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Abstract

Metformin and asymmetric dimethylarginine (ADMA) are structural analogs. They have oppo-
site effects at multiple points on complex signaling pathways that coordinate energy, molecular
synthesis, growth, and metabolism with nutrient intake. Excess saturated fats and glucose may
initiate the methylation of arginine residues in proteins involved in the transcription of genes
mediating inflammation, cell proliferation, apoptosis, and oncogenesis. Free ADMA may appear
in the circulation after proteolysis of these proteins when the work of transcription is complete
and ADMA subsequently functions as a signaling molecule. In children, ADMA levels are not
significantly related to the usual metabolic syndrome risk factors but instead there is a signifi-
cant association between ADMA and alkaline phosphatase — a marker of normal growth. There
is only one direct study that shows that ADMA negates the metabolic effects of metformin.
There are no investigations that demonstrate that metformin blocks the effect of ADMA and so
this review must be considered hypothesis generating. The potential implications of the met-

formin-ADMA relationship merit further investigation. Copyright © 2011 S. Karger AG, Basel

Introduction
Asymmetric dimethylarginine (ADMA), a guanidine-substituted analog of L-arginine,

competitively inhibits the conversion of L-arginine to nitric oxide (NO) and citrulline. Ele-
vated ADMA levels are associated with many cardiovascular risk factors, including age, hy-
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pertension, diabetes, insulin resistance, hypercholesterolemia, hypertriglyceridemia, and
hyperhomocysteinemia. For a number of these conditions, there is evidence of a causal rela-
tionship. Virtually all of the traditional cardiovascular risk factors are associated with endo-
thelial vasodilator dysfunction, an early and critical event in the pathogenesis of cardiovas-
cular disease states. Endothelial dysfunction is thought to contribute to atherosclerotic
plaque formation, plaque progression, and ultimately plaque rupture, as do many of the tra-
ditional risk factors. These facts have led to speculations that diverse risk factors ultimately
share common pathophysiological pathways. ADMA has been described as a ‘ubiquitous
mechanism of endothelial pathobiology shared by all risk factors and markers examined to
date’. A large body of literature supports ADMA as an “Uber marker”, a biochemical factor
mediating the adverse vascular effects of many other risk factors and markers’ [1].

In addition to its effects on the vasodilator portion of endothelial function, NO inhibits
key processes involved in arterial disease, including leukocyte adhesion, vascular smooth
muscle cell proliferation, and platelet aggregation. In animal models, changes in vascular NO
synthesis have a powerful impact on the progression of atherosclerosis. Impaired NO-depen-
dent endothelial function independently predicts the incidence of cardiovascular events.
Major causes of impairment of NO-dependent endothelial function are endogenous inhibi-
tors of NO production, the most important of which is ADMA [1].

Endothelial Dysfunction and Insulin Resistance Are Tightly Linked

Multiple studies suggest that endothelial dysfunction and insulin resistance are linked.
Reduced NO production is a critical factor in endothelial dysfunction [2] and seems to play
an early role in the development of insulin resistance [3]. Several lines of evidence indicate
that endothelial function is abnormal in circumstances in which sensitivity to endogenous
insulin is reduced [4]. In rats, the development of hypertension related to the infusion of the
NO synthase (NOS) inhibitor L-NMMA (N®-monomethyl-L-arginine) and reduction of NO
production is associated with impaired glucose metabolism [5], and insulin resistance is not
present in patients with many of the secondary forms of hypertension [6], suggesting a com-
mon cause for metabolic and hemodynamic abnormalities in the metabolic syndrome. In
endothelial NOS (eNOS)-/- mice, insulin stimulation of muscle blood flow was impaired
and strongly related to impaired stimulation of muscle glucose uptake [7].

Plasma ADMA can increase rapidly in response to excess nutrient levels. A single high-
fat meal may more than double circulating ADMA concentrations in diabetic patients with-
in 5h and then ADMA may participate in a vicious cycle of oxidative particle production [8,
9]. In rabbits with alloxan-induced diabetes, ADMA levels were increased in proportion to
the increase in plasma glucose [10]. Importantly, ADMA levels are tripled in rats with non-
insulin-dependent diabetes mellitus [11].

