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ABSTRACT: The liver is not the exclusive site of glucose production in humans in the postabsorptive state. Robust data support
that the kidney is capable of gluconeogenesis and studies have demonstrated that renal glucose production can increase
systemic glucose production. The kidney has a role in maintaining glucose body balance, not only as an organ for gluconeo-
genesis but by using glucose as a metabolic substrate. The kidneys reabsorb filtered glucose through the sodium-glucose
cotransporters sodium-glucose cotransporter (SGLT) 1 and SGLT2, which are localized on the brush border membrane of the
early proximal tubule with immune detection of their expression in the tubularized Bowman capsule. In patients with diabetes
mellitus, the renal maximum glucose reabsorptive capacity, and the threshold for glucose passage into the urine, are higher
and contribute to the hyperglycemic state. The administration of SGLT2 inhibitors to patients with diabetes mellitus enhances
sodium and glucose excretion, leading to a reduction of the glycosuria threshold and tubular maximal transport of glucose.
The net effects of SGLT2 inhibition are to drive a reduction in plasma glucose levels, improving insulin secretion and sensitiv-
ity. The benefit of SGLT2 inhibitors goes beyond glycemic control, since inhibition of renal glucose reabsorption affects blood
pressure and improves the hemodynamic profile and the tubule glomerular feedback. This action acts to rebalance the dense
macula response by restoring adenosine production and restraining renin-angiotensin-aldosterone activation. By improving
renal and cardiovascular function, we explain the impressive reduction in adverse outcomes associated with heart failure sup-
porting the current clinical perspective.
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incidence that is rapidly expanding in the pop-
ulation. It is estimated that there are >26 million
people worldwide with HF. In ltaly, ~2% of the popula-
tion is affected by either structural cardiac dysfunction
or symptomatic HF.' The clinical deterioration linked to
the progression of HF constitutes, after childbirth, the
most frequent cause of hospitalization in all Western
countries. Among patients with HF, concomitant dia-
betes mellitus (DM) is present in a percentage that var-
ies from 30% to 40%.2
Renal pathophysiology plays a pivotal role in con-
tributing to the HF syndrome and driving its progres-
sion. HF occurs in a wide number of patients at risk

Heart failure (HF) is a complex syndrome with an

for cardiovascular disease, reaching a 30% to 40%
incidence rate among individuals with DM in Western
countries.? The cause of the higher incidence of HF in
individuals with DM is attributable to multiple factors
including microvascular and macrovascular disease of
the heart, metabolic damage to the myocardium, and
chronic kidney disease. The sum of such condition is
additive in patients with DM, particularly those with
type 2 DM (T2DM) and HF, resulting in cardiovascular
mortality >50% to 90% in comparison to the normo-
glycemic population and promoting the progression of
HF until death.34

Thus, in patients with DM, HF is a highly malig-
nant disease and, even in patients without a previous
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Nonstandard Abbreviations and Acronyms

DAPA-HF Dapagliflozin and
Prevention of Adverse
Outcomes in Heart
Failure

DM diabetes mellitus

EMPEROR-Reduced Empaglifiozin Outcome
Trial in Chronic Heart
Failure With Reduced

Ejection Fraction

K* potassium

Na* sodium

NH, aminyl radical
RAAS renin-angiotensin-

aldosterone system

SGLT sodium-glucose
cotransporter

T1DM type 1 diabetes mellitus

T2DM type 2 diabetes mellitus

TmG transport maximum

glucose reabsorption

myocardial infarction and/or peripheral arterial dis-
ease,® constitutes an important clinical comorbidity.
Since the onset of HF after myocardial infarction is
much more frequent in patients with DM, this contrib-
utes to the high prevalence of HF in this population.®

Moreover, HF is prevalent in type 1 DM (T1DM), a
much less frequent disease than T2DM, but which af-
fects younger patients who are prematurely exposed
to hyperglycemia and its harmful consequences,
with a serious impact on quality of life and life expec-
tancy. In fact, in patients with T1IDM, the incidence of
acute HF is directly related to the value of glycated
hemoglobin (HbA, ). In TIDM, poor glycemic control
combined with risk factors (such as smoking, hyper-
tension, and dyslipidemia), has been associated with
an increased risk of HF 6.37 times higher than pa-
tients who have DM with glycemic control and con-
trolled risk factors.”

