [3]. We have recently demonqnstitutional Review Board of The University of Southern
strated that AM is involved in the regulation of insulin  cglifornia School of Medicine.

secretion by producing an inhibitory tone in the islets [30],

both in vitro and in the whole animal. Further, a specific o

monoclonal antibody directed against AM increased insulin 2-2- HPLC characterization

secretion by neutralizing the intrinsically produced AM . )

[30]. We have also found that AM-like immunoreactivity is First, 2.5 ml of normal human plasma obtained from the
expressed during pancreatic development [28,35]. TheseNIH Blood Bank was filtered and loaded onto a semi-
observations led us to hypothesize that AM may contribute preparative C18 column (DeltaPak, Millipore, 30 300

to the impaireds-cell function during the development of mm). Column retentate was selectively eluted over 90 min
type 2 diabetes. To test this hypothesis we used a twousing a 5-60% acetonitrile gradient containing 0.1% triflu-
pronged approach: A) Measure blood levels of AM in two oroacetic acid and monitored at 210 and 280 nm (Beckman
populations, one with a very recent onset of diabetes and theSystem Gold HPLC, San Ramon, CA USA). Twelve ml/
other at high risk for the disease, and B) Test the effects of min fractions were collected, freeze-dried, and analyzed by
AM on blood glucose levels in an animal model of predia- radioimmunoassay (RIA) as explained below. Synthetic

betes. AM was also run into the column and analyzed in the same
way.

2. Methods 2.3. Radioimmunoassay

2 1. Patients Quantification of AM was performed as previously de-

scribed [29]. Serum samples were mixed with an equal

Two different populations with the common feature of Vvolume of 0.1% alkaline-treated casein [24] in PBS, and
developing hyperglycemia during a metabolic stress to extracted through C-18 Sep-Pak 400 mg cartridges (Waters
B-cells were chosen. The first set of samples consisted ofCorp., Milford, MA USA). The proteins were eluted with
archival blood serum from 83 healthy adult male volunteers acidified 80% isopropanol and the recovered volume freeze
(age 18-45, body weight within 15% of ideal) that collab- dried to eliminate the organic solvent. Extracts were recon-
orated in a previous phase | clinical trial in which they were stituted in 400ul RIA assay buffer (10 mM phosphate, 50
given a Beta-3 agonist (Lederle Compound BTA-243, pro- mM EDTA, 135 mM NaCl, 0.05% Triton X-100, 0.1%
tocol D97-P2-T1). As a result, the volunteers developed a Tween 20, 1% BSA, 0.1% alkaline-treated casein, 20 mg/|
transient disorder that mimicked noninsulin dependent dia- phenol red, pH 7.5), spun at 14000 rpm for 10 min at 4°C
betes mellitus, unlike the controls. The trial was a 14-day, to remove any solid matter, and three J@0aliquots from
randomized, double-blind, placebo-controlled, ascending ggch sample were separated for analysis. The RIA was

safety, tolerance, and pharmacokinetic study of oral CL e rtqrmed using the Phoenix human AM RIA kit (Mountain
238,796 versus placebo. The trial was conducted by Wyethy e\, ca UsA) and following manufacturer's instructions.

Ayerst Research (Radnor, PA USA). Blood serum from 28 Briefly, 100 of anti-AM antibody and 10Qul of 123-AM

untreated normal volunteers m_the same age and We'ghtwere added to each sample and the mixture incubated at 4°C
range was collected for comparison purposes.

The second population was comprised of pregnant ove_rnight. The f(_)llowing day, 50Qul of goat anti rabbit
women of Latino origin receiving antepartum care at the anupody (1'150_ n 6% PEG 8000) and 10 of normz_al
Department of Obstetrics and Gynecology of the University rabbit serum (1;100 in RIA b_‘”fef)_wefe added and incu-
of Southern California. Thirty patients met National Diabe- Patéd fo 1 hat4°C. After centrifugation at 3750 rpm for 30
tes Data Group criteria for gestational diabetes mellitus Min @t 4°C, the supernatant was discarded, and the radio-
(GDM), and 16 women had a normal 1-h screening test for ctivity in the pellets measured in a 1277 Gammamaster
GDM after 26 weeks gestation. The normal women were instrument (Wallac, Gaithersburg, MD USA).
matched by age and trimester of pregnancy to the women The radioactive counts were compared to a standard
with GDM. Serum from 11 matched nonpregnant women curve and the concentration of AM calculated by linear
who had not suffered previous GDM was also analyzed. regression. Recovery in the assay was average 66%, and the

