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Abstract

Kidney size and glomerular filtration rate (GFR) often increase with the onset of diabetes, and
elevated GFR is a risk factor for the development of diabetic kidney disease. Hyperfiltration
mainly occurs in response to signals passed from the tubule to the glomerulus: high levels of
glucose in the glomerular filtrate drive increased reabsorption of glucose and sodium by the
sodium—glucose cotransporters SGLT2 and SGLT1 in the proximal tubule. Passive reabsorption of
chloride and water also increases. The overall capacity for proximal reabsorption is augmented by
growth of the proximal tubule, which (alongside sodium—glucose cotransport) further limits
urinary glucose loss. Hyperreabsorption of sodium and chloride induces tubuloglomerular
feedback from the macula densa to increase GFR. In addition, sodium—glucose cotransport by
SGLT1 on macula densa cells triggers the production of nitric oxide, which also contributes to
glomerular hyperfiltration. Although hyperfiltration restores sodium and chloride excretion it
imposes added physical stress on the filtration barrier and increases the oxygen demand to drive
reabsorption. Tubular growth is associated with the development of a senescence-like molecular
signature that sets the stage for inflammation and fibrosis. SGLT2 inhibitors attenuate the
proximal reabsorption of sodium and glucose, normalize tubuloglomerular feedback signals and
mitigate hyperfiltration. This tubule-centred model of diabetic kidney physiology predicts the
salutary effect of SGLT2 inhibitors on hard renal outcomes, as shown in large-scale clinical trials.

Approximately 40% of patients with type 2 diabetes mellitus (T2DM) and 30% of those
with type 1 diabetes mellitus (TADM) will eventually develop chronic kidney disease
(CKD), which is defined by evidence of kidney damage or a glomerular filtration rate (GFR)
<60 ml/min/1.73 m2 for =3 months and/or elevated urinary albumin excretionl:2. About 50%
of patients with end-stage renal disease (ESRD) in developed countries have diabetes!-3, and
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the presence of mild or moderate CKD doubles the risk of all-cause mortality associated
with diabetes?.

No available model can accurately predict who will develop diabetic kidney disease (DKD)
or how it will progress, although various studies have identified associations of DKD with
genetic factors, socioeconomic status, obesity, smoking, poor glycaemic control, age, sex,
hypertension, dyslipidaemia, other microvascular complications of diabetes, markers of
oxidative stress, markers of inflammation and hyperfiltration®-8. Cell and molecular theories
propose that the underlying pathogenesis of DKD involves complex alterations in metabolic
processes, including elevated blood glucose concentrations, changes in fatty acid
metabolism, oxidative stress, changes in energy utilization and mitochondrial dysfunction?2,
which cause endothelial dysfunction followed by podocyte loss and microvascular
rarefaction29-13, An alternative theory proposes that DKD develops as a cellular response to
the mechanical stress imposed by glomerular capillary hypertension or hyperfiltrationl?.
This theory, which focuses on the physical consequences of hyperglycaemia, provides a
concise explanation for the salutary effects of pharmacological agents that inhibit the renin—
angiotensin system and the sodium—glucose transporter SGLT2, which to date are the only
proven disease-modifying treatments for DKD. A growing body of literature demonstrating
an important role for tubule function in regulating glomerular filtration in the context of
diabetes lends further support to this theory1>-17,

Although not all patients with diabetes develop DKD and not all patients with DKD follow
the same trajectory18-20, in general, the presence of hyperfiltration in the early stages of
diabetes is associated with the development of more severe kidney damage in the later stages
of this disease?12:21.22 Hence, the origins of hyperfiltration are worth considering, with the
aim of identifying interventions that could prevent the development of DKD. Although
hyperfiltration occurs at similar rates in patients with TLDM and T2DM?22, most of the
mechanistic data are derived from experimental models and patients with TLDM.

In this Review, we discuss changes that occur in the renal tubule early in the course of
diabetes, focusing on how those changes affect interactions between tubule and glomerulus
and influence the development of DKD. These events underlie the tubular hypothesis of
nephron filtration and DKD.