Endothelial Dysfunction Is Only Part of the ADMA Story

Although the role of ADMA as an inhibitor of NO production and endothelial function
is well established, many questions can be raised: Why would a high-fat meal or a glucose
challenge raise ADMA levels so promptly and what purpose would it serve? Furthermore,
that ADMA effects are mediated by ADMA competition with L-arginine in the production
of NO is problematic, and has been termed ‘the arginine paradox’. ADMA levels found in
health (500 nmol/l to 1.2 wmol/l) or many disease states (up to 3 wmol/l) are too low to com-
petitively inhibit the conversion of L-arginine to NO. Plasma L-arginine concentrations are
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on the order of 30-100 wmol/l and the intracellular levels of L-arginine may be as high as
2 mmol/l [12]. With such an excess of L-arginine, ADMA should be inert but ‘experimental
evidence shows that even very low concentrations of the methylarginines have dramatic ef-
fects’. Infusions of ADMA into healthy volunteers produce rapid increases in blood pressure
and vascular resistance with a fall in cardiac output and heart rate. Plasma concentrations
achieved in the infusion were comparable to those found in pathophysiological conditions
13, 14].

Indeed, there is convincing evidence that the long-term vascular effects of ADMA are
not solely mediated by inhibition of endothelial NO synthesis. Long-term infusion of ADMA
into mice raised blood pressure and produced coronary lesions manifested by medial thick-
ening and perivascular fibrosis to an equal extent in wild-type and eNOS-knockout mice and
did not reduce plasma or urine NO metabolite concentrations [15].

Circulating ADMA Levels Vary Quantitatively with the Degree of Insulin Resistance

The only established role of ADMA is the inhibition of NO production by the three rec-
ognized forms of NOS - eNOS, inducible nitric oxide synthase (iNOS), and neuronal NOS.
Most of the literature concerns eNOS. The cardiovascular biology of the ADMA metabolic
pathways was recently summarized: ‘Although it is unnecessary to invoke additional targets
for ADMA, it is worth noting that many microbes produce ADMA and express the enzymes
necessary to metabolize ADMA, yet do not express NOS’ [16]. This observation suggests
some additional unrecognized action of ADMA [17].

An important recent study extends the link between insulin resistance and endothelial
dysfunction. The association of plasma ADMA with insulin resistance was greater than that
with steady-state plasma glucose concentrations (the specific determinant of insulin resis-
tance) and fasting plasma insulin (a commonly used surrogate estimate of insulin resis-
tance) [18]. Steady-state plasma glucose concentrations were a strong predictor of ADMA
levels, and the relationship between insulin resistance and circulating ADMA was indepen-
dent of other factors associated with insulin resistance. Plasma ADMA concentrations were
positively correlated with impairment in insulin-mediated glucose disposal in non-diabet-
ic, normotensive subjects (r = 0.73; p <0.001). The authors concluded that the close correla-
tion of circulating ADMA with insulin resistance may provide a more general explanation
for elevated plasma ADMA concentrations in patients with type 2 diabetes, essential hyper-
tension, and renal failure. An increase in the prevalence of insulin resistance is well docu-
mented in patients with type 2 diabetes and essential hypertension. Plasma ADMA levels
were not increased in hypertensive patients unless they were also insulin resistant [19].
ADMA levels correlate with both endothelial dysfunction and the level of insulin resistance.
This tight correlation between ADMA levels and insulin resistance suggests that ADMA
participates in signaling pathways important in the determination of the metabolic syn-
drome.

Metformin Mechanism of Action Involves ADMA Blockade at Multiple Levels of
Function

Metformin, employed clinically in the treatment of type 2 diabetes, lowers insulin resis-
tance and oxidative stress, and improves endothelial function. The prevailing thinking re-
garding the mechanism of action of metformin points to the activation of adenosine mono-
phosphate-activated protein kinase (AMPK) [20]. In fact, the effects of metformin on he-
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Fig. 1. Chemical structures for ADMA and the an- ch/N\n/N\/\)\n/OH Hac NNy Ny N2
ti-diabetic agent metformin. The two chemicals are NH o} NH NH
structural analogs and these agents may be com- ADMA Metformin

petitive antagonists in vascular smooth muscle
cells to regulate insulin resistance.

patic glucose neogenesis are preserved in AMPK-knockout mice [21] and so it may be useful
to think of this medication in a broader context.

Metformin, a structural analog of ADMA (fig. 1), has beneficial effects on the multiple
abnormalities associated with insulin resistance. In every instance, these associations are the
opposite of those found with ADMA. Metformin decreases hyperglycemia, improves dia-
stolic function, decreases total cholesterol, decreases low- and very-low-density lipoprotein
cholesterol levels, increases high-density lipoprotein cholesterol levels, decreases oxidative
stress, improves vascular relaxation, decreases plasminogen activator inhibitor levels (PAI-
1), increases tissue plasminogen activator activity, and decreases von Willebrand factor lev-
els, platelet aggregation and adhesion, and free fatty acid levels [22].

