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Sodium–glucose cotransporter 2 inhibitors (SGLT2i) are a relatively novel class of molecules named gliflozines that

were originally designed to control glycemia, but over and above their effect on the glycemic metabolism, they

unexpectedly improved the management of clinical conditions involving the function of the heart and kidneys.

Importantly, the benefits of SGLT2i go beyond guideline-directed medical therapy, in that the drug’s metabolic

effects on the kidneys and heart ameliorate the entire cardio–circulatory outcome.

glucose transport  SGLT2 inhibitor  diabetic nephropathy  heart failure

chronic kidney disease

1. Sodium–Glucose Cotransporter 2 Activity and
Sympathetic Drive

1.1. Effects on Sympathetic Activity

In the clinical progression of HF, the renal sympathetic tone is greatly enhanced and the kidneys are the main

contributor to the norepinephrine spillover, directly affecting the clinical outcome of HF . The progression of

chronic kidney disease (CKD) is also intensively marked by renal sympathetic traffic enhancement, partly related to

the activation of α-2 adrenoreceptors and partly to the release of intrarenal AT II. Renally synthesized AT II

regulates organ function in a paracrine fashion by modulating Na  and water reabsorption within the proximal

tubule together with systemic AT II ; consistently with this, renal sympathetic denervation abrogates the

reabsorption of Na  in the proximal tubule , where active natriuretic peptides are fast degraded by highly

concentrated neprilysin, which is also responsible for the degradation of other peptide hormones such as

angiotensin I and II, endothelin . As well as direct kidney management of Na  reabsorption, the increased

sympathetic traffic in the proximal tubule augments the expression of both NHE3 and SGLT2, playing a further role

in the avid sodium reabsorption involved in HF progression . SGLT2 inhibitors interfere with both SGLT2 and

NHE3 in the proximal tubule , yielding short-term increases in the fractional excretion of sodium . On the plus

side, SGLT2 inhibition attenuates renal sympathetic activity and reduces the renal norepinephrine content in states

of experimental nutrient excess , while in animals with HF, renal denervation attenuates the magnitude of

response to SGLT2 inhibition . These observations place SGLT2 inhibitors as functional antagonists to renal
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sympathetic nerve hyperactivity in HF, which is the main contributor to norepinephrine spillover  and is closely

linked to outcome in HF patients .

1.2. Sodium–Glucose Cotransporter 2 and Sodium Glucose Cotransporter 1
Synergy and “Off Target” Implications

In renal physiology, glucose reabsorption is based on a highly efficient architecture placing SGLT2 in the early

proximal tubule to perform the bulk of glucose reabsorption (~80–90%) and positioning sodium glucose

cotransporter 1 (SGLT1) in the late proximal tubule, where it reabsorbs the amount of glucose that escapes

SGLT2. In the final section of the tubule, the fluid in the glucose concentration falls below the line of stoichiometric

reabsorption of 1 glucose molecule to 1 Na  performed by SGLT2. As Na glucose cotransport is electrogenic, in

the later section of the tubule, glucose reabsorption requires SGLT1 to increase its sugar concentration strength,

exploiting the electrical power provided by 2 Na  ion, so as to transfer 1 glucose molecule from the filtrate into the

bloodstream, thereby doubling the energy expense of reabsorption.

As the normal daily glomerular filtrate contains ~1 mol of glucose (~180 g) and the combined action of

cotransporters has the capacity to reabsorb ~2.5 mol glucose per day (~450 gr per day), this suggests that in

nature, the function of SGLT2 has been dimensioned to cater to broad variations in the glucose concentration that

can greatly affect Na  reabsorption, with implications for renal O  consumption . Persistentent augmenting of

Na  glucose reabsorption leads to proximal tubule hypertrophy, a primary cause and effect of glomerular

hypertrophy driven by hyperfiltration .