The tubular model of hyperfiltration

A change in GFR can be defined simply as a sum of ‘vascular’ and ‘tubular’ events. A
vascular event is anything that causes GFR to change by affecting the pre-glomerular or
post-glomerular resistance vessels, the glomerular ultrafiltration coefficient or blood
pressure. For example, GFR is reduced by afferent arteriolar vasoconstriction or by a fall in
blood pressure. A tubular event is anything that directly affects tubular reabsorption in a
manner that alters the concentration of sodium, chloride and potassium at the macula densa
([Na*/CI~/K*] mp) and induces a change in GFR via tubuloglomerular feedback. For
example, a reduction in GFR occurs in response to inhibition of tubular reabsorption
upstream of the macula densa. Vascular events cause GFR and [Na*/CI7/K*]yp to change in
the same direction (because a change in reabsorption resulting from a change in filtered load
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cannot exceed the change in filtered load), in contradistinction to tubular events, which
cause GFR and [Na*/CI7/K*]up to change in opposite directions as a result of negative
feedback via the tubuloglomerular feedback system. When vascular events and tubular
events occur simultaneously, the tubular event is declared to be dominant if GFR and [Na
*/CI7/K*]\mp change in opposite directions.

Several lines of evidence — including the onset of hyperfiltration itself, vasodilatory failure
in response to amino acid infusion, the paradoxical effect of dietary NaCl on renal
haemodynamics and the reversible decrease in GFR that is induced by SGLT2 inhibitors —
indicate that tubular events are dominant in the context of diabetes mellitus23. The observed
predilection for GFR and [Na*/CI~/K*]up to change in opposite directions in patients with
diabetes has led us to propose a systems model of the diabetic kidney that centres on the
proximal tubule (FIGS 1,2). This model proposes that the increased reabsorption of glucose
and other solutes occurring as a result of excess glucose filtration enhances glomerular
filtration rate through tubuloglomerular feedback and by lowering tubular back pressure,
which increases glomerular filtration pressure. Mathematical modelling predicts that
tubuloglomerular feedback and decreased tubular back pressure might have a similar
magnitude of effect on diabetic glomerular hyperfiltration24. Of note, although this model
centres on the tubule, it does not ignore vascular events. Nuances in macula densa signalling,
including modulation of the traditional tubuloglomerular feedback response by glucose, are
also accommodated.

Supporting evidence

One of the first clues that tubular reabsorption could be key to the development of
hyperfiltration in diabetes came from a 1994 study in diabetic rats2, which showed an
association between diabetic hyperfiltration and reduced activity of adenosine, which is a
constrictor of the glomerular afferent arteriole, a dilator of its efferent arteriole and a
mediator of tubuloglomerular feedback?®. As explained below, a decreased tonic influence
of adenosine over glomerular haemodynamics would be expected in the context of reduced
[Na*/CI7/K*]mp. In support of the tubular hypothesis of glomerular hyperfiltration, studies
have consistently shown that either [Na*/CI7/K*] mpnacik or fractional lithium excretion (a
surrogate of [Na*/CI7/K*]yp) is lower than normal in animals6:27-29 and humans3%-32 with
diabetes and hyperfiltration, suggesting the existence of a primary increase in proximal
tubule reabsorption. Further evidence for the involvement of a tubuloglomerular feedback
mechanism in the regulation of hyperfiltration came from several studies showing that
hyperfiltration resolves following normalization of [Na*/CI7/K*]yp in rats?8:33:34 or after
ablation of the tubuloglomerular feedback mechanism in dogs3® or mice36. Some details of
these early studies are presented below.