None of the patients presented other clinical features atvariation between assays less than 10%. The displacement
the time of the test. Special care was taken in excluding of tracer obtained by increasing volumes of serum extracts
patients with infections or renal or blood pressure disorders, was parallel with that observed with the standard curve.
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2.4. Glucose tolerance tests in rats 3.2. Adrenomedullin levels in drug-induced diabetes
SHR/N-cp lean {/+ or +/cp) and corpulent (cp/cp) rats The normal control populatiom(= 28) had a circulating
from the NIH colony were used in this study. The corpulent AM value of 15.79+ 0.51 fmol/ml (mean* standard
phenotype resembles the human noninsulin dependent diaerror), whereas the diabetic patients showed a content of
betic syndrome and exhibits postprandrial but not fasting 25.70+ 1.24 fmol/ml (P < 0.0001). The univariate proce-
hyperglycemia, age dependent loss of glucose tolerancedure was able to differentiate a subpopulation as outliers
hyperlipidemia, glucosuria, and proteinuria [12]. Twelve (6.0%, shadowed squares in Fig. 2). In this analysis the
animals were subjected to a glucose tolerance test as previoutlier population was demarcated by AM concentrations
ously reported [30]. In brief, six lean and six obese 5 50 fmols/ml or greater (more than two standard deviations
week-old male rats were fasted overnight and injected in- appart from the mean). Some of these values reached up to

traperitoneally (i.p.) with saline, AM (10 nanomols/100 g
BW), and MoAb-G6 (1 mg/100 g BW) at weekly intervals.
The monoclonal antibody MoAb-G6 has been previously
characterized and has an established ability to block AM
physiological effects in rat pancreas [30]. Five minutes after
the injection, oral glucose was given (400 mg/100 g BW),
and blood was collected from the tail vein 5 min before the
injection (10 min before glucose gavage), just before the
glucose load (0 min) and 30, 60, 120, 180, and 240 min after
glucose load. Two lean and two corpulent rats were given an
additional glucose tolerance test (saline injection) 1 week
after the antibody injection to ensure that there was no
change in glucose tolerance over the 3-week period. The
glucose concentration was determined by the glucose oxi-
dase method (Sigma) using a Centrifichem System (Union
Carbide), following manufacturer’s instructions.

2.5. Statistical analysis

The population data were analyzed statistically by anal-
ysis of variance using the general linear models procedure
(Proc GLM) of SAS [42]. The data within population was
further analyzed for the normalcy of distribution, skewness,
kurtois, and significant outliers using the univariate proce-
dure of SAS (Proc Univariate). Outliers within a population
were considered a significantly different subpopulation
when the ranking indicated that a given individual was more
than two standard deviations greater than the mean.

In the rat model, data were analyzed using the general
linear models procedure (SAS). Incremental area under t

were compared for the three treatments. Differences were
considered significant & < 0.05.

3. Results

3.1. Characterization of AM immunoreactivity

Synthetic AM was found to elute in fraction 49 from the
C18 semipreparative column used. When human blood
plasma was run through the same column a major immu-
noreactive peak was found in fraction 49 (Fig. 1), therefore
demonstrating the specificity of out RIA assay.

he
curve was calculated and differences in least square meand

64.2 fmol/ml, which is more than four times the mean in the
controls. Analysis excluding the outliers revealed a non-
linear population distribution skewed toward high AM

levels. When comparing the diabetic population without
outliers with the normal controls, we still observed a
statistically significant difference in mean AM serum

concentrationsK < 0.0001).

3.3. Adrenomedullin levels in pregnancy and gestational
diabetes

Pregnant women had significantly higher AM values
than nonpregnant womerP (< 0.0001; Fig. 3). Among
pregnant women, there was no significant differences in
mean AM values between women with or without GDM
(33.35+ 2.32 vs 29.66+ 1.45 fmol/ml; P > 0.05). The
distribution analysis identified two individuals (shadowed
squares in Fig. 2) as outliers with higher concentrations of
AM in their blood, reaching up to 69.3 fmol/ml.

3.4. Modification of the diabetic phenotype by AM and its
antibody in rats

Plasma glucose response to oral glucose load after saline,
AM and MoAb-G6 treatments are shown in Fig. 4. In lean
as well as in corpulent rats, there was a significant increase
in glucose at 30, 60, and 120 min after glucose load when
rats were treated with AM as compared to saline-treated
controls. Treatment with MoAb-G6 had no significant dif-
erence with saline in lean animals. However, in obese rats
the antibody produced a significantly lower glucose re-
sponse at 1, 3, a4 h after glucose load. When the area
under the curve was analyzed, significant differences were
found in the lean rats among treatments with AM compared
to either saline ® < 0.03) or MoAb-G6 P < 0.05). In
obese rats, the area under the curve for glucose in rats
treated with AM was significantly higher than when treated
with saline P < 0.02) or MoAb-G6 P < 0.004). No
significant differences were observed in the area under the
curve between saline and MoAb-G6 in either groip>
0.05). An interesting observation is that, after treating the
diabetic obese rats with the monoclonal antibody, the glu-
cose concentration came back to basal levels afte(thick
arrow in Fig. 3B). This is in contrast with the other treat-
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Fig. 1. HPLC profile of 2.5 ml of human plasma fractionated in a C18 semipreparative column (A), and AM contents of the plasma fractions as analyze
by RIA (B). Synthetic AM was run in the same way and was shown to elute in fraction 49 (arrow in B). The acetonitrile gradient is represented by a dashe
line.

