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Abstract

Adrenomedullin (ADM) is a peptide hormone widely
expressed in different tissues, especially in the vascu-
lature. Apart from its vasodilatatory and hypotensive
effect, it plays multiple roles in the regulation of hor-
monal secretion, glucose metabolism and inflamma-
tory response. ADM regulates insulin balance and may
participate in the development of diabetes. The plasma
level of ADM is increased in people with diabetes, while
in healthy individuals the plasma ADM concentration re-
mains low. Plasma ADM levels are further increased in
patients with diabetic complications. In type 1 diabetes,
plasma ADM level is correlated with renal failure and
retinopathy, while in type 2 diabetes its level is linked
with a wider range of complications. The elevation of
ADM level in diabetes may be due to hyperinsulinemia,
oxidative stress and endothelial injury. At the same
time, a rise in plasma ADM level can trigger the onset
of diabetes. Strategies to reduce ADM level should be
explored so as to reduce diabetic complications.
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Core tip: Adrenomedullin (ADM) is a peptide hormone
with vasorelaxing and hypotensive properties. It also
plays multiple roles in the regulation of hormonal secre-
tion, glucose metabolism and inflammatory response. A
major observation is the elevation of plasma ADM level
in diabetes, and is associated with diabetic complica-
tions in both type 1 and 2 diabetes. The increase could
be resulted from oxidative stress, hyperinsulinemia and
endothelial injury. This raises the potential application
of ADM as a marker in diabetes, and strategies aimed
at reducing ADM level could be explored so as to allevi-
ate diabetic complications.
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INTRODUCTION
Adrenomedullin (ADM) is a peptide recently discovered

with multiple functions. Its characteristic actions include
vasorelaxing effect and hypotensive properties. Given
its widespread expression and production in different
organs, ADM can also act as an autocrine, endoctine or
paracrine mediator in various biological systems. The
prospects of ADM as a potential disease modulator
comes from the observation of increased levels in plasma
in various disease states. For instance, increased plasma
ADM levels wetre observed in cardiovascular diseases and
diabetes'"™. However, different from the observations in
cardiovascular diseases, the explanation and significance
for such an increase is not clear. Since then, research
progress has been made in the association between ADM

June 15, 2014 | Volume 5 | Issue 3 |



and diabetes. For instance, ADM plays a role in glucose
metabolism and insulin balance”. These evidence may
provide clue on the involvement of ADM in diabetes.

In this review, we summarized the current knowl-
edge on ADM based on research progress in the recent
decade and provided an account on the role of ADM
played in the context of diabetes. This would help us
understand better on the clinical application of ADM in
diabetic patients.

DISCOVERY OF ADRENOMEDULLIN AS A

REGULATORY PEPTIDE

ADM was initially discovered by Kitamura in 1993, ex-
tracted from pheochromocytoma in humans by monitor-

ing the elevated 3,5’ cyclic adenosine monophosphate
(cAMP) production in human platelets[sl. It was later
found that the peptide had a potent hypotensive and va-
sorelaxing effects. It forms a ring structure by 52 amino
acid residues held by a disulfide bond. Since the peptide
was abundantly found in the adrenal medulla, therefore
this accounts for the name. The peptide is classified as a
member of the calcitonin gene-related peptide (CGRP)
superfamily. Although high level of ADM was identified
in the adrenal medulla', circulating ADM was the most
abundant in vascular wall”.

BIOSYNTHESIS AND DISTRIBUTION

ADM has a very high tissue distribution. Its biosynthesis
has been studied by applying radioimmunoassays, and
by detecting tissue ADM mRNA"™. Immunoreactive
ADM is detected in cardiovascular, respiratory, renal,
endocrine, reproductive, neurological, intestinal and im-
mune system'"". Among these systems the highest ADM
concentrations were detected at the adrenal glands. ADM
mRNA is also detected in various peripheral tissues'".
Such wide distributions indicate the multi-facet roles of
ADM.

In the cardiovascular system, ADM is synthesized in
both atria and ventricles in heart and blood vessels. With-
in the vasculature, ADM is actively manufactured and
secreted by both the endothelial and the vascular smooth
muscle cells™?. It is also demonstrated that the vascula-
ture had much higher ADM mRNA expression than the
adrenal glands. This was further supported by the finding
of a low ADM precursor ratio in the total ADM immu-
noreactivity in blood vessels" .