Role of adenosine signalling and hyperfiltration.—Increased delivery of sodium,
chloride and potassium to the macula densa (that is, an increase in [Na*/CI7/K*]yp) induces
activation of the sodium—potassium—chloride transporter NKCC2 in macula densa cells,
which increases both the influx of chloride and depolarization of the macula densa cell
basolateral membrane. This depolarization induces the release of ATP, which is converted
into adenosine by ecto-5" nucleotidase3’.
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Adenosine mediates the tubuloglomerular feedback response by activating adenosine
receptor A1 (A1R) on smooth muscle cells of the afferent arteriole, causing vasoconstriction
and a reduction in GFR; mice lacking this receptor have no acute tubuloglomerular feedback
response3’. Under some conditions, the tubuloglomerular feedback-induced formation of
adenosine can also reduce filtration by activating vasodilatory adenosine receptor A2 (A2R)
on the efferent arteriole, which in turn reduces the filtration fraction38. Whether efferent
vasodilation increases or reduces filtration depends on the net effect of these mechanisms,
which act in opposing directions on glomerular capillary pressure and renal plasma flow. In
the diabetic kidney, however, efferent vasodilation is expected to reduce filtration.

In the early stages of diabetes, hyperreabsorption of glucose and sodium in the proximal
tubule reduces [Na*/CI7/K*]pmp, which increases GFR through tubuloglomerular
feedback!®. Thus, the tubular hypothesis proposes that tubuloglomerular feedback is the
main controller of GFR in the early stages of diabetes.

We acknowledge that primary vascular effects might also contribute, which might be
unmasked by eliminating tubuloglomerular feedback. In fact, evidence for glomerular
hyperfiltration from diabetic Adorai-knockout mice (which lack A1R) is inconclusive on
this point. One study found that such mice do not exhibit glomerular hyperfiltration, which
is consistent with the tubular hypothesis;38 however, two other studies3%40 reported
increased GFR in diabetic Adoral-knockout mice, although in one of these studies3?
differences in blood pressure between wild type and knockout mice might have been a
confounding factor, explaining the differences in GFR, and in the other® glucose levels
were 600-900 mg/dl (33-50 mmol/l), too high to expect a net increase in proximal
reabsorption, according to a mathematical modelling study#L. Furthermore, the influence of
changes in tubuloglomerular feedback on A2R activation on efferent arterioles is not
eliminated in the absence of ALR. A reduction in tubuloglomerular feedback-mediated A2R
activation could be of particular relevance in the context of diabetes, in which glomerular
hyperfiltration is associated with increases in both efferent arteriolar tone and filtration
fraction. With regard to the filtration fraction, a 2017 study reported that it tended to be
higher among female patients with TIDM and hyperfiltration than among male patients
matched for blood pressure and GFR*2, which might imply that sex is a modifier of renal
haemodynamics in the diabetic kidney.

Increased fractional proximal tubular reabsorption.—Fractional excretion of
lithium in the urine gives a reasonable approximation of the fraction of filtered sodium
reaching the macula densa. As an increase in GFR cannot induce a decrease in lithium
clearance, a change in proximal reabsorption is implied whenever GFR and lithium
clearance change in opposite directions. Indeed, lithium clearance rates reported for patients
with TIDM and T2DM over the past three decades are consistent with the tubular
hypothesis of hyperfiltration30-32:43:44,

Studies in the 1980s showing that lithium clearance is reduced in patients with diabetes led
researchers to propose that increased proximal reabsorption was a cause of hypertension in
individuals with diabetes3%-32, However, most patients with diabetes are not hypertensive in
the early phase of the disease, and reduced lithium clearance is a predictor of higher GFR in
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these individuals*344, Thus, and consistent with the physiological role of tubuloglomerular
feedback, the increase in GFR in response to tubular hyperreabsorption in diabetes is
expected to normalize salt balance and mitigate the need to increase blood pressure?4. The
suggestion that increased proximal reabsorption might reduce Na* delivery to the macula
densa and that a reduction in tubuloglomerular feedback stimulus might cause glomerular
hyperfiltration in patients with TLIDM was first made in 1990 (REF.#4). A 2010 study in
patients of African heritage with newly discovered T2DM found a strong correlation
between glomerular hyperfiltration and decreased lithium clearance, which is consistent with
increased proximal reabsorption also driving hyperfiltration in patients with T2DM45,
Similar observations have been made in rats with streptozotocin (STZ)-induced diabetes, in
which glomerular hyperfiltration was associated with increased fractional reabsorption of
sodium, chloride and fluid within the proximal tubule6:27.29 (FIG. 2). Use of micropuncture
experiments to manipulate single-nephron GFR (SNGFR) also demonstrated that diabetes
induces a substantial increase in proximal reabsorption28:46.

