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Dopamine regulates several functions, such as voluntary movements, spatial memory, motivation, sleep, arousal, feeding,
immune function, maternal behaviors, and lactation. Less clear is the role of dopamine in the pathophysiology of type 2
diabetes mellitus (T2D) and chronic complications and conditions frequently associated with it.
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1. The Effects of Dopamine on Pancreatic Islets and Insulin and Glucagon
Secretion

The potential role of endogenous catecholamines in the pathogenesis of T2D was suggested by landmark studies in the
1970s [MIZE! The intravenous administration of L-DOPA increased the pancreatic dopamine concentration, especially
within the B-cells, in normal rats 4l and inhibited insulin secretion in several species of golden hamsters &, A mechanistic
study found that intravenous administration of L-DOPA was accompanied by a subsequent increase in the dopamine-
containing grains in B-cells. Accumulation of dopamine-containing grains was found to reduce the release of insulin-
containing grains by secretagogues, ultimately indicating that dopamine partially suppressed insulin release from [-cells
(81, Another study confirmed that dopamine suppresses insulin release from B-cells. The dopamine effect was completely
inverted after the administration of propranolol (a B-blocker) but was not affected by dopamine antagonists, indicating that
the suppression of insulin release by dopamine was mediated by a-adrenergic rather than dopaminergic signaling . In
an obese murine model (ob/ob), dopaminergic therapy reduced hyperglycemia and hyperlipidemia and improved islet
function by restoring glucose sensitivity in B-cells (assessed by a 1.6-fold increase in the Glucokinase immunoreactivity),
stabilizing hyperplasia, enhancing insulin storage, and thus reducing circulating insulin levels . A recent investigation
demonstrated that pancreatic islets are a site of dopamine synthesis and that L-DOPA and dopamine reduce glucose-
dependent insulin secretion by dropping the frequency of intracellular oscillations of calcium currents. This effect was
mediated directly by DR stimulation, as demonstrated by experiments using specific dopamine antagonists . In another
study, a single administration of the dopamine agonist bromocriptine reduced fasting glucose and insulin levels in patients
with T2D. These effects were only mild in healthy controls. They were accompanied by a reduction in prolactin levels in all
and growth hormone concentrations only in T2D patients, suggesting that the bromocriptine effect on glucose control
could largely depend on an insulin-sensitizing secondary impact, mainly due to a reduction in growth hormone levels 19
Apart from the effect on insulin secretion, the proliferation rate of 3-cells decreases, and the apoptosis increases following
dopamine treatment LU An inverse correlation between circulating levels of dopamine and c-peptide (a biomarker of
insulin secretion from B-cells) was demonstrated in 201 healthy voluntaries 22, in which the insulin suppressive effect of
dopamine was mediated by both DR, and DRj signaling 1314l |n a recent study on rodents, dopamine dampened
glucose-stimulated insulin secretion after a meal challenge test by counteracting the incretin effect, indicating that
dopamine could affect insulin secretion in the post-prandial phase 2. Glucose intake increases circulating dopamine
levels by stimulating the intestinal secretion of dopamine, and this mechanism could work as a brake effect on the incretin
actions 181, As an additional mechanism, dopamine suppresses prolactin secretion. Prolactin stimulates insulin secretion
and B-cell proliferation. It plays a role in normal pancreatic development and ameliorates peripheral insulin sensitivity,
especially at the level of the adipose tissue 17,

Given the anti-secretive and antiproliferative effects, dopamine may have a role in the pathophysiology of T2D.
Monoaminoxidase A and B play a crucial role in the catabolism of catecholamines, including dopamine. Both isoforms are
also expressed in B-cells, and a lower level of monoaminoxidase activity is associated with dampened insulin secretion.
Therefore, this evidence suggests that blunted dopamine catabolism and, consequently, high intra-islet dopamine
concentration may contribute to reducing insulin secretion and raising the number of apoptotic B-cells, both events



primarily involved in the pathophysiology of T2D. Interestingly, the transcription of monoaminoxidase A and B genes is
under the MAF transcription factor A control 18, MAF transcription factor A is an essential regulator of B-cell transcriptional
activity since it regulates the transcription of genes involved in specific B-cell activities, including insulin biosynthesis and
secretion 19 The activity level and expression of the MAF factor A depend on glucose levels and may be reduced
significantly by glucotoxicity due to hyperglycemia and chronic low-grade inflammation observed in prediabetes and
diabetes [29. Experimental models of insulinopenic, such as streptozotocin-induced, diabetes indicated that insulin
deficiency increases the activity of circulating dopamine p-hydroxylase (which converts dopamine into noradrenaline), and
the administration of insulin significantly reduces the enzymatic activity 21221, The phenomenon was associated with an
increased dopamine receptor binding (up-regulation) in the striatum 23!, which was the probable consequence of reduced
dopamine metabolism in the same cerebral area 241251,

