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Abstract
The worldwide impressive growth of metabolic disorders observed in the last decades, especially type 2 diabetes mellitus 
and obesity, has generated great interest in the potential benefits of early identification and management of patients at risk. 
In this view, prediabetes represents a high-risk condition for the development of type 2 diabetes mellitus and cardiovascu-
lar diseases, and an ideal target to intercept patients before they develop type 2 diabetes gaining a prominent role even in 
international guidelines. For prediabetic individuals, lifestyle modification is the cornerstone of diabetes prevention, with 
evidence of about 50% relative risk reduction. Accumulating data also show potential benefits from pharmacotherapy. In this 
context, the only available data pertain to metformin as a pharmaceutical drug and vitamin D and l-arginine as nutraceuticals. 
l-arginine appears to be a very interesting tool in the clinical management of patients with pre-diabetes. In this review we 
summarize the current knowledge on the role of l-arginine in prediabetes as a potentially useful preventive strategy against 
the progression to type 2 diabetes, with a particular focus on the underlying molecular mechanisms and the past and ongoing 
trials. In this article we also report the interesting data about the perception of the prediabetic condition and its therapeutic 
management in the clinical practice in Italy. An early identification and a prompt management of people with prediabetes 
appears to be of paramount importance to prevent the progression to diabetes and avoid its cardiovascular consequences.

Keywords Prediabetes · l-Arginine · Type 2 diabetes mellitus · Cardiovascular risk factors · Cardiovascular disease · 
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1  Importance of Prediabetes: Definition 
and Therapeutic Perspectives

The worldwide impressive growth of metabolic disorders 
observed in the last decades, especially type 2 diabetes mel-
litus and obesity, has generated great interest in the potential 
benefits of early identification and management of patients 
at risk. Patients with type 2 diabetes are at increased risk 
of developing cardiovascular disease (CVD) such as coro-
nary artery disease (CAD), heart failure (HF), atrial fibril-
lation (AF), stroke and aortic and peripheral artery diseases. 

Moreover, diabetes is a major risk factor for developing 
chronic kidney disease (CKD) [1].

In this setting, prediabetes represents an ideal target for 
early identification of people at high-risk for the develop-
ment of type 2 diabetes and cardiovascular diseases and has 
gained a prominent role even in the most recent international 
guidelines. [2]. The World Health Organization (WHO) 
defines prediabetes as fasting glucose levels ranging between 
6.1 and 6.9 mmol/L (110–125 mg/dL) with levels below 6.1 
mmol/L (< 110 mg/dL) regarded as normal [3, 4]. How-
ever, the American Diabetes Association (ADA) has adopted 
more stringent criteria, considering prediabetes glucose lev-
els 5.6–6.9 mmol/L (100–125 mg/dL) and only patients with 
glucose < 5.6 mmol/L (< 100 mg/dL) classified as having 
normal glucose metabolism [3].

Five to 10 percent (5–10%) of people per year with 
prediabetes will progress to diabetes, with approximately 
the same proportion converting back to normoglycaemia 
[5]. Prevalence of prediabetes is increasing worldwide and 
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experts have projected that more than 470 million people 
will have prediabetes by 2030 [2].

Individuals with prediabetes have usually already lost 
30–40% of the volume of pancreatic beta cells, an altera-
tion associated with insulin resistance progression and 
an increased demand for insulin production, leading to 
elevated circulating concentrations of intact proinsulin 
[6, 7]. This is indicative of reduced enzymatic cleavage 
capacity within intracellular processes. During this phase, 
pancreatic beta cells are particularly exposed to oxidative 
stress due to both increased production of oxygen-free 
radicals and reduced antioxidant production [8, 9]. This 
situation heavily interferes with intracellular signalling, 
leading to dysfunction and subsequent disruption of the 
beta cell [10].

Hyperglycemia, insulin resistance, inflammation, and 
metabolic dysfunctions lead to endothelial vasodilator and 
fibrinolytic dysfunction, determining an increased risk of 
microvascular and macrovascular complications [11–14]. 
The microvasculature influences insulin sensitivity by con-
trolling the delivery of insulin and glucose to skeletal muscle 
and endothelial dysfunction and remodelling of the extracel-
lular matrix (ECM) promoting the progression from normo-
glycemia to prediabetes and then to diabetes, suggesting so a 
continuum within a single pathophysiological process [14].