ments that showed postprandial hyperglycemia even at 4 hof this excessive AM is still unclear. We cannot exclude the

after glucose intake. possibility of blood vessel damage that other authors pos-
tulated [15,37], but given the transient nature of beta-3
agonist-induced hyperglycemia, chronic endothelial dam-

4. Discussion age that has been related to advanced stages of diabetes [4]
seems unlikely. Elevations of AM levels have been also

In this study we have shown that two subpopulations can found in type 1 diabetic patients suffering from renal insuf-
be partially distinguished by AM levels in patients who ficiency with a disease duration 6f21 years, whereas in
developed hyperglycemia undgrcell stress caused by ei- other type 1 patients with shorter disease duration, no
ther chemical treatment or pregnancy. The patients with a statistical differences were found [11]. In these cases of
pharmacologically induced type 2 diabetes had higher levelsprolonged disease, AM may come from damaged blood
of AM than the normal population, confirming previous vessels, but this explanation is unlikely in the patients
observations [15,37]. Nevertheless, distribution analysis studied in the present report. Of interest, a recent report
identified two subsets of diabetic individuals, one closer to found that hyperglycemia was able to induce AM expres-
the controls and another with high levels of AM. The source sion in cultured vascular smooth muscle cells by a mech-
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Fig. 4. Glucose tolerance test in lean (A) and obese diabetic (B) SHR/N-cp rats after injection of saline (squares), AM (triangles) and antiAklamonoclo
antibody MoAb-G6 (circles). Asterisks represent points that were significantly diffePerit .05) from the saline treatment. For details on the statistical
analysis of the areas under the curve see the text. The thick arrow indicates the time point at which the antibody-treated diabetic rats re@sad tedelze b

of glucose. At this time point the other treatments present a clear postprandial hyperglycemia. Glucose concentrations are expressed dgjinitisels o

per liter of blood serum. Blood samples were taken 10 min before glucose load (-10), immediately before [0], and 30, 60, 120, 180, and 240 mirsafter gluco

intake. Injection of the treatment solutions was given 5 min before glucose load (small arrows). Each point represents the average of six ah@imals and t
standard error.

anism dependent on protein kinase C [14]. The elevation diagnhostic and/or prognostic value because of AM’s abil-
of circulating AM could be previous to the diabetes onset ity to exacerbate the diabetic phenotype by inhibiting
or subsequent to it, but in either case it could have insulin release [30].
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In contrast to the beta-3 agonist studies, we did not see aantibody used in this study. The difficulties of using such
significant difference in AM levels between pregnant reagents for human therapy are well known [36], especially
women with or without GDM, although four women in the because this antibody is an IgA [30]. Nevertheless, new
GDM group had higher AM levels than any normal preg- peptide antagonists are being tested in other systems and,
nant woman. A significant increase on AM concentration for instance, the carboxy end of the AM molecule (AM
was shown in pregnant women as compared with matcheds2) and an internal fragment (AM_3,) seem to counteract
nonpregnant controls. These results corroborate previousAM effects [1,8]. In addition, the fragment proAM;_;ss
observations of elevations of AM during pregnancy [10,23]. displays opposite actions to AM in blood flow regulation
The increase in AM during pregnancy is not surprising [13]. The development of new and more efficient antago-
because this peptide is present in high amounts in thenists to AM may be the basis for a new generation of drugs
placenta [35], the amniotic fluid [25], and the developing for the treatment of type 2 diabetes, especially for those
fetus [35], and has been repeatedly related to many growthpatients displaying very high concentrations of this peptide.
processes [29,34,47].

The pathogenesis of GDM appears to involve pgaell
compensation for the insulin resistance of pregnancy [6].
Most women do not have diabetes immediately after preg-
nancy, but 20-50% develop diabetes later in life [22,33,40].
The fact that a large majority of women with GDM have a
quantitative defect in insulin secretion during pregnancy [6]
whereas only a small fraction have elevated AM levels
indicates that AM is not a common contributor to fBeell
defect in GDM. However, it may contribute to the impaired
B-cell compensation for insulin resistance in a subset of
women with high AM levels. Long term follow-up for
development of diabetes would help to clarify the contribu- References
tion of AM to B-cell dysfunction.
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