Besides, ADM is synthesized in the lung"”, brain as
well as in the pancreatic islets"*"”. The widespread ADM
expression suggests its diverse role in the regulations of
cell functions. Since ADM is mainly produced by vascular
endothelial and the smooth muscle cells, its regulatory
function of vascular tone has become a major target for

investigation.

ADM production is controlled by various humoral
factors and physical factors. Inflammatory cytokines such
as tumor necrosis factor (TNF)-a, TNF-p, interleukin
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(IL)-1a and IL-1 all are known to stimulate ADM pro-
duction and secretion"”. While mechanical factors like
sheer stress and hypoxia are involved in the up-regulation
of vascular ADM mRNA expression'"”.

In healthy individuals, circulating plasma ADM level
is as low as in the picomolar range, similar to the atrial
natriuretic peptide, and its level changes in order to com-
pensate for the vasoconstrictive effects. It is reported that
in various pathological conditions, the increase in plasma
ADM level correlates with severity of disease states. For
instance, elevated plasma ADM level has been associated
with heart failure, hypertension, artherosclerosis and dia-

betes mellitus"”.

RECEPTOR SIGNALING

Specific binding sites for ADM wete identified in many
different places in rat and in human models"”*". In hu-
mans, the binding sites are most abundant in the micro-
vascular endothelium™. The biological actions of ADM
are exerted mainly through CGRP receptors and the spe-
cific ADM receptors, which share a common molecular
component of a G-protein coupled receptor called calci-
tonin receptor-like receptor (CRLR)*'. The specificity of
CRLR depends on different subtypes of another associ-
ated proteins, namely the receptor-activity-modifying pro-
teins (RAMP1, 2 and 3)*. Co-expression of CRLR with
different subtypes of RAMPs will form different ADM
receptors. The specificity brought about by the RAMPs
involves glycosylation and transport of the receptor-

RAMP complex.

PHYSIOLOGICAL EFFECTS

ADM can act as both a hormone and a cytokine to
regulate the regional blood flow, vasculat tone, leukocyte

migration and differentiation, electrolyte balance, cardiac
function, glucose uptake and hormone secretion”. Tt
plays an important role in cardiovascular system'™, ADM
imposes a potent vasodilatory effect in humans and in-
creases blood flow to various organs™*. For instance,
increased ADM expression could enhance hepatic and
renal circulation™, Tn systemic circulation, vasodilation
could be resulted from ecither endothelium-dependent™,
or endothelium-independent mechanisms"™, through
ADM and CGRP receptors. In addition, the endotheli-
um-derived vasodilation could be mediated by cAMP and
nitric oxide™".

Previous studies have identified the role of ADM in
inflammation and immunity. ADM possesses anti-micro-
bial properties against bacteria®™. In vitro and in vivo study
has demonstrated that ADM secretion and expression are
up-regulated upon pathogenic exposure™. ADM expres-

. . . . . . 133
sion also increases during local inflammation and sepsis™

In particular, ADM levels in lung, heart and vasculature™
liver and kidney™, all increase upon endotoxin adminis-
tration™, Macrophages could also augment ADM expres-
sion in inflammation®”

The role of ADM in the inflaimmatory process vat-
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ies after the onset of inflammation. ADM can activate
and modulate cytokine production, while it can also in-
hibit overproduction of pro-inflammatory cytokines™.
It plays a crucial role in initiating inflammatory response
by stimulating the release of migratory inhibitory factor
and 11-1f, while activate anti-inflammatory response by
suppressing TNF-q production and up-regulating 11.-6
production, as the latter is anti-inflammatory and inhibit
lipopolysaccharide-induced TNF-¢ production” ™. Such
co-ordinated functions of ADM suggest that it is associ-
ated with injury, infection and inflammation. Apart from
inflammation, ADM expression in immune cells serves
diverse functions. ADM can be detected in macrophages
in the atherosclerotic plaquesm, where it may play a role
in reducing inflaimmation and thereby exerting an anti-
atherosclerotic effect.