These data suggest that dopamine and insulin may be involved in a potential feedback mechanism in which one
negatively regulates the metabolism of the other (28],

Pivotal studies suggested that intravenous dopamine infusion stimulated glucagon release 24 in a dose-dependent
manner 28], Keck et al. found that low-dose dopamine (e.g., 2 mcg/kg/min infused for 6 consecutive hours) did not affect
both insulin and glucagon secretion 29, but high-dose dopamine was found to provide relevant hyperglycemia by
suppressing insulin and stimulating glucagon secretion in rats and men [24[28], The effect could be considered an additive
mechanism by which dopamine and dopamine agonists could sustain hyperglycemia in healthy and T2D patients. A
summary of the mechanisms by which dopamine affects B-cell activity, insulin, and glucagon secretion is shown in Table
1.

Table 1. Summary of mechanisms of dopamine-mediated modulation of B-cell activity, insulin, and glucagon secretion 2]
[B1[4][5] (6] 7][8][9][10][11][12][13][14][15][16][17][18][19][20][21][22][23][24][25][26][27][28]

Mechanism Effect Consequences

« Improvement in insulin sensitivity
(e.g., insulin-resistant, obese

Interference with insulin-containing patients)
grain trafficking Blunt insulin release
(Dopamine-containing vesicles) « Deterioration of glucose control

(non-insulin-resistant patients)

Impaired intra-pancreatic dopamine Catecholamine-induced (alpha and D,/Ds « Hyperglycemia

. . . receptors) suppression of insulin
catabolism (Monoaminoxidases) p ) _pp .
synthesis and secretion

« Blunt insulin response after meal
Meal-induced intestinal synthesis of

dopamine Anti-incretin effect and post-prandial hyperglycemia

« Fasting hyperglycemia (hepatic

Enhancement of alpha-cell activity gluconeogenesis and

. . Glucagon secretion
(High-dose dopamine) glycogenolysis)

Suppression of prolactin-induced insulin « Hyperglycemia

Suppression of prolactin release
release

« Improvement in glucose control
Amelioration of insulin release and

Reduction in growth hormone . i . -
peripheral insulin resistance

(e.g., acromegaly)

Table 1 summarizes the mechanisms by which dopamine affects p-cell activity, insulin, and glucagon secretion. Each
mechanism is associated with specific effects and potentially relevant clinical consequences in terms of the progression of
diabetes and deterioration of glucose control.



2. Dopamine in the Pathogenesis and Treatment of Traditional Chronic
Diabetes-Related Complications

T2D and chronic comorbidities, such as arterial hypertension, overweight/obesity, and dyslipidemia, foster the
development of chronic complications over time Y. Hyperglycemia is the determinant of chronic diabetes-related
complications, especially at the microvascular site, and more stringent glucose control is associated with a lower
likelihood of the onset and progression of these complications 1. Moreover, early intensive intervention to achieve
optimal control of all risk factors concomitant with T2D is associated with a reduced risk of macrovascular complications
(321 and the higher the stability of glucose control over time, the better the attenuation of burdens B3I34]. So far, guidelines
recommend comprehensive management of T2D patients to reduce the risk of diabetes-related complications over time
by targeting glucose, arterial pressure, body weight, and lipid control, as well as preventing thrombotic events and
attenuating thrombotic risks B2, Evidence is already consolidated to suggest the use of specific classes of medications,
such as glucagon-like peptide 1 receptor agonists (GLP-1RAs) and sodium-glucose (co)transporter 2 inhibitors (SGLT2is),
to improve hard clinical outcomes, reduce the risk of adverse cardiovascular and renal endpoints, hospital admission due
to heart failure and heart failure progression, and diabetes-related mortality 28127,