Importantly, as the kidney adapts to chronic hyperglycaemia, the size and overall transport
capacity of the proximal tubule increases as a result of tubular growth as well as increased
expression of SGLT2 (FIGS 1,2). These two mechanisms are discussed in more detail in the
following sections.

Hyperglycaemia: effect on glucose filtration and reabsorption.—The daily
glomerular filtrate of a normal human adult contains ~180 g glucose, which provides
sufficient energy to account for about one-third of the body’s caloric expenditure. One
function of the proximal tubule is to prevent this glucose from being lost into the urine.
Glucose reabsorption is a two-step process that involves glucose uptake into the proximal
tubular cell by SGLT2 and SGLT1 (FIG. 3), followed by its passive exit from the cell via
GLUT?2 in the basolateral membrane.

Studies in the 1980s suggested that two different glucose transporters are expressed on the
apical surface of the proximal tubule??:48: the transporters were subsequently cloned and
named SGLT1 (encoded by SLC5A1) and SGLT2 (encoded by SLC5A2) (reviewed
elsewhere)?®. These studies established that the bulk of tubular glucose uptake occurs in the
early proximal tubule via the high-capacity transporter SGLT2, whereas the low-capacity
transporter SGLT1 was thought to ‘mop up’ most of the remaining luminal glucose in the
late proximal tubule (FIG. 3). The logic of positioning SGLT2 upstream of SGLT1 is
apparent from an assessment of their stoichiometry and thermodynamic parameters. The
Gibbs free energy required for sodium—glucose cotransport comes from the electrochemical
potential of sodium ions. SGLT2 uses one sodium ion to transport one glucose molecule and
SGLT1 uses two sodium ions to transport one glucose molecule. Thus, SGLT2 uses half the
energy capital of SGLT1, but SGLT1 can drive the tubular glucose concentration to half that
achieved by SGLT2. Hence, the most efficient route to achieving the lowest possible tubular
fluid glucose concentration is to first use SGLT2 to reabsorb glucose up to its
thermodynamic limit, and then to use SGLT1 to reabsorb the remainder. These calculations
also suggest that the most efficient way to adapt to hyperglycaemia is to increase the protein
expression of SGLT2.
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Confirmation that SGLT2 and SGLT1 are confined mainly to early and late proximal
tubules, respectively, was provided by immunostaining of human and rodent kidneys®%-53,
Moreover, renal clearance and micropuncture studies in euglycaemic Sg/tZ-knockout, Sg/t2-
knockout and Sg/t1-Sg/t2 double-knockout mice have shown that SGLT2 accounts for all
glucose reabsorption in the early proximal tubule! and for ~97% of total renal glucose
reabsorption, whereas SGLT1 reabsorbs the remaining ~2—-3% of glucose®1:54.55 (FIG. 3).
Further evidence for the dominant role of SGLT2 in glucose reabsorption is provided by the
observation that individuals with loss-of-function mutations in SLC5AZ2 develop familial
renal glucosuria, a renal tubular disorder resulting in excretion of 60-120 g per day of
glucose in the urine®8. By contrast, individuals with loss-of-function mutations in SLC5A1
excrete relatively little glucose in the urine, although they demonstrate malabsorption of
intestinal glucose and galactose®®:%7.