While circulating ADM in plasma contributes to a
large part of its physiological functions, ADM also serves
as a local regulator of cellular functions. The paracrine
effect of ADM can be demonstrated in the kidney, as it
has been shown that ADM is histochemically localized
in renal tubules, and recently mesangium was suggested
to be one source of ADM in the kidneyw. The local
ADM modulates mesangial proliferation and is regulated
by different growth factors and cytokines. This suggests
that regulation of renal function by ADM may operate
in an autocrine/paracrine manner. Another example of
the localized effect of ADM is in the vascular smooth
muscle cells, where its biosynthesis is regulated through a
feedback loop. In one study, stimulation of ADM mRNA
levels was observed together with a decrease in the im-
munoreactive ADM peptide secretion resulted from
glycolytic inhibition™. As ADM could inhibit vascular
smooth muscle cell migration and proliferation in re-
sponse to growth factors'™ | a decreased ADM secretion
might stimulate its migration and growth locally, and lead
to remodeling upon vascular injuries.

ADRENOMEDULLIN AND
PANCREATOLOGY

ADM is deeply involved in pancreatic endocrinology,
mainly in insulin secretion™. It is known that ADM,
CRLR and RAMPs atre both expressed in the islets of
the pancreas'. Previous findings demonstrated that ex-
ogenous ADM added to freshly isolated rat islets led to a
dose-dependent inhibition of insulin secretion by 78% at
1 umol/L ADM, and was accompanied by cAMP eleva-
tion", Oral glucose tolerance tests have illustrated injec-
tion of ADM lowered insulin levels in blood by 2 folds
20 min after glucose administration, accompanied by an
increase in circulating glucose”. This supports a role of
ADM in insulin regulation in pancreas, and implies that
ADM is associated with hyperglycemia[%]

Another function of ADM is inhibiting amylase se-
cretion in pancreatic acini. As ADM receptors were not
identified in the acini, this suggest that such inhibition is
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mediated through other receptors'™.

ADRENOMEDULLIN AND DIABETES

As suggested above, ADM inhibits insulin release after
an oral glucose load. Therefore, it can be expected that
ADM contributes to diabetes and even leads to the devel-
opment of diabetic complications'*.

Diabetes is characterized by hyperglycemia. It is
resulted from dysregulation of insulin secretion or pe-
ripherial resistance. Diabetes mellitus causes retinopathy,
neuropathy, nephropathy, and atherosclerosis. These
complications are the results of prolonged hyperglyce-
mia, altered metabolic pathways and non-enzymatic gly-
cation of proteinsm].

There have been advances in the understanding of
the relationship between ADM and diabetes. Plasma
ADM level is elevated in patients with pootly controlled
diabetes than in normal subjects, which suggests a di-
rect effect of glucose on ADM release!”. The effect of
hyperglycemia on ADM expression is mediated through
protein kinase C in vascular smooth muscle cells®™. The
observation that ADM expression in aorta, but not in
adrenal gland, was raised in diabetic rats (plasma glucose
= 567 £ 167 mg/dL) compared to control (plasma glu-
cose = 94 £ 10 mg/dL), suggests that ADM expression
in the vasculature could be the source of plasma ADM
in diabetic patientslsoj. In the streptozotocin-diabetic rat,
there were increases in ADM synthesis in the ventricles
and possible ADM secretion in the ventricles, atria and
the thoracic aorta”™. On the other hand, ADM may re-
duce the levels of inflammatory cytokines and endothelin
in the adipose tissue and the skeletal muscle and hence
increase glucose uptakem.

However, another study examining the relationship
between plasma ADM level and clinical parameters of
diabetes demonstrated contradictory results. It showed
no significant difference in plasma ADM level between
diabetic patients without nephropathy and normal indi-
viduals, despite a significant higher level of HbAlc and
plasma glucose in patients with diabetes™. Therefore,
patients with renal impairment should be excluded when
examining the relationship between plasma ADM level
and blood glucose level, since patients with renal impair-
ment might demonstrate an increase in the plasma ADM
levels. Despite the direct effect of circulating glucose
on plasma ADM level has not been well established, a
positive association between plasma ADM level and the
mean blood pressure has been demonstrated in the same
study. Given the high plasma ADM levels in various
disorders””| the elevated ADM levels in diabetes might
suggest that it has a protective role. Eatrlier research also
showed an clevated plasma ADM level in patients with
hypertension and chronic renal failure, particularly a 3-fold
elevation in plasma ADM level associated with more se-
vere renal failure. The elevation in ADM may help to pre-
vent blood pressure increase and body fluid retention’™
and represent a compensatory mechanism for diabetic

June 15, 2014 | Volume 5 | Issue 3 |



70 ¢
| |
| |
60 |
| |
— | ] n
ESO
L%
o
£ o B
€ a0t o O
O
o
3 o DD
i=} O D
g 30-
c
8 @%@j
i
Z 20r 0 z@ﬁﬁ
%DD@
3o L A
10 &A
O
0

Diabetic patients Normal controls

Figure 1 Adrenomedullin concentrations in blood serum from type 2
diabetic patients (in squares) and normal controls (in triangles), shaded
squares are outliers. Reprinted from [63].

complications.