The peculiar extensibility of SGLT2 and SGLT1 action has important “off-target” effects that stem from their effect

on proximal tubular Na  transport, where bicarbonate accounts for approximately 80% of Na  reabsorption in this

portion of the nephron. The rise in sodium–glucose reabsorption may affect body fluid retention such as sodium

bicarbonate, driving additional passive sodium chloride reabsorption. Note that in diabetics, the effect of SGLT2

pharmacologic inhibition is partially offset by enhanced SGLT1 activation, while investigation in animals has

provided conclusive evidence that SGLT1 can reabsorb ~30% of filtered glucose, explaining why SGLT2 inhibitors

never produce the amount of glucosuria expected if SGLT2 were completely inhibited (preventing 80–90%

reabsorption of the filtered glucose load) . This point focuses on the peculiar role SGLT1 plays in the kidney, as

SGLT1 engagement can prevent or just limit glucose loss in the urine, at the cost of high energy expenditure by the

kidneys.

Intriguingly, two studies performed in Akita mice support the role of SGLT1, expressed in the membrane of the

tubuloglomerular apparatus, in increasing nitric oxide (NO) S1-dependent NO formation by sensing the glucose

concentration reaching the macula densa, thereafter reducing the vasoconstrictor tone set by TGF and contributing

to glomerular hyperfiltration . In Akita mice, the absence of SGLT1 in the tubuloglomerular apparatus not only

lowers glomerular hyperfiltration, but also reduces kidney weight, glomerular size, and albuminuria . These

findings suggest that SGLT1 may have implications for renal structure and performance besides the reabsorption

of glucose.
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The inhibition of SGLT2 can reduce glycemia and insulin resistance, and can lower the availability of cellular

glucose, while regardless of basal hyperglycemia, it can stimulate a starvation-like response. The response

includes SIRT1/AMPK (Sirtuin1/adenosine monophosphate-activated protein kinase) activation and inhibition of the

protein kinase b/mTOR1 (mammalian Target Of Rapamycin) pathway . This specific activation, in inducing

autophagy, promotes cellular defense and pro-survival mechanisms that counteract the primary pathophysiological

mechanism of proximal tubule hypertrophy in diabetes and in conditions involving insulin resistance . In

experimental models and in patients with T2DM, urine metabolomics have indicated that the inhibition of SGLT2

induces a metabolic shift from glycolysis to more mitochondrial oxidation .

Studies in non-diabetic mice suggest that the kidney’s metabolic response to SGLT2 inhibition compensates (a) for

the partial inhibition of tubular NHE3 and the glucose uptake/urinary glucose loss, including renal gluconeogenesis

upregulation, and (b) urinary Na  loss, by inducing tubular secretion of the tricarboxylic acid cycle intermediate,

alpha-ketoglutarate, which communicates to the distal nephron the need for compensatory Na  reabsorption .

SGLT2 inhibition shifts some of the glucose, Na , and fluid reabsorption downstream, providing a more equal

distribution of transport work and mimicking systemic hypoxia to the renal oxygen sensor, triggering the

upregulation of renal NHE3. This effect in HF and on the remaining nephrons in CKD could enhance the natriuretic

efficacy and renal hemodynamic effect of SGLT2 inhibition and thereby contribute to kidney and cardio protection in

nondiabetic patients.

The inhibition of SGLT2 lowers body weight by coupling the initial natriuretic effect with renal glucose loss, which

shifts substrate utilization from carbohydrates to lipids and reduces body fat, lessening visceral and subcutaneous

adiposity . This effect also augments the release of free fatty acids, leading to ketone body formation, which can

be used as an additional more efficient energy substrate both in the kidneys and failing heart . At the same time,

the transport shift to the straight proximal tubule and thick ascending limb in the renal outer medulla could reduce

the O  availability, endangering medullary structures, as mentioned above .

As gliflozins are the only class of hypoglycemic drugs combining glycosuric and natriuretic actions, they play a joint

role in vascular fluid restriction and hemoconcentration. By inhibiting glucose renal reuptake, this class of drug

induces significant osmotic diuresis, which selectively decreases the volume of the interstitial space between cells

(known as the third space) and affects body weight beyond what nutrient loss can provide . Osmotic

diuresis obtained with SGLT2i has been proven in humans through a double-blind randomized study conducted on

59 type 2 diabetics . It has been postulated that SGLT2i may regulate both the volume between the interstitial

space and the vascular bed (interstitial > intravascular) in HF, thus reducing the neurohumoral stimulation

generated by the signal denoting decreased vascular filling activated by the baroreceptors . Note that, unlike

loop diuretics that promote natriuresis by inhibiting carbonic anhydrase in the thick ascending limb, SGLT2

inhibition halts Na  and glucose reabsorption driven by the activation of the Na /K  pump in the brush border,

curbing the O  consumption rate in the critical cortex area, without any impact on the electrolyte balance. The

peculiarity and sequence of pharmacologic mechanisms activated by SGLT2 inhibitors and by loop diuretics
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suggests a reason their combined action generates reciprocal potentiation of natriuresis  and supports their

combined use in acute decompensated HF.