The role of dopamine in the pathophysiology of diabetes-related chronic complications is an emerging issue [28l,
Comprehending the mechanisms involved in the physiological activities of dopamine and the pathophysiological disruption
of dopamine metabolism and dopaminergic pathways in target tissues would have relevant therapeutic implications and
advance current treatments (Table 2). Dopaminergic neurons are described in the retina, where dopamine is a
neurotransmitter. Here, dopamine diffuses through retinal layers to reach target cells and modulate their activity. Hence,
the mechanism of dopamine communication in the retinal tissue is volume-dependent. In other words, dopamine
deficiency or impaired metabolism/activity could be associated with retinal disease 9. Experimental studies suggest that
dopamine regulates photoreceptor activity, critical to visual adaptation to daylight 49, Intraretinal dopamine levels are low
in the early phase of retinal damage in diabetes 21, while high intraretinal levels of dopamine are protective against retinal
damage and visual field loss 2. The precise mechanism by which preserving dopamine levels in retinal tissue would
prevent retinal damage and visual impairment is unclear. Experimental models found that intravitreal administration of L-
DOPA was associated with lower severity of hyperglycemic memory-induced retinal microvascular alterations, including
pericyte degeneration, acellular capillary and pericyte ghost generation, and endothelial apoptosis #3l. One mechanistic
study in rodents has recently shown that intravitreal administration of L-DOPA reduced intraretinal levels of the vascular
endothelial growth factor and insulin-like growth factor 1 receptors via the AKT/ERK pathway after 12 weeks 44,
Nevertheless, the first data available on a few cases did not confirm relevant differences in intraretinal dopamine
(metabolites) in patients with diabetes without clinical signs of diabetic retinopathy and those without diabetes [45.
Additional studies are needed to verify whether intraretinal dopamine metabolism in humans differs from what has been
seen in experimental models. On the other hand, the results of a pilot trial confirmed that reinforcing the intraretinal
dopamine pathway may improve retinal dysfunction in the early stages of diabetic retinopathy 48l So far, concrete
pathophysiological hypotheses suggest a link between neurodegenerative disease and diabetic retinopathy in T2D ¥4,
and evidence supports the role of diagnostic intervention in the early stages of both diseases 8. From a therapeutic
viewpoint, specific trials are currently ongoing to investigate the role of dopamine replacement in early-stage diabetic
retinopathy and diabetic macular edema (NCT05132660; NCT02706977; NCT03161652). GLP-1 agonists may accelerate
the progression of diabetic retinopathy and can be associated with adverse retinal outcomes while improving glucose
control. Although evidence is discordant, data from the literature reported that this effect could be restricted to only some
specific analogs and could be related to some background characteristics, such as poor glycemic control, more rapid
achievement of glucose targets, higher body weight, and the presence of very high cardiovascular risk 499 The above
results align with preclinical evidence suggesting that GLP-1 analogs promote endothelial cell growth and angiogenesis. It
could be interesting to assess the role of GLP-1 analogs on the intraretinal dopaminergic pathway. One trial could clarify
this issue (NCT02671864).

Dopamine and DRs in the nephron tubules are essential in regulating key renal functions, such as electrolytes and water
resorption, acid—base balance, and blood pressure regulation. DR; and DR, are the most widely expressed receptors
mediating dopamine activity in the whole body 2. In chronic diseases, such as arterial hypertension and diabetes, the
expression of dopamine receptors could be significantly impaired in the kidney and the dopamine metabolism altered 22,
Because of these detrimental mechanisms, water exertion and natriuresis can be substantially reduced, thus contributing
to water and sodium retention, increased blood pressure, glomerular hyperfiltration, and micro-/macroalbuminuria B3I,
Experimental data in rats suggested that high intrarenal levels of dopamine prevent the mentioned effects and protect
against glomerular injury and progression of diabetic nephropathy B4, One pilot study found that administering
bromocriptine (a dopamine agonist) compared to placebo reduced blood pressure and the left ventricular mass index
without deteriorating the glomerular filtration rate in T2D over 6 months of treatment 52!,



Dopamine plays many actions in the human heart, including positive inotropic and chronotropic effects, regulation of
coronary flow, and cardiomyocyte metabolism B8l These effects are mediated directly by dopamine and its interaction
with DRs or indirectly by dopamine and noradrenaline action on a-adrenergic receptors 2. Early evidence suggested the
existence of impaired intracardiac dopamine metabolism in patients with diabetes 8], More recent evidence suggests that
early morning dopamine deficiency, frequently described in obese and T2D individuals, is involved in the overactivation of
the sympathetic tone and release of corticotropin-stimulating hormone by the hypothalamic paraventricular nucleus.
These effects produce substantial variability in daily heart rate, an indicator of cardiac autonomic neuropathy, and are
associated with adverse events and dysmetabolic consequences on glucose control B2, DR, agonists may improve
hemodynamics in T2D patients with heart failure (HF), positively affecting heart-failure-related outcomes [,
Nevertheless, ergot-derived dopamine agonists are known for their cardiotoxicity due to their co-agonism with
serotoninergic receptors 1. Especially when administered at high doses, ergot-derived dopamine agonists are
associated with myocardial valvopathy, thrombosis, arrhythmic events, and HF B[82 Antagonizing the serotoninergic
effects of these agents may be considered a possible therapeutic strategy in diabetes-related HF €2, From a therapeutic
viewpoint, dopamine agents provide controversial evidence in terms of improvement in hemodynamics, preservation of
renal function, and potassium homeostasis while on loop diuretics in advanced and acutely decompensated HF.
Combining low-dose dopamine with low-dose loop diuretics effectively improves hemodynamic parameters and preserves
glomerular filtration rate deterioration compared to high-dose loop diuretics alone [4. Nevertheless, the results of two
randomized clinical trials did not confirm the efficacy of low-dose dopamine in combination with both low-dose and high-
dose diuretics in this clinical setting (63681, |t is unclear if dopaminergic agents may be therapeutic in less severe clinical
stages of HF to prevent adverse outcomes and reduce the risk of hospital admission due to symptomatic HF, but more
investigation is ongoing (NCT01901809). It is unclear if positive results provided by SGLT2is on HF-related outcomes
could depend, at least in part, on improved intracardiac dopamine metabolism.

Neurologic effects after ischemic stroke largely depend on the location and extension of ischemic areas, time of exposure
to ischemic reperfusion injury, and baseline cerebral performance. Generally, ischemic stroke impairs dopamine release,
synthesis, and DR activity in the striatum 4. Dopamine deficiency is associated with cognitive and motor impairment, and
evidence suggests that treatments restoring dopamine levels may improve recovery after stroke 889, The mechanisms
explaining this potential are that dopamine enhances motivation and improves symptoms of neuropsychiatric disorders
related to stroke, complicating the rehabilitative period A7, Nevertheless, no evidence has been provided to confirm the
therapeutic rationale as a pharmacological strategy to improve relevant endpoints during post-stroke rehabilitation 23],
It is unknown if certain medications, such as thiazolidinediones, GLP-1RAs, and SGLT2is, may affect intracerebral
dopamine metabolism as one of the mechanisms by which they benefit the prevention of ischemic stroke.

Table 2. Summary of evidence highlighting the role of dopamine in the pathogenesis of diabetes-related chronic
complications and implication for therapy.

Rationale for

Diabetes-Related Treatment
Traditional Chronic Role of Dopamine Effect (Dopamine
Complication Agonists or
Levodopa)
Retinopathy [40][41]r42] Impaired intraretinal metabolism Defective photoreceptor adaptation to Yes

[43][44][45][46][47][48][49][50] (deficiency)

light
Dysregulation in water and natrium

. . Scanty evidence
resorption; promotion of glomerular

or negative

. . Impaired renal metabolism
Chronic renal disease p

[51][52][53][54][55] (glomerular filtration-depended hyperfiltration; micro- and
reduction) T results
macroalbuminuria
Defective axonal transport; impaired
Neuropathy [521[60l[61] metabolism (accumulation due to Implication for painful neuropathy No (dopamine

inadequate conversion to antagonists)

noradrenaline?)

Stroke [671(681(69][70][71]
[72][73]

Impaired cerebral metabolism
(deficiency)

Impaired cardiac metabolism
(accumulation due to inadequate
conversion to noradrenaline?);
striatal deficiency

Cardiovascular
diseases [56][57][58][59]
[601[611[62][63][64][65]

Loss of motivation, motor impairment,
and pathogenic role in post-stroke
neuropsychiatric disorder

Increased risk of heart failure, impaired
coronary vasodilatation, cardiac
autonomic neuropathy

Scanty evidence
or negative
results

Scanty evidence
or negative
results



Table 2 summarizes the leading evidence indicating the role of dopamine in the pathophysiology of traditional diabetes-

related chronic complications.
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