ADM AND TYPE 1 DIABETES

One characteristic of type 1 diabetes is the destruction
of B-cells in the islets of Langerhans which produces
insulin. Previously there was a report investigating the as-
sociation of ADM and type 1 diabetes. ADM and cAMP
levels were compared between type 1 diabetes patients
with various complications and healthy individuals””
According to the data, increased plasma ADM level was
identified only in patients having renal insufficiency, while
patients with other complications had normal ADM level.
A significant inverse correlation was also found between
ADM levels and the creatinine clearance by multiple re-
gression analysis. This suggested that when the kidney
function was impaired, clearance of ADM was possibly
decreased and resulted in an increase in the plasma level.

Such hypothesis deserves further confirmation because
most of the circulating ADM was shown to be cleared
in the lungs instead of the kidneysm. In the same analy-
sis, the relationship between the plasma ADM and the
disease duration suggested the change in ADM level is
resulted from the endothelial dysfunction.

Despite the uncertainty of the origin of plasma
ADM, a recent study postulated that the selective dilation
of glomerular capillaries in type 1 diabetes was attributed
to the up-regulation of ADM and RAMP2 expression in
the afferent arterioles and glomeruli, through the induced
release of nitric oxide””. This may provide a hint that lo-
cally produced ADM can elicit vasodilatation action by
paracrine control, independent of any changes in plasma
ADM levels. ADM is also involved in the pathogenesis
of retinopathyligj. Since ADM is produced in the vas-
culature, endothelial activation caused by vessel damage
may explain the increase in plasma ADM level. Another
possibility is that ADM acts as a factor for survival of
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Figure 2 Glucose tolerance test in obese diabetic SHRIN-cp rats after
injection of saline (squares), adrenomedullin (triangles) and anti-adreno-
medullin monoclonal antibody MoAb-G6 (circles). Black spots indicates
point with significant difference compared with saline controls. Modified
and reprinted from [63].

the endothelial cells™ | so plasma level of ADM increases
upon endothelial injury. A significant positive association
between ADM and cAMP in diabetic patients further
supported the hypothesis that ADM plays a counter-
regulatory role to prevent excessive vasoconstriction and
vessel damage, and promotes natriuresis” """,

All these findings suggested an increase in plasma
ADM level is the consequence rather than the cause of
type 1 diabetes, since there are insufficient findings to
demonstrate the direct link between ADM and the dis-
ease states. This can be further supported by the compar-
ison of hypoglycemic- and hyperglycemic-patients in the
same study in which no difference in the plasma ADM
level was found.

ADM AND TYPE 2 DIABETES

Several studies have been carried out in an attempt to
explain the rise in plasma ADM level and its implications
in diabetic complications. One study showed that plasma
ADM level was elevated in type 2 diabetes but did not
correlate with glucose level in circulation. Instead, in-
creased ADM level was correlated with vatrious diabetic
complications, and the severity of diabetic nephropathy
and retinopathy. Other parameters like serum creatinine
level, systolic blood pressure, and urinary protein excre-
tion were found to be related to ADM levels as well.
ADM levels might therefore be related to the develop-
ment of microangiopathy.

Another study examined a group of patients with a

common feature of hyperglycemia development. The
group had recent onset of diabetes induced by a drug
treatment®”. Results showed that the group can be char-
acterized by a subset of patients with extremely high
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Figure 3 Effects of different disease stresses on subsequent adrenomedullin production and plasma adrenomedullin levels, and the possible roles of in-

creased adrenomedullin levels in type 2 diabetes. ADM: Adrenomedullin.

ADM levels (Figure 1). Even though the source of such
excessive ADM is unknown, the results suggested that
hyperglycemic patients are characterized by higher circu-
lating ADM levels. In the same studies, the influence of
ADM in blood glucose modulation was studied using an
obese SHR rat model mimicking human type 2 diabetes.
Synthetic ADM, blocking monoclonal antibody against
ADM or saline were injected into the animals, and then
glucose tolerance tests were carried out. In support to a
previous studym, ADM injection increased blood glucose
level more significantly in diabetic rats, while application
of antibody effectively reduced blood glucose level to
even lower than saline control and improved postprandial
recovery in diabetic rats (Figure 2). All these data raise
the possibility that ADM is a causative factor in type 2
diabetes and has a negative impact on glycemic control.