Prediabetes has also been associated with increased risks 
of cancer and dementia [14]. Several studies have demon-
strated that prediabetic patients can be affected by coro-
nary artery disease (CAD) and heart failure with preserved 
ejection fraction (HFpEF) even before progressing to overt 
diabetes [11]. Macrovascular complications are the major 
contributor to diabetes-related health care costs, and pre-
diabetes contributes substantially to this expense. The main 
pathophysiological aspects of prediabetes are summarized 
in Fig. 1.

Therefore, prediabetes beside its role as a major com-
ponent of the “so called” metabolic syndrome represents a 
major but silent driver leading to overt diabetes and clini-
cians need to become aware of the key importance of rec-
ognizing and intercepting prediabetes and overcome any 
hesitance to initiate effective therapeutic measures.

For prediabetic individuals, lifestyle modifications rep-
resent the first intervention and the cornerstone of diabetes 
prevention, with evidence of about 50% relative risk reduc-
tion [15]. Accumulating data also show potential benefits 
from pharmacotherapy. In this context, the only available 
data pertain to metformin as a pharmaceutical drug and vita-
min D and l-arginine as nutraceuticals. Regarding vitamin 
D, several studies have been conducted, and recently, two 
meta-analyses were published, demonstrating a reduction in 
the development of new-onset diabetes in individuals with 
prediabetes treated with vitamin D supplementation. How-
ever, these meta-analysis were not designed to assess the 
tolerability of this therapeutic strategy, and therefore FDA 
issued a cautionary note advising against exceeding 4000 
IU/day of vitamin D [16, 17]. So, very high doses of vitamin 
D therapy might prevent diabetes in some patients but it 
may also cause harm [16]. Also Chromium supplementation 
has been shown to exert some beneficial effects in Type 2 
Diabetes and a prevalence of Chromium deficiency has been 
reported in prediabetic patients [18]. Regarding metformin, 
many studies demonstrate that higher (850 mg twice daily) 
and lower (250 mg twice or three times daily) dosages of 
this drug decrease the rate of transition from prediabetes 
to diabetes [18–21]. However, metformin is not FDA and 
EMA-approved for prediabetes [22] and it can be prescribed 
only off-label for this condition. Moreover, metformin has 
some adverse side effects that cannot be overlooked [23].

In this context, l-arginine, a well-tolerated and eco-
nomic molecule involved in various metabolic processes 

Fig. 1  Pathophysiological 
aspects of prediabetes
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and a substrate for nitric oxide synthase enzymes that gen-
erate nitric oxide, as well as a key molecule in endothelial 
function and insulin sensitivity, has been proposed as a 
novel therapeutic option for the prevention of the develop-
ment of diabetes in prediabetic patients.

In Table 1 we resume all the possible treatments for 
pre-diabetes and their pro and cons.

Our review aims to summarize the current literature 
on the role of l-arginine in prediabetes as a therapeutic 
agent for this condition and as a preventive strategy against 
progression to diabetes. The review explores l-arginine 
pharmacodynamics, pharmacokinetic aspects, and molecu-
lar mechanisms in prediabetes and past or ongoing trials 
about the role of this molecule in prediabetes.

In this review we also discuss the relatively low percep-
tion of prediabetes in different clinical practice settings. 
For this purpose, we considered particularly appropriate 
to include the results of a recent nationwide survey which 
was promoted by the Italian Society of Cardiovascular 
Prevention (SIPREC) to investigate the perception among 
Italian physicians about the prediabetic condition and its 
therapeutic management.

2  Methods

We comprehensively searched the literature for data on the 
role of l-arginine in the treatment of prediabetes. Particu-
larly, we investigated its role in prediabetes for diabetes 
prevention. We also explored the perception among physi-
cians about prediabetes and its therapeutic management.

We used “prediabetes” or “l-Arginine”, “type 2 diabetes 
mellitus”, “cardiovascular risk factors”, “cardiovascular 
disease”, “endothelial protection” as search terms.

Articles published from 1968 to 1st October 2023 in 
English on both PubMed and MEDLINE were included. 
Most recent and largest original articles and meta-analyses 
were selected. Reviews, consensus papers and guidelines 
were included if relevant. A search across the references 
of the selected reports helped to identify further additional 
relevant studies.