1.3. Other Implications of Sodium–Glucose Cotransporter 2 Inhibition and Renin–
Angiotensin–Aldosterone System Interaction

One should note that a significant increase in kidney sensitivity to adenosine-induced vasoconstrictive action is

caused by inhibiting the synthesis of local vasodilatory molecules such as NO or prostaglandins , so that

non-steroidal anti-inflammatory drugs (NSAIDs) are among the substances that can lead to acute kidney injury

through the potentiation of ADO action on A1R.

The inhibition of SGLT2 not only decreases renal cortex O  consumption, as a consequence of lowering GFR, but

through partial functional inhibition of other transporters such as the Na- H- exchanger NHE3 , in the brush

border. The co-inhibition of NHE3 contributes to augmenting natriuresis and to lessening blood pressure, with lower

effect of SGLT2 inhibitors in the non-diabetic setting . It has to be noted that SGLT2 inhibitors enhance renin

levels and vasopressin (or copeptin) levels and reduce renal free-water clearance in animal models and humans

. This effect is associated with the increased renal protein expression of vasopressin V2 receptors and

phosphorylated aquaporin-2 in rats , indicating active compensation to counter the diuretic and natriuretic

effects and highlighting the intricate check and balance system of the renal emunctory function.

At the same time, the inhibition of SGLT2 also significantly increases urate excretion, bringing about an indirect

effect on the urate transporter URAT1 in the proximal tubule brush border .

2. Sodium–Glucose Cotransporter 2 Activity and Acute
Kidney Injury

There have been some concerns about the possible association between SGLT2i and an increased risk of acute

kidney injury (AKI). This has been mainly the consequence of the reports of the US Food and Drug Administration

Adverse Event Report System (FDAERS) . A possible explanation for these events is related to osmotic

diuresis, which increases the risk of hyperosmolarity and dehydration. A second hypothesis could be represented

by the absorption of the increased tubular glucose by the glucose transporter GLUT 9b, which is present at the

level of the proximal tubular cells, in exchange for uric acid. The consequent increased uricosuria could favor AKI

through both crystal-dependent and crystal-independent mechanisms, particularly in some clinical conditions such

as the use of radiocontrast, rhabdomyolysis, heat stress, and dehydration . Another hypothesis is related to the

high glucose concentration expression induced by aldose reductase, which is osmolar sensitive. This induction

can, in turn, lead to the generation of sorbitol and fructose, which can be metabolized by fructokinase, leading to

the synthesis of uric acid, oxidative stress, the release of chemokines, and local tubular injury and inflammation .

Finally, sorbitol and fructose can also cause the depletion of intracellular organic osmolytes, such as myo-inositol

and taurine, which could contribute to the occurrence of AKI .
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Despite FDAERS reports and the possible pathophysiological background, data generated by a randomized,

double-blind, placebo-controlled crossover study, performed with magnetic resonance in type 1 diabetic patients,

are reassuring. The study was designed to assess the acute effects on kidney tissue oxygenation and perfusion of

a single 50 mg dose of dapagliflozin, and displayed improved renal cortical oxygenation without changes in renal

perfusion or blood flow. This suggests the improved renal cortical oxygenation was linked to reduced tubular

transport workload in the proximal tubules . The improved O  consumption in the kidneys may explain the long-

term beneficial renal effects seen with SGLT2 inhibitors both in randomized trials and in observational studies,

where the risk of AKI was reduced rather than increased after SGLT2 inhibition. Indeed, in a meta-analysis using

data from the EMPA-REG OUTCOME, CANVAS, DECLARE TIMI 58, and CREDENCE trials, AKI risk was reduced

by 25% . Analogously, a reduced risk of AKI was observed in “real-world analyses” comparing SGLT2 inhibitors

with the other hypoglycemic drugs .
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