To further explore the role of ADM incausing type 2
diabetes, the effect of ADM on insulin secretion has to
be considered. There are studies addressing the associa-
tion of ADM with insulin balance. There is a positive
association between insulin resistance and plasma midre-
gion pro-adrenomedullin levels™. The link between acute
hyperinsulinemia and ADM has been proposed, in which
plasma ADM levels increased in acute hyperinsu]jnernia[és].
There was a concomitant increase in plasma ADM levels
with increasing insulin production, and a significant posi-
tive correlation between serum insulin levels and plasma
ADM was seen in type 2 diabetic patients. The authors
speculated that the increased insulin-stimulated ADM
production from the pancreatic islets compensated for the
diminished vasodilatory effect of insulin, hence this pro-
tects against arterial hypertension.

In the recent decade the effect of oxidative stress on
ADM expression has been suggested. One study evaluat-
ed such relationship by measuring plasma levels of 8-epi-
prostaglandin F2q, (8-epi-PGF20., a marker of oxidative
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stress) and ADM in normal and hypertensive subjects'®”.

Both plasma levels were elevated in the hypertensive
group (P < 0.05 for 8-epi-PGF2q and P < 0.02 for ADM
respectively), and the data showed that 8-epi-PGF20 was
associated with ADM in hypertensive patients with type
2 diabetes (» = 0.696, P < 0.01). It is known that oxida-
tive stress could stimulate ADM mRNA expression and
secretion from endothelial and vascular smooth muscle
cells’”. Sustained ADM deficiency increased oxidative
stress and led to insulin resistance via impaired insulin
signaling, which is supported by an angiotensin (Ang)-II

treated mouse model”

. Ang-1I could induce oxidative
stress and hypertensive conditions, and it was shown that
Ang-1I reduced insulin sensitivity in ADM-knockout het-
erozygous mice more than wild type mice. This suggests
that endogenous ADM may act against insulin resistance
induced by oxidative stress and offer protection from or-
gan damage through its anti-oxidant action.

The interactions between ADM and diabetic com-
plications are dynamic and complex. While conflicting
arguments have been put forward to the link between
poor metabolic control and increased ADM levels™, it is
generally accepted that plasma ADM levels are positively

66 . ; . (65
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linked to oxidative stress
and other risk factors causing endothelial injury (Figure
3). This leaves much ground for further research about
the causes and significance for the plasma ADM level

increase.

CONCLUSION

There are two main questions that have to be answered
in order to establish a link between ADM and diabetes:
Firstly, what are the causes for the increase in plasma
ADM levels in diabetic patients, and what are the
sources for the elevated circulating ADM? What kind of
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stress or stimulation are involved? Secondly, what is the
implication for the elevated level? Would it further wors-
en the glycemic condition and result in various diabetic
complications?

Based on the above questions, numerous studies have
been commenced. Research has demonstrated the asso-
ciation between diabetic complications and the increase
in plasma ADM level. Plasma ADM levels were mainly
associated with renal failure and retinopathy in type 1 dia-
betes. However, the correlation with hyperglycemia is still
not clear and requires further investigation.

On the other hand, plasma ADM levels in type 2
diabetes patients are linked to a wider range of compli-
cations. The rise may be attributed to acute hyperinsu-
linemia, oxidative stress and endothelial damage. These
stimuli increases ADM production from pancreatic islets
and vascular endothelium. Such a rise may represent a
causative factor triggering the onset of disease and insulin
resistance. If this assumption holds, a controlled reduc-
tion in ADM levels may improve hyperglycemia. To un-
derstand the casual role of ADM in diabetes, genetic vari-
ants could be a potential variable to study using Mendalian
randomization, since it is unlikely to be confounded by
environmental factors. Our recent study has demonstrated
a positive link between a single nucleotide polymorphism
(SNP) of ADM gene and development of dysglycemia[()()].
Our other studies also demonstrates that plasma ADM
level is associated with one of its SNP, IL-6 and adipo-
nectin SNPs"". In the future regulation of ADM level
could be a key in controlling glycemia in people with dia-
betes and this warrants further investigation.
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