3  Pharmacodynamic and Pharmacokinetic 
of l‑arginine and Its Potential Molecular 
Mechanisms Contributing to Prevent 
Development of Diabetes

l-arginine (2-Amino-5-guanidinovaleric acid-Arg) is a 
conditionally essential amino-acid, that is mainly formed 
in the urea cycle [24]. Dietary l-arginine is absorbed in the 
small intestine and transported to the liver. A small part of 
dietary l-arginine passes through the liver in the systemic 
circulation [25].

l-arginine plasma concentrations peaked after the 30 
min of intravenous infusion and subsequently quickly 
decrease. Immediately following a 30 g intravenous infu-
sion, about 5 g of l-arginine is eliminated in the urine. 
Urine excretion of l-arginine occurs only within the first 
90 minutes, indicating that this is when the renal threshold 
for reabsorption is likely to be exceeded.

After an oral dose of 10 g of l-arginine, the peak plasma 
concentrations occur one hour after dosage [26]. The abso-
lute bioavailability of a single oral 10 g dose of l-arginine 
is about 20% [26].

l-arginine is well tolerated and both intravenous and 
oral administrations have no significant effect on the vital 
signs [27]. Also in special or vulnerable populations, such 
as pregnant women, preterm infants, and individuals with 
cystic fibrosis, no severe adverse reactions after adminis-
tration of l-arginine were reported in the literature [28].

l-arginine is involved in the synthesis of creatine, 
l-Ornithine, l-Glutamate, collagen, polyamines, and 
agmatine[29]. l-Arginine improves oxidative metabolism, 
via an enhanced mitochondrial function, finally promoting 
a better physical performance[30]. l-Arginine promotes 
the secretion of growth hormone from the pituitary gland 
[31] and is involved in T-cell proliferation enhancing the 
immune responses[32]. l-arginine is a precursor of nitric 
oxide (NO), an ubiquitous mediator that is produced by 
enzymes collectively defined NO synthases [33]. NO is a 
strong endogenous vasodilator which also has antiplatelet 
properties and other effects that may contribute to prevent 
atherogenesis [34, 35]. While impaired NO availability in 
the endothelium and platelets has been linked to cardiovas-
cular risk factors and ageing [36], experimental and clini-
cal studies have demonstrated that in some of these condi-
tions, the attenuation of vascular and platelet NO activity 
can be reversed by oral or intravenous administration of 
l-arginine [37, 38]. Moreover, administration of l-arginine 
led to an improvement of endothelial function in animal 
models of atherosclerosis and hypercholesterolemia [33].

l-Arginine has a key role in diabetes and prediabe-
tes; indeed, this molecule is a strong secretagogue of the 

Table 1  Potential treatment interventions in pre-diabetes.

Related trials Side effects Recommendation

Metformin Performed Reported Present
Vitamin D Not Performed ReportedPresent Present
Chromium Not Performed Not reported Present
l-arginine Performed Not reported Absent
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endocrine system, as it induces insulin and glucagon secre-
tion [39, 40].

In the experimental setting, Dubey et al. [41] showed that 
l-arginine is effective in lowering plasma glucose levels in 
rats, improving glucose tolerance.

Moreover, l-arginine supplementation was also shown 
to reduce adiposity and to improve insulin sensitivity both 
in animal models of obesity and in patients with diabetes 
and obesity. Jobgen et al. [42] using microarray analysis 
technique in a rat model showed that dietary arginine sup-
plementation was able to influence the expression of sev-
eral genes in white adipose tissue, in particular, arginine 
(Arg) supplementation reduced mRNA levels for fatty acid 
binding-protein-1, glycogenin, protein-phosphates-1B, cas-
pases 1 and 2, and hepatic lipase, but increased expression 
of PPARγ, heme-oxygenase-3, glutathione synthetase, insu-
lin-like growth factor II, sphingosine-1-phosphate receptor, 
and stress-induced protein. To summarize, through these 
multiple actions of arginine supplementation, arginine can 
improve energy-substrates and it seems reasonable to sug-
gest that they are improved, and that white fat growth in 
insulin-sensitive tissues is reduced.

l-arginine through the enhancement of NO synthesis 
improves blood flow to organs and allows a greater uptake 
of energy substrates for oxidation to  CO2 and water [43]. 
Furthermore, NO upregulates the activity of carnitine 
palmitoyl-transferase-1, the mitochondrial transporter of 
long chain fatty acids, and the expression of glucose-trans-
porter-4 in hepatocytes and skeletal muscle. This may result 
in increased oxidation of both lipids and glucose through 
Krebs cycle and electron transport system [44].

l-arginine also forms spermidine and spermine, two mol-
ecules that could increase oxidation of lipids and glucose by 
maintaining integrity and mitochondrial function [45]

Hayde et al. showed that oral high-dose of l-arginine has 
an immunomodulatory effect that may cause an improved 
clearance of advanced-stage non-enzymatic glycosylation 
products, thereby ameliorating glucose tolerance in diabetic 
patients [46].