Since metformin is a structural analog of ADMA and these compounds have opposing
effects on the metabolic features of insulin resistance, it is tempting to speculate that these
two compounds may function as competitive antagonists. However, the available literature
almost exclusively deals with the activity of ADMA as a competitive antagonist of L-argi-
nine in NO formation. It is unlikely that a competitive antagonist would compete with a
competitive antagonist, but other sites of competition may impact important signaling
pathways.

Metformin has favorable effects on virtually every component of the metabolic syn-
drome. Known metabolic effects of metformin involve mitochondrial pathways and other
downstream effects. Detaille et al. [23] showed that intact Xenopus laevis oocytes exposed to
metformin demonstrated a 40% reduction in the rotenone-sensitive activity of respiratory
chain complex I in mitochondria. This effect was demonstrated only in intact incubated oo-
cytes and not in mitochondria isolated by centrifugation, suggesting an important role for
intact membranes. Drug injected directly into oocytes also had no effect. Metformin trans-
port was hindered and the inhibition of complex 1 totally disappeared when its structural
analog ADMA was placed together with metformin. These data support the view that met-
formin may recognize specific membrane sites, likely belonging to effector systems, before
penetrating the cell in a bound state via a putative endocytic event. ADMA competitively
inhibits the activity of its structural analog metformin at the membrane level. While this
study is the only direct investigation of the antagonism of metformin and ADMA, multiple
articles show that metformin and ADMA have opposite effects in important signaling path-
ways. ADMA may be the agonist and metformin the ADMA antagonist, blocking the effect
of ADMA as a signaling molecule.

There is evidence of important effects of ADMA in the mitochondria of pulmonary ar-
tery endothelial cells. ADMA added to these cells stimulates the redistribution of eNOS from
the plasma membrane to the mitochondrion where ADMA uncouples eNOS and causes a
shift from NO to peroxynitrite production. Uncoupled eNOS located in the mitochondrion
results in an increase in nitrated proteins in the mitochondria. Taken together, these events
lead to an increase in oxidative stress in the mitochondria with subsequent mitochondrial
dysfunction and reduced ATP production [24].

214

KARGER




CardioRenal Cardiorenal Med 2011;1:211-219

Medicine DOI: 10.1159/000332382 ©2011 5. Karger AG, Basel
www.karger.com/crm

Bestermann: The ADMA-Metformin Hypothesis

ADMA Signaling Modulates Cellular Growth, Differentiation, Proliferation,
Inflammation, Cell Survival, and Apoptosis

The diverse effects of ADMA and their potential neutralization by metformin may best
be understood in the context of epigenetic changes produced by arginine methylation fol-
lowed by proteolytic degradation of transcriptional proteins to produce free ADMA, a mol-
ecule participating in complex signaling cascades in the circulation and cytoplasm. Very
interestingly, in children ADMA is not correlated with obesity or cardiovascular risk factors;
rather it is tightly correlated with normal growth [25]. Epigenetics is defined as heritable al-
terations in gene expression that are not encoded in the DNA sequence itself. Epigenetic gene
expression occurs as a result of post-translational modification of DNA and histone proteins
on the chromosome. Inactive genes exist in a tightly compacted state termed heterochroma-
tin. Methylation of coactivator complex proteins combined with histone methylation con-
tribute to moving heterochromatin to euchromatin, which ‘opens’ the chromosome to allow
gene activation and transcription [26]. Even though epigenetic changes do not involve the
fixed DNA code, they are transmissible to the next generation [27].

ADMA is produced as a result of arginine methylation primarily via a protein methyl-
transferase (PRMT-1) with subsequent proteolytic degradation and release of ADMA into the
cytoplasm and circulation. But targets of protein methylation are not just any proteins. Protein
arginine methylation modulates transcription, RNA metabolism, and protein-protein interac-
tions that control histone function, cellular differentiation, signal transduction, proliferation,
survival, inflammation, and apoptosis. Protein arginine methylation and circulating ADMA
may be important components of the pathophysiology of the metabolic syndrome, atheroscle-
rotic vascular disease, cardiomyopathy, and pulmonary and neoplastic diseases [28].

As mentioned earlier, ADMA levels are elevated within minutes after fat or glucose in-
gestion. Excess ingestion of these nutrients hypothetically could activate arginine methyla-
tion releasing ADMA into the circulation. Vascular smooth muscle cells from diabetic mice
demonstrated persistently elevated inflammatory responses that were still present after ex-
posure to high glucose. Increased expression of these inflammatory markers remained even
after these cells were removed from the mice and placed in tissue culture. These epigenetic
changes represent a plausible mechanism of metabolic memory. These findings may also ex-
plain why diabetic vascular complications and inflammation persist even after achieving
glycemic control and why early glycemic control may have legacy effects [29].