Recently, studies have been conducted with 3
molecules of the gliflozin class, renal sodium-glucose
cotransporter (SGLT) type 2 inhibitors. Empagliflozin,
canaglifiozin, and dapagliflozin have unanimously
been demonstrated to reduce the incidence of acute
HF in patients with DM who have cardiovascular
risk ranging from severe to mild.® The administration
of these drugs improved glycemic status that was
accompanied by a reduced incidence of HF. This
reduction was of unexpected proportions and the re-
sults of the recent clinical studies appear to present a
new treatment paradigm for HF, not only for patients
with DM but also for patients without DM. In support
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of this, the administration of dapagliflozin has shown
similar efficacy in reducing cardiovascular events,
linked to the progression of HF, in both patients with
and those without DM who have HF with reduced
gjection fraction.®

KIDNEY AS A GLUCOMETABOLIC
ORGAN

Contrary to common belief, the liver is not the only
gluconeogenic organ, although it does produce 80%
of the endogenously derived glucose. The remaining
20% is produced by the kidney, which, like the liver,
contains the necessary gluconeogenic enzymes.'”®
Insulin acts as a potent inhibitor of gluconeogenesis in
both the liver and the kidney'© (Figure 1). While insulin
acts on both the liver and the kidney, adrenaline stimu-
lates the production of glucose in the kidneys, but not
in the liver, and glucagon stimulates the production
of glucose only in the liver and not in the kidney.'%"?
Normally, renal gluconeogenesis produces glucose at
a rate that is consumed by the kidney. However, during
the night, in the fasting phase, the renal parenchyma
generates =2 mg of glucose per kg/min, which cor-
responds to the amount of glucose absorbed by the
body tissues.'®'"" Remarkably, glutamine is the main
gluconeogenic amino acid in the kidney, while alanine
is the most represented gluconeogenic amino acid in
the liver' (Figure 1).

While kidney cells of the cortex generate glucose,
this glucose is used in the cells of the renal medulla. As
a result of the intrarenal metabolic distribution and the
cortical-medullary balance, the arteriovenous gradient
of glucose in the kidney is neutral.'® In patients with
T2DM, even in the presence of high values of fasting
glucose, the production of glucose in the kidney and
liver increase together with the concentration of plasma
insulin, indicative of the presence of insulin resistance
in both organs.’® It is important to underline that the
gluconeogenesis generated by glutamine allows the
production of ammonia with enhanced excretion of hy-
drogen ions in the form of ammonium, which allows
the kidney to control metabolic acidosis™ (Figure 1).

STRUCTURE, MECHANISM OF
ACTION, AND REGULATION

OF SODIUM AND GLUCOSE
REABSORPTION BY SGLT IN THE
RENAL TUBULE

In individuals without DM who have a normal esti-
mated glomerular filtration rate (eGFR) at 180 L/d,
the kidney filters =180 g of glucose over 24 hours
(Figure 2). Thus, the filtered glucose is completely
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Figure 1. The kidney’s role in glucose metabolism.

The kidney together with the liver is 1 of 2 body organs provided with gluconeogenesis capability and roughly contributes to 20%
glycogen production in normal physiology. In the kidney, gluconeogenesis takes place in the cortical cells while the medullary
cells metabolize glucose. It is relevant to observe that insulin inhibits while adrenaline stimulates glucose production in the kidney.
Glucagon does not affect renal glucose production. Renal glucose metabolism supports glutamine extraction from tubular cells for
the production of glutamic acid and ammonia (NH,). It is an energy-based metabolic passage that plays a pivotal role in urine acid
excretion (NH,*). Ultimately, the kidney glucose metabolism generates a neutral balance between glucose amount entering with

arterial blood and exiting with venous blood. NH, indicates aminyl radical.

reabsorbed in the proximal tubule. For this reason,
glucose is not present in the urine in people with-
out DM. Most of the filtered glucose (80%—-90%) is
reabsorbed by the cotransporter enzyme SGLT2,
which is located below the Bowman capsule, at the
beginning of the S1 segment of the proximal tubule,
while the remaining 10% to 20% is reabsorbed by
the cotransporter SGLT1, which is located in the S2/
S3 segment of the tubule in the most distal position
(Figure 2).'® The action of the SGLT2/SGLT1 cotrans-
porters is to work in a complementary manner to
avoid the loss of glucose in the urine. For this reason,
they operate sequentially: SGLT2 works with high
transport capacity, but with less affinity for the glu-
cose molecule, while SGLT1 has less glucose trans-
port capacity but higher binding affinity. Therefore,
the SGLT1 is suitable for recovering glucose that
the SGLT2 has not previously reabsorbed. SGLTH,
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under physiological conditions, operates within a
limited functional regimen concerning the recovery
potential of sugar and sodium. This explains how
the glycosuria threshold is raised compared with the
glucose present in the filtrate, even when hypergly-
cemia rises well beyond the threshold of 180 mg/dL.
Glucose levels can increase to 220 mg/dL before
glycosuria occurs.'8:1516

The SGLT2 transporter is mainly located in the
kidney, but it is also found in a pancreatic cells and
other tissues, such as the cerebellum. It is not found
in the heart muscle.'® At the level of the a pancreatic
cell, the inhibition of SGLT2 stimulates the secretion
of glucagon, which antagonizes the hypoglycemic ef-
fect of SGLT2 inhibitors by increasing liver gluconeo-
genesis.'” This lessens the likelihood of hypoglycemia
during the administration of the SGLT2 inhibitor drugs.
This action is especially important since hypoglycemia
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Figure 2. Renal reabsorption of glucose.

A, Reabsorption of glucose in the proximal tubule. Sodium-glucose cotransporter (SGLT) type 2 is expressed on the apical membrane
of epithelial cells in the S1 segment of the proximal tubule, while glucose transporter 2 is expressed on the basolateral membrane.
Epithelial cells of the S2/S3 segment express SGLT1 on the apical membrane and glucose transporter (GLUT) 1 on the basolateral
membrane. The Na*-K*-ATPase pump is also located in the basolateral membrane of the proximal tubule and provides the energy
for sodium-glucose transport (through both SGLT2 and SGLT1). The pump drives Na* exchange for K* taking sodium out of the
cytoplasm. As the intracellular Na* concentration declines, sodium moves passively with glucose from the tubular lumen to the
intracellular domain via the SGLT transporters. Once glucose is close to the proximal tubular cell, the concentration gradient passively
translocates the molecule down into the interstitial space via the GLUTs. SGLT2 and GLUT2 together with SGLT1 and GLUT1 represent
a coupled transport mechanism. In normal physiology, the SGLT2 in the S1 segment of the proximal tubule reuptakes 80% to 90% of
the filtered glucose, while the remaining 10% to 20% is reabsorbed by SGLT1 in the S2/S3 segment. B, The normal glomerular filtration
rate is =180 L/d. With an average daily-long plasma glucose concentration of 100 mg/dL, the kidney filters =180 g of glucose every
day, without glucose present in the urine.

remains a serious adverse event in patients with DM
being treated with hypoglycemic drugs eliminated from
the kidney, especially in the presence of chronic renal
failure, which increases iatrogenic effects. SGLT1 has
a wider distribution than SGLT2 and is found in the in-
testine wall and skeletal muscle, as well as in the heart
and lungs.'”® The function of SGLT1 in organs other
than the kidney remains unexplored.’®'® In the intes-
tine, SGLT1 is the primary cotransporter responsible
for glucose absorption, and its inhibition is associated
with glucose and galactose malabsorption.!20
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ABILITY OF THE KIDNEY TO
REABSORB GLUCOSE

In healthy adult humans, the maximum renal glucose
reabsorption capacity (transport maximum glucose
reabsorption [TMG]) is =375 mg/min, slightly higher
in men than in women.'®>18 In normal individuals, the
rate at which glucose is filtered (ie, 180 g/d equal to
125 mg/min) is significantly lower than TmG. For this
reason, the filtered glucose is completely reabsorbed
and glycosuria is not present.
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In contrast, in patients with DM, filtered glucose can
exceed the threshold of tubular reabsorption and result
in the appearance of glycosuria. For this reason, filtration
and reabsorption can be in temporal disequilibrium in the
patient with DM, with the nephron reabsorption capacity
being lower than the filtering capacity of glucose. This
functional misalignment can induce a modification of
the glycosuria threshold. Therefore, the appearance of
glycosuria can be attributable to different causes. It can
depend both on the increase of the filtered glucose or on
the relative substitution of the resorption capacity of the
cells of the tubule or both factors.

The Na*/Kt/ATPase-dependent pump, present in the
basal-lateral membrane of the proximal tube, generates
energy for the transport of sodium-glucose through both
SGLT2 and SGLT1. This pump allows sodium (Na*) to
escape from the cell to be exchanged for potassium (K*).
The decrease in intracellular Na* concentration results in
glucose moving from the tubular lumen to the intracel-
lular environment via SGLT. Inside the cells of the renal
proximal tubule, by a passive concentration gradient, the
glucose transporters mobilize the glucose from the cell
in the interstitial space. In the kidney tubule, SGLT2 with
glucose transporter 2, as well as SGLT1 with glucose
transporter 1, provide an integrated mechanism of trans-
port of glucose'®'® (Figure 2).

REABSORPTION OF GLUCOSE
DURING HYPERGLYCEMIA

In patients with DM, the TmG is increased compared
with patients without DM, or compared with patients
with DM who can maintain glycemic control.?" In pa-
tients with T2DM, the renal threshold of glycosuria, as
well as TmG, is higher. The TmG can correlate with
the increase in HbA, /1% and patients may appear to
have good glycemic control. At the molecular level,
increased TmG is associated by increased SGLT2
mRNA and protein in the proximal tubule.'®

The increase of the glycosuria threshold and TmG in
the presence of hyperglycemia likely constitutes a phe-
nomenon of an evolutionary adaptation of the kidney to
avoid the loss of glucose as a necessary energy sub-
strate in case of scarcity of food. Since the supply of sug-
ars in the normal diet is abundant, T2DM has become
a pandemic promoted by excessive food intake. As a
result, the adaptive process of reabsorption of glucose
in the tubule has turned into a process of maladapta-
tion, which, by delaying the appearance of glycosuria,
can delay the diagnosis of DM. When the concentration
of Na* decreases in the cytoplasm, Na* reenters the cell
down a chemical gradient, which is coupled with the
transport of glucose. The ratio between the Na* and
glucose molecules is maintained 1:1 for SGLT2 and 2:1
for SGLT11%21.22 (Figure 2). Since Na* and glucose travel
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together in the tubule by this mechanism, the increase in
glucose reabsorption in patients with DM is associated
with the increase in the Na* content in the body, which
constitutes the main cause of hypertension found in 70%
of patients with T2DM.23

ROLE OF SGLT1 AND SGLTZ2 IN
GLUCOSE HOMEOSTASIS

The anatomical position of the 2 cotransporters deter-
mines that inhibition of SGLT2 alone increases urinary
glucose excretion by only 80 g/d (=50% of the filtered
glucose) even through SGLT2 is responsible for 90% of
filtered glucose (about 160 g in 24 hours in patients with
normal glucose tolerance)'®'51 (Figure 3). Physiologically,
SGLT1 is normally responsible for removing the remaining
10% to 20% of filtered glucose, a percentage that is far
less than its maximum transport capacity.!® Since SGLT2
inhibition decreases the reabsorption of large amounts
of glucose, more glucose reabsorption takes place by
SGLT1 because of its high glucose reabsorption capac-
ity. This explains why only =50% of the filtered glucose
is present in the urine of patients treated with SGLT2.1%:22

It would be natural to investigate what effects would
result from the combined inhibition of the 2 cotrans-
porters, SGLT2/SGLT1. Since glucose reabsorption by
SGLT1 decreases glycosuria, the combined effect of
inhibiting SGLT2 should significantly increase the ex-
cretion of urinary glucose and decrease the level of
HbA, .. However, in the distal tract of the small intestine
(ileum), the absorption of glucose and the secretion of
glucagon-like peptide 1 by L cells are closely linked,
since these 2 actions are under the control of SGLT1
activity?* and inhibition of glucagon-like peptide 1. This
combined effect worsens glycemic control by reduc-
ing insulin secretion.?* This is supported by limited data
where simultaneous inhibition of SGLT1 and SGLT2
was produced, which showed reduced gastrointestinal
tolerability (@abdominal pain and diarrhea).'®

It is worth noting that the presence of the SGLT1
protein has been documented through immune fixation
studies in the capillaries of the myocardium, with its in-
volvement in ischemia-reperfusion injury.?® Therefore,
the combined SGLT2/SGLT1 inhibitor deserves appro-
priate scrutiny.

MECHANISM OF ACTION OF THE
SGLT2 INHIBITORS

Three SGLT2 inhibitors (dapagliflozin, canagliflozin,
and empagliflozin) have been approved for clinical use
in the United States and Europe, while many other mol-
ecules are currently under investigation.?®

In general, SGLT2 inhibitors can induce glycosuria
by the following 3 mechanisms: (1) decreasing TmG,
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Figure 3. Sodium-glucose cotransporter type 2 (SGLT2) inhibition and adenosine in healthy patients and those with diabetes mellitus.

A, Normal renal physiology. The NaCl uptake by dense macula cells (juxtaglomerular apparatus) occurs largely via the Na/K/2Cl
cotransporter. It is an energy-requiring process leading to a breakdown of ATP to adenosine, which has a vasoconstrictive
effect. In normal physiology, regular NaCl concentration in urine transit across dense macula (juxtaglomerular apparatus) cells
balancing the amount of ATP release and the breakdown to adenosine. Adenosine acts modulating the afferent arteriole tone in
relation to normal physiology occurrence. The mechanism is defined as tubular-glomerular feedback (TGF). Afferent arteriole
has a slightly larger diameter in comparison to efferent. The difference assures the intraglomerular pressure gradient to generate
urine. Therefore, any vasodilating or vasoconstrictive action in the glomerular vasculature generates a disproportioned relative
or absolute decrease in efferent vessel section with a corresponding increase in intraglomerular pressure. B, Diabetic renal
pathophysiology. In diabetic renal pathophysiology, a lower urine NaCl concentration is driven by SGLT2-increased Na*/glucose
reabsorption, and therefore a decreased NaCl concentration transit across the dense macula (juxtaglomerular apparatus).
The low NaCl concentration is sensed by the dense macula as a low volume, low perfusion state, leading to low adenosine
production that induces vasodilating action prevailing on the afferent vessel and causing glomerular hypertension and glomerular
hyperfiltration.>”5¢ Decreased Na* delivery to the dense macula entails decreased adenosine production with vasodilating effect
on afferent glomerular arteriole, enhancing relative disproportion with efferent arteriole section and leading to intraglomerular
hypertension and glomerular hyperfiltration.5%:8% C, SGLT2 inhibition and glomerular hyperphyltration correction Selective SGLT2
inhibition by promoting glucose and NaCl urination increases distal renal NaCl delivery, leading to adenosine production and
afferent arteriole tone restoration, thus decreasing intraglomerular pressure and positively affecting hyperfiltration. Restoration
of Na* delivery to the dense macula normalizes adenosine production, reestablishing afferent glomerular arteriole tone and

abolishing intraglomerular hypertension and glomerular hyperfiltration.

(2) lowering the threshold for glycosuria, and (3) de-
creasing the rate of reabsorption of filtered glucose.
However, these mechanisms are insufficient to explain
the induction of glycosuria in patients taking SGLT2
inhibitors who have normal fasting glucose, and this
could be explained by methodological inaccuracy in
measuring the threshold of glycosuria. In individuals
without DM, the 3 SGLT2 inhibitors, dapagliflozin, em-
pagliflozin, and canagliflozin, can increase the urinary
glucose excretion by 60 to 80 g/d.?"2°

In a comparison study conducted in patients with-
out DM, canagliflozin at a dose of 300 mg resulted in a
daily excretion of glucose in the urine equal to 51.4 g,
a significantly greater quantity than that obtained with
the administration of dapagliflozin at a dose of 10 mg,
which led to excretion of only 40.8 g of glucose.®° The
difference in urinary glucose excretion by these 2 mol-
ecules is the result of the longer half-life of canagliflozin,
which leads to increases in the plasma concentration
of canagliflozin after 16 to 24 hours. The data are rel-
evant in understanding how the different bioavailability
of molecules that have similar pharmacological actions
can lead to a different biologic efficacy. In T2DM, all 3
SGLT2 inhibitors produce a dose-dependent increase
in the elimination of glucose in the urine and a similar
decrease in plasma fasting, postprandial glucose, and
HbA,, levels.2°=32 However, no comparative study has
yet to be performed to establish efficacy between dif-
ferent molecules in patients with DM. Controlled trials
conducted with canaglifiozin, empagliflozin, and da-
paglifiozin have shown that these SGLT2 inhibitors re-
sult in a reduction in HbA,; of 0.7% to 1.0% in a patient
with T2DM without prior diabetic treatment, as well as
in patients already treated with metformin, sulphony-
lureas, pioglitazone, metformin, and insulin, or in pa-
tients with HbA,, values of 7.8% to 8.2%.52%3
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If patients with T2DM who have normal renal function
or moderately reduced renal function, all SGLT2 inhibi-
tors are equally effective, both in the case of newly diag-
nosed T2DM and in the case of a T2DM diagnosis made
many years before or in the presence of insulin resis-
tance and reduced production of insulin.?” Attributable to
the SGLT2 inhibitor-induced glycosuric effect, patients
with DM who have high HbA,, achieve greater reduc-
tions in HbA,, than in individuals with lower blood glu-
cose values, regardless of the ongoing treatment for
DM.233 Logically, SGLT2 inhibitors can be effective in
decreasing both glucose concentration and HbA,, more
than other antidiabetic agents. Thus, some clinical stud-
ies prefigure their adoption as an alternative to treatment
with high-dose insulin.®* This is attractive considering the
documented effectiveness of these molecules in reduc-
ing body weight and blood pressure (BP).8'8% These
results could be explained by the fact that high plasma
glucose concentrations induce high glucose concentra-
tion in the filtrate, which, in turn, represents the effective
target for the action of the SGLT2 inhibitors.?”?° These
data have important clinical implications in patients with
DM but also in patients without DM, patients with insulin
resistance, and patients with clinical conditions of relative
insulin resistance as in the course of HF.36:37

EFFECT OF BLOOD GLUCOSE ON THE
RESPONSE OF THE MACULA DENSA
AND THE CONSEQUENCE AT THE
LEVEL OF TUBULE-GLOMERULAR
FEEDBACK OF SGLT2 INHIBITORS

The inhibition of SGLT2 involves the combined reab-
sorption of Na* and glucose in the proximal tubule.
This is associated with a modestly negative balance
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of Na* and water in the body, which generates a last-
ing reduction in the volume of water present in the
vasculature as well in the extracellular space (third
space).’8:3°

The natriuretic effect of SGLT2 inhibition disappears
within 48 to 72 hours and the balance of water and Na*
is restored; however, an =7% reduction in the volume
of the plasma remains.*°

The modest, but not negligible, reduction of the ex-
tracellular volume involves a decline of 5 to 6 mm Hg of
systolic BP and of 1 to 2 mm Hg of diastolic BP, cou-
pled with body weight decline which is observed after
7 to 15 days from the beginning of treatment, both in
patients with DM*' and those without DM 242 already
treated with renin-angiotensin-aldosterone system
(RAAS) inhibitor drugs.

Importantly, after 6 to 12 months of SGLT2 inhibitor
treatment, an increase in major hypoglycemic events
and signs related to sympathetic activation such as re-
flex tachycardia were not observed.

In terms of activation of RAAS neurohormones,
SGLT2 inhibition induces a modest rise in plasma
RAAS hormones such as aldosterone and angio-
tensin Il, but within the suppressed range that is
typical of DM (the RAAS paradox)*® and similarly
increases levels of neurohormone markers in the
urine (angiotensinogen, angiotensin-converting en-
zyme, angiotensin-converting enzyme 2), possibly
as a consequence of plasma volume contraction.*%:44
The data provide clinical support for the synergistic
adoption of SGLT2 inhibitors together with RAAS-
inhibiting drugs to achieve superior efficacy in BP
control with a further decline of 3 to 4 mm Hg of
systolic BP typically observed.

Whether this apparent synergy is based on plasma
volume contraction leading to activation of RAAS,
which is then pharmacologically tapered by drugs
counteracting angiotensin Il effect, allowing further BP
lowering is unknown but opens up scrutiny on the way
SGLT2 inhibitors can affect renal function and cardio-
vascular hemodynamics.*%46

In animal models of hyperglycemia, glucose and
Na* reabsorption is increased in the proximal tubule.
This is responsible for the decrease in Na* content of
the urine sensed at the juxtaglomerular apparatus.
The resulting decreased urinary Na* concentration
is sensed as a decreased perfusion of the kidney.
In response, the juxtaglomerular (or dense macula)
apparatus activates the RAAS system with the for-
mation of angiotensin I1.4” This hormone determines
the constriction of the afferent and efferent arteriole,
but with a different consequence on vessel conduc-
tance. The afferent arteriole has more represented
smooth muscle, addressing the larger response to
the vasoactive stimulus and is slightly larger in diam-
eter than the efferent arteriole. In normal physiology,
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the diameter difference assures the intraglomerular
pressure gradient to generate urine.*® Therefore, any
overimposed vasoconstrictive action in the glomeru-
lar vasculature generates a disproportioned decrease
in efferent vessel section with a corresponding in-
crease in intraglomerular pressure leading to renal
hyperfiltration, a condition that drastically increases
sodium and glucose urine content.

Renal hyperfiltration, in general, defined as a glo-
merular filtration rate >135 mL/min per 1.73 m?, is a
marker of intraglomerular hypertension and is a risk
factor for the initiation and progression of diabetic
nephropathy*>%% in animals as well as in humans, by
the glomerular skein formation (often seen in elderly
patients), which results in permanent glomerular
damage.®'

Based on available data, the SGLT2 inhibitor class
plays favorably on hyperfiltration pathophysiology with
both important mechanistic and clinical shreds of ev-
idence, because the underlying changes in intraglo-
merular pressure contribute to improvements in renal
end points in all performed studies.®3?

By considering the pattern of renal function
change observed with SGLT2 inhibitors and the pos-
sible benefits, previous work has compared these
salutary effects with what was achieved with RAAS-
inhibiting drugs. Inhibitors of the RAAS reduce in-
traglomerular pressure through efferent arteriolar
vasodilatation, leading to reductions in intraglomeru-
lar hypertension and renal hyperfiltration and result-
ing in nephroprotection.®?

Analyzing patients with T2DM treated with RAAS
blockade according to the change of eGFR over time,
the best preservation of renal function occurred in
patients who had the greatest tertile of eGFR decline
within 3 months of treatment initiation.® Therefore,
RAAS inhibition effects a delayed eGFR change
characterized by a protective effect on glomerular
function.5

In contrast to the effects of RAAS blockers, the initial
decline in eGFR observed with SGLT2 inhibition seems
related to afferent arteriolar vasoconstriction through
the tubule-glomerular feedback. This is the autoad-
aptive mechanism regulating the glomerular filtration
rate concerning NaCl concentration in the glomerular
filtrate that reaches the dense macula. The proportion
of NaCl reabsorption is positively related to the afferent
arteriole tone and consequently to the glomerular fil-
tration rate. This autoregulatory mechanism is intrinsic
to the kidney and does not require neural or humoral
mediators.54%5

In an animal model, the response to an increase
in NaCl delivery to the dense macula after block-
ade of proximal tubular NaCl reabsorption increases
NaCl uptake by dense macula cells. It occurs prom-
inently via the Na/K/2Cl cotransporter, which is an
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energy-requiring process leading to the breakdown of
ATP to adenosine. This pathway engages adenosine
type 1 receptors located on the smooth muscle cells of
the afferent arteriole leading to modulation of afferent
vessel tone®® (Figure 3A).

In patients without DM, SGLT2 is responsible for
~5% of total renal NaCl reabsorption. However, in the
context of hyperglycemia, SGLT2 and SGLT1 mRNA
expression increase by 36% and 20%, respectively,
suggesting their direct role in NaCl reabsorbtion.57-59

As a consequence, SGLT1 and SGLT2 activity
accounts for as much as 14% of total renal NaCl
reabsorption in the setting of hyperglycemia in DM,
thereby entailing a marked reduction in distal NaCl
delivery to the dense macula, which, in turn, leads to
maladaptive glomerular afferent arterial vasodilata-
tion and increased intraglomerular pressure coupled
with glomerular hyperfiltration® (Figure 3B). Again,
the decline of NaCl delivery to the dense macula is
sensed incorrectly as a reduction in effective circulat-
ing plasma volume by the juxtaglomerular apparatus,
thereby by promoting avid Na* uptake through RAAS
activation.

In animals, nonspecific SGLT1/SGLT2 inhibitors®’
and selective SGLT2 inhibition increase distal renal
NaCl delivery, leading to increased afferent tone and
abolishing hyperfiltration.®? This occurs in a paracrine
fashion via adenosine type 1 receptors on afferent ar-
teriolar vascular smooth muscle cells causing vaso-
constriction independently by angiotensin Il activation
(Figure 3C).

The fast activation of the tubule-glomerular feed-
back modulation by SGLT2 inhibitors has been el-
egantly documented in patients with TIDM. In this
setting, the administration of empagliflozin, performed
during hyperglycemic clamp technique,®® in patients
with DM who have normal blood glucose, was fol-
lowed by a reduction of 33 mL/min per 1.73 m? of fil-
tration (glomerular filtration rate 172+23-139+25 mL/
min per 1.73 m?, P<0.01).44 The restoration of intraglo-
merular pressure has positive implications in the HF
syndrome.®* Improvements in renal function, driven
by the use of SGLT2 inhibitors in addition to RAAS-
blocking agents, has been consistently linked to the
fall of HF exacerbations in patients with DM as well
those with DM who have HF.%? The key role played
by adenosine®%8” has been strongly suggested
by evidence generated with a mechanistic study
performed in patients with TIDM. In the research,
patients receiving empagliflozin under clamped hy-
perglycemic conditions® throughout an 8-week in-
vestigation displayed increased urinary adenosine/
creatinine ratio as measured by liquid chromatogra-
phy-tandem mass spectrometry.®® Those data con-
firm that the tubule-glomerular feedback modulation
should become a matter of investigation in every
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clinical condition involving renal perfusion and car-
diocirculatory balance. Moreover, it underscores that
dysfunction of both the heart and the kidneys are in-
trinsic to the pathogenesis of HF.69-72

CONCLUSIONS

The role of the kidney is critical to maintaining glu-
cose homeostasis. This is closely linked to the Na*
homeostasis, which not only depends on the acti-
vation of the neuroendocrine system but, in a more
direct fashion, the renal circulatory balance regulated
by the tubule-glomerular feedback. This mechanism
is permanently active by the continuous sensing of
NaCl in the urine content, allowing fine-tuning of
the filtration rate without external regulation. In the
proximal segment of the tubular nephron, SGLT1 and
SGLT2 provide highly efficient glucose reabsorption
coupled with Na* reuptake. The reabsorption mech-
anism influences urine sodium content that directly
involves the tubule-glomerular feedback with an im-
pact on intraglomerular pressure. SGLT2 inhibition
targets the exceedingly high glucose and sodium re-
absorption occurring in DM as well as in other clinical
conditions such as HF both with reduced and pre-
served ejection fraction.”>® The improved intrarenal
regulation of nephron perfusion has been shown to
reduce adverse events related to circulatory conges-
tion, such as HF exacerbation.”® Recent clinical data
from the DAPA-HF (Dapagliflozin and Prevention of
Adverse Outcomes in Heart Failure) and EMPEROR-
Reduced (Empagliflozin Outcome Trial in Chronic
Heart Failure With Reduced Ejection Fraction)’® trials
showed impressive benefits afforded by the SGLT2
inhibitors in patients with and without DM who have
HF.42‘75

Importantly, the liver and kidney are both sites
of gluconeogenesis with purposes apparently dis-
jointed. The glucose produced in the kidney is the
substrate used to produce the energy consumed to
produce ammonia, the urinary excretion of which is
essential to regulate metabolic acidosis. The liver is,
instead, the site of angiotensinogen production, the
substrate of the renin enzyme produced by the kid-
ney, from which angiotensin Il is generated by the en-
zyme of conversion produced by the lung. The lung,
through the ventilation of CO,, is the regulator of re-
spiratory acidosis as well as of aerobic glycolysis.
The linkage of glucose and Na* metabolism and the
neurohormonal response is a remarkable demon-
stration of how cardiovascular physiology is strongly
and constantly provided by the feedback generated
by the liver, kidney, and lung. These organs act as
metabolic sensors and constantly regulate the vas-
cular and cardiopulmonary pressure and chemore-
ceptor response.
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