Galluccio et al. [47] exposed cultured endothelial cells 
to pre-treatment with l-arginine for 24 hours, followed by 
nutritional stress with high concentrations of lipids, insulin, 
and glucose for the subsequent 24 h, and finally to physi-
ological conditions for an additional 48 hours. Nutritional 
stress resulted in increased oxidative stress with elevated lev-
els of AGEs (Advanced Glycation End Products) and argin-
ase activity, leading to acidosis and cell death. Pre-treatment 
with arginine protected the cells by reducing apoptosis, aci-
dosis, oxidative stress, arginase activity, and AGE accumula-
tion. l-arginine pre-treatment reduced AGE production and 

accumulation by interfering with the expression of the AGE 
receptor gene and STAB1 gene. The latter effect, by acting 
as a scavenger of AGE receptors, hindered the binding of 
AGEs to their receptor, preventing intracellular signalling 
activation that leads to cellular damage. These protective 
effects of l-arginine persisted even after discontinuation of 
pre-treatment.

Overall, these mechanisms could play a contributory role 
in the prevention of diabetes in prediabetic subjects. The 
most important molecular mechanisms induced by l-argi-
nine that could prevent diabetes in prediabetic patients are 
summarized in Fig. 2.

4  l‑arginine and Diabetes Prevention: Past 
and Future Trials

In recent years, the results of many trials investigating the 
role of l-arginine in the prevention of diabetes have been 
published. In particular, a first single-center, randomized, 
double-blind, parallel-group, placebo-controlled, phase III 
trial conducted on 144 individuals affected by impaired 
glucose tolerance and metabolic syndrome showed that 
daily administration of 6.4 g of l-arginine for 18 months 
compared to placebo increases the cumulative probability 
to switch to normal glucose tolerant (42.4% and 22.1%, 
respectively, Hazard Ratio (HR), 2.60; 95% CI 1.51–4.46, 
p < 0.001). The higher cumulative probability to become 
glucose tolerant was continued during an extended period 
(18 months) in patients previously treated with l-arginine 
(HR, 3.21; 95% CI 1.87–5.51; p < 0.001). [48]. In this study, 
l-arginine significantly ameliorated insulin sensitivity and 
beta cells function [48]; however, after 18 months of follow 
up, l-arginine as compared with placebo was not able to 
reduce new incidence of diabetes [21.4 and 20.8%, respec-
tively, HR, 1.04; 95% confidence interval (CI), 0.58-1.86]. 
Interestingly, At the end of a 12- month extended period, 
the cumulative incidence of diabetes in subjects previously 
treated with l-arginine was reduced as compared with pla-
cebo (27.2% and 47.1%, respectively, HR, 0.42; 95% CI 
0.24–0.75, p < 0.05). A subsequent study conducted with a 
9-year follow-up on the 104 subjects who did not develop 
diabetes in the previous trial during the 18-month treatment 
with l-arginine or placebo showed that at the end of the 
follow-up, the cumulative incidence of diabetes was 40.6% 
in the l-arginine-treated group for 18 months and 57.4% in 
the placebo group, with a HR of 0.66 (p < 0.02). Simul-
taneously, a statistically significant improvement in the 
proinsulin/c-peptide ratio and other insulin sensitivity mark-
ers was reported. The authors of this study concluded that 
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18‐month oral L‐arginine treatment decreased diabetes risk 
over 9 years in middle‐aged subjects with impaired glucose 
tolerance and metabolic syndrome. [6]

The l-arginine dosage and treatment duration used in 
these studies were based on the excellent tolerability of this 
product to ensure a higher likelihood of success. Nonethe-
less, a study is currently underway to investigate the effects 
of the administration of a l-Arginine formulation without 
sucrose, a product specifically designed for patients with gly-
caemic metabolism disorders, at a reduced dosage (3.2 g/day 

divided into two administrations) with a planned duration of 
three months. Based on results obtained in other therapeutic 
application of l-Arginine this treatment regimen may yield 
favourable results in glycaemic metabolism while ensuring 
a better compliance.

Past and future trials on l-Arginine for diabetes preven-
tion are summarized in Table 2.

Fig. 2  l-Arginine’s molecular mechanisms contributing to prevent 
development of diabetes. In the figure: AGEs Advanced Glycation 
End products, CASP Caspase, CPT1 Carnitine PalmitoylTransferase 
1, FABP1 Fatty Acid Binding Protein 1, GLUT-4 Glucose Transporter 
Protein Type-4, GSS Glutathione Synthetase, GYG  Glycogenin, HO-

3 Heme Oxygenase-3, IGF-1 Insuline-like Growth Factor-1, LFCA 
Long Chain Fatty Acids, NO nitric oxide, PP1B protein phosphatase 
1B, PPARy Peroxisome Proliferator-activated Receptor y, SP1R 
Sphingosine-1-phosphate receptor

Table 2  l-Arginine and diabetes prevention: past and future trials

Authors Inclusion criteria Dosage Primary endpoint Follow up Results: Intervention vs 
Control

Monti et al. Impaired glucose toler-
ance and metabolic 
syndrome

3.2 g twice a day Diagnosis of diabetes 
during the 108-month 
study period

12 months 21.4 % vs 20.8% HR 1.04 
(95% CI 0.58–1.86]; p 
< 0.02)

Monti et al. Middle-aged subjects 
with impaired glucose 
tolerance and metabolic 
syndrome

3.2 g twice a day Change from Baseline in 
LVEF at 6 months

9 years 40.6 % vs 57.4% HR 0.66 
(95% CI 0.48, 0.91; p 
= 0.91)

Endocrinology Unit of 
IRCCS San Raffaele 
(Rome, Italy)

20–70 years old patients 
with Body Mass Index 
(BMI) > 25 kg/m2 and 
pre-diabetes

1.66 mg twice a day Change from baseline in 
HbA1c, HOMA-IR,

HOMA-B.

90 days Projected starting date 
(first-patient-in): Janu-
ary 2024
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5  Low Perception and Mis‑management 
of Prediabetes: Results of the PreDiZero 
survey

The Italian Society of Cardiovascular Prevention (SIPREC) 
has recently promoted a survey to evaluate the perception 
among Italian physicians who manage patients with meta-
bolic syndrome regarding the prediabetic condition and its 
therapeutic management. This cross-sectional nationwide 
survey was based on a web anonymized questionnaire com-
posed by 10 questions. Five-hundred-thirty-four medical 
doctors from different regions of Italy were involved. Fifty-
three percent of participants were general practitioners, 15% 
of contributors were dietologists, 13% of physicians were 
endocrinologists, 6% of participants were cardiologists, 6% 
were diabetologists while the remaining 7% have others spe-
cialty. All participants declared that they usually manage 
patients with prediabetes in their routine clinical practice. 
Forty-three percent of these reported that they visit on aver-
age more than 30 prediabetic patients in a year. About a half 
of the participants (47.5 %) reported that they do not usu-
ally recommend nutraceuticals in addition to lifestyle and 
dietary recommendation changes in prediabetic patients and 
only 25% of these 47.5% of physicians reported that they 
prescribe l-Arginine as a nutraceutical for the treatments 
of prediabetes. Overall, the data gathered from this survey 
indicate a low perception on the importance of prediabetes 
in their routine practice and suggest that there is probably 
room to implement the available therapeutic options in the 
management of patients with prediabetes.

6  Conclusions

In conclusion, prediabetes is a widespread and growing 
public health problem. This condition can be considered a 
manageable risk factor for diabetes and cardiovascular dis-
ease. Prediabetes is not a chronic disease but a reversible 
condition if it is intercepted early and effectively corrected if 
lifestyle changes are adopted (appropriate diet and physical 
activity) together with therapeutic strategies implementa-
tion. Unfortunately, prediabetic management is currently not 
systematically focused by physicians, with a limited use all 
the available therapeutic options.

l-Arginine is a well-tolerated molecule provided with 
beneficial effects in diabetes prevention when administered 
to prediabetic patients. l-Arginine can improve energy-sub-
strate oxidation, it can reduce white fat growth in insulin sen-
sitive tissues and oxidative stress, and finally it can amelio-
rate glucose tolerance. Several past trials have demonstrated 
that, most likely through these mechanism, l-Arginine may 
contribute to reduce the development of diabetes or induce 

regression of prediabetes to normal glucose metabolism. 
However, further larger studies and randomized controlled 
clinical trials are required to establish the potential preven-
tive role of l-Arginine in prediabetes.
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