The SGLT2-SGLT1 system has high affinity but limited capacity for reabsorbing glucose.
Hence, glucose only appears in the urine when the filtered amount exceeds the capacity of
this system for reabsorption, but once that capacity is exceeded, all additional filtered
glucose is excreted in the urine. For an individual who is not chronically hyperglycaemic,
this capacity is typically reached at a blood glucose concentration >12 mmol/l (>200 mg/
dl)%8. Hyperglycaemia (irrespective of whether it is acute or chronic) increases the amount
of glucose filtered by the kidneys, as long as GFR is preserved. At the same time, the tubular
glucose reabsorption capacity increases from ~400-450 g per day to ~500-600 g per day in
patients with T2DM3® and TIDM®0, to handle the increased load of filtered glucose (FIG.
4), thus setting a new glucose transport maximum. The increase in tubular glucose
reabsorption capacity helps to conserve this valuable energy substrate, but becomes
maladaptive by sustaining hyperglycaemia (FIGS 1,4). When the filtered load of glucose
exceeds the new transport maximum, the kidney serves as a safety valve to forestall extreme
hyperglycaemia by allowing excess glucose to escape into the urine. This mechanism
postpones the development of severe hyperglycaemia until the osmotic diuresis associated
with glucose excretion causes sufficient volume depletion to reduce both GFR and filtered
glucose, which has the consequence that the safety valve opens at higher blood glucose
levels.

Cotransport of glucose and sodium means that as the proximal tubule reabsorbs more
glucose, it also reabsorbs more sodium. Sodium reabsorption by SGLT1 and SGLT2 is
electrogenic and is thought to drive chloride reabsorption by electrodiffusion. Sodium,
chloride and glucose reabsorption each contributes osmotic potential for water reabsorption
up to a point beyond the glucose transport maximum, after which glucose becomes an
osmotic diuretic in the proximal tubule. At normal blood glucose concentrations, the
contribution of SGLT1 and SGLT2 to overall proximal reabsorption of NaCl and fluid is
relatively small. Under conditions of moderate hyperglycaemia, however, the amount of
sodium reabsorption tied to glucose becomes similar to the amount tied to bicarbonate
transport, which is indirectly mediated by Na*/H* exchange and is the benchmark measure
of proximal tubular sodium reabsorption. The increase in fluid and electrolyte reabsorption
linked to sodium—glucose cotransport in the proximal tubule induces a decrease in [Na*/Cl
~/K*]mp, Which is mitigated, in turn, by tubuloglomerular feedback, which causes SNGFR
to increase (FIG. 2). However, tubuloglomerular feedback is not able to completely
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normalize [Na*/Cl7/K*]wup; the continued deficit in the amount of sodium and chloride
delivered to the macula densa must therefore be compensated for by decreasing sodium and
chloride reabsorption downstream of the macula densa or by pressure natriuresis to maintain
long-term whole-body fluid and electrolyte balancel”2461, At very high glucose levels, an
osmotic diuresis overrides the SGLT-mediated increase in sodium reabsorption and the [Na
*/CI7/K*Tmp stimulus for hyperfiltration disappears®! (as discussed in the section on macula
densa SGLT1 and hyperfiltration). The capacity for glucose and sodium retention depends
on the level of expression and activity of the glucose transporters, which varies from patient
to patient.

Effect of diabetes on SGLT2 expression

In the context of normal blood glucose levels and GFR, the glucose transport capacity of
SGLT2 is not saturated. Any acute rise in blood glucose levels prompts an increas in filtered
glucose and increased glucose reabsorption by SGLT2 (FIG. 4). Additional rises in blood
glucose levels that exceed the transport maximum of glucose result in glucosuria; however,
as already mentioned, the tubular glucose reabsorption capacity increases substantially in the
setting of chronic hyperglycaemia, possibly due to upregulation of SGLT2 protein
expression in the proximal tubule (FIG. 4). Indeed, studies in genetic mouse models of
T2DM (db/db mice) and T1DM (Akita mice) have shown that membrane protein expression
of renal SGLT2 is increased by 40-80% in the early stages of hyperglycaemiab2:63,
Moreover, upregulation of the glucose transporter GLUT2 has been reported in proximal
tubules of diabetic rats54-57, indicating a concerted upregulation of luminal and basolateral
glucose transport.

Studies in rats and mice with STZ-induced diabetes show that, in addition to its expression
at the basolateral membrane, GLUT2 is expressed on the brush border membrane of
proximal tubules88-70, suggesting that facilitated diffusion via GLUT2 could contribute to
glucose reabsorption if the electrochemical potential of luminal glucose rises above that in
the cell and interstitium (FIG. 4). On the other hand, SGLT2 and SGLT1 seem to explain net
renal glucose reabsorption in genetic mouse models of TIDM and T2DM, in that renal
glucose reabsorption could be eliminated by administration of a selective SGLT2 inhibitor to
mice lacking SGLT1 (REF.71). Notably, in the small intestine, increases in luminal glucose
concentrations are sensed by SGLT1, which is required for the insertion of GLUT2 into the
brush border membrane’2. If SGLT2 has a similar glucose-sensing role in the early proximal
tubule, SGLT2 inhibitors might lower renal glucose reabsorption during severe
hyperglycaemia in part by inhibiting the apical translocation of GLUT2 (FIG. 4).
Alternatively, glucose may leak back into the lumen via apical GLUT2. Such apical
recycling of glucose would promote sodium reabsorption via SGLT1 and SGLT2.

Very little is known about changes in glucose transporter expression in patients with
diabetes. One study showed that glucose uptake and protein expression of SGLT2 and
GLUT?2 were elevated in primary cultures of human exfoliated proximal tubular epithelial
cells harvested from fresh urine of patients with T2DM?3. Increased SGLT2 protein
expression was also reported in fresh kidney biopsy samples from patients with T2DM and
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advanced DKD4. Thus, the available rodent and human studies indicate that diabetes can be
associated with enhanced function of the renal glucose transport machinery.

Mechanisms that enhance SGLT2 expression and activity.—Increased expression
of SGLT2 at the apical membrane might occur as a consequence of the overall growth and
hypertrophy of the diabetic proximal tubule23.75.76 (FIG. 4). The mechanisms leading to
tubular growth are discussed further below. In addition, glomerular hyperfiltration might
further increase luminal membrane transporter density in the early proximal tubule by flow-
dependent recruitment of transport proteins into the brush border’”. Both processes could be
exaggerated in the context of advanced DKD, in which nephron loss is compensated for by
hyperfiltration and tubular growth of the remaining nephrons’®. In the kidneys of diabetic
rats, upregulation of SGLT2 protein expression has been linked to activation of type 1
angiotensin I (Angll) receptors in the basolateral membrane of the proximal tubule’® and
the transcription factor, hepatocyte nuclear factor 1a (HNF1a)80. Also in diabetic rats,
HNF1a and HNF3p have been implicated in the upregulation of GLUT2 (REF.5) (FIG. 4).
Finally, insulin has been proposed to phosphorylate SGLT2 at Ser624, to increase its
transport capacity8®. Thus, postprandial insulin release might increase proximal tubular
SGLT?2 activity in order to retain increased amounts of filtered glucose. However, in the
context of hyperinsulinaemia associated with obesity and T2DM, this increased activity
might be maladaptive®? (FIG. 4).

In addition to stimulating SGLT2 activity, hyperinsulinaemia might coordinate the
stimulation of other apical transporters in the proximal tubule, including the Na*/H*-
exchanger NHE3 (REFS%82) and the luminal urate transporter URAT1 (REFS83.84),
Furthermore, SGLT2 might be functionally coupled to NHE3 and URATL1 in the proximal
tubule. Pharmacological blockade of SGLT2 partially inhibits the activity of NHE3
(REFS85-88) and URAT1 (REF.84) (FIG. 4); conversely, tubular knockdown of NHE3 can
reduce SGLT?2 protein expression8. Such coordinated regulation of apical transporters
involved in Na*, bicarbonate, glucose and urate reabsorption in the early proximal tubule
might facilitate the appropriate regulation of tubular reabsorption in response to changes in
GFR, for example, in the postprandial phase. A similar co-regulation of SGLT1 and NHE