When the work of transcription is completed, and asymmetrically methylated arginine
residues are released into the cytoplasm and circulation by proteolysis, circulating ADMA
may activate multiple signaling cascades. Studies of ADMA effects on gene expression in hu-
man coronary artery endothelial cells demonstrated significant increases in the activity of
genes involving cell growth and/or maintenance, the cell cycle, and cellular proliferation [30].

ADMA Increases the Production of Reactive Oxygen Species

ADMA increases angiotensin IT leading to additional reactive oxygen species (ROS) for-
mation and growth factor activation [31-33]. In obesity, aldosterone levels are relatively ele-
vated and contribute to the development of the metabolic syndrome [34]. Activation of the
mineralocorticoid receptor by aldosterone leads to the production of ROS primarily by the
mitochondria through inhibition of respiratory complex I (fig. 2) [35].

Taken together, these studies indicate that multiple cardiometabolic pathways converge
to increase oxidative stress, which may be an important common route to the production of
cardiovascular disease and events.
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Oncogenesis

ADMA increases superoxide and peroxynitrite levels by inhibiting arginine conversion
to NO, uncoupling NOS and increasing iNOS. Superoxide and peroxynitrite subsequently
transactivate the epidermal growth factor receptor upregulating the phosphoinositide 3-ki-
nase (PI3K)/Aktl and rat sarcoma (Ras)/RAF proto-oncogene serine/threonine-protein ki-
nase (Raf)/extracellular signal-regulated kinase (Erk1/2) cascades which converge at mam-
malian target of rapamycin (mTOR). mTOR and AMPK [36] are linked metabolic hubs that
integrate nutrient intake and energy balance with growth, proliferation, and metabolism.
Nutrients reduce AMPK activity resulting in a shift to synthesis of cholesterol and triglycer-
ides, and increased mTOR effects. mTOR upregulates p70 ribosomal protein S6 kinase 1
(S6K1) which in turns degrades insulin receptor substrate (IRS-1) resulting in insulin resis-
tance [37] and contributing to oncogenesis [38]. ADMA and oxidants also activate Toll-like
receptor (TLR4; fig. 3) [39].

These signaling pathways increase the activity of multiple inflammatory mediators, in-
cluding interleukin (IL)-1B, IL-6, IL-8, p38 mitogen-activated protein kinase (p38MAPK), c-
Jun N-terminal kinase (JNK), tumor necrosis factor-a, nuclear factor (NF)-kB, and iNOS [40].

Metformin and ADMA Have Opposite Effects on Cardiometabolic Pathways
Metformin reduces the size of myocardial infarction in ischemia-reperfusion studies in

diabetic and non-diabetic laboratory animals. Part of the mechanism of the myocardial pro-
tection involved increased AMPK-induced phosphorylation of eNOS at 1177. Metformin did
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not reduce infarction size in eNOS-/- mice, suggesting that eNOS and NO play an important
role in the cardioprotective effects of metformin [41].

Incubation of human pancreatic islet cells from patients with type 2 diabetes with met-
formin resulted in a return of protein kinase C (PKC) and nitrotyrosine levels towards con-
trol values [42]. Metformin dose dependently diminished the IL-1B-induced release of the
proinflammatory cytokines IL-6 and IL-8 in endothelial cells, smooth muscle cells, and
monocytes. It diminished the activation of Akt, Erk, JNK, PKC, and p38MAPK in vascular
smooth muscle cells, and dose-dependently inhibited NF-«kB induction [43]. Metformin pro-
duces cell cycle arrest in the Go/G; phase of the cell cycle and it inhibits mTOR directly [44].
Patients with type 2 diabetes on metformin have a lower risk of cancer [45].

Conclusions

Abnormally activated pathways of growth, proliferation, inflammation, and apoptosis
constitute a common denominator of multiple chronic cardiovascular conditions. Metfor-
min may interfere with these pathways by blocking ADMA entry into the cell at the level of
cationic transport. This may represent an entirely new understanding of the mechanism of
action of metformin and help to explain its beneficial effect on cardiometabolic risks and
outcome. Still, there is only one direct study that shows that ADMA negates the metabolic
effects of metformin. There are no investigations that demonstrate that metformin blocks
the effect of ADMA and so this review must be considered hypothesis generating. The po-
tential implications of the metformin-ADMA relationship merit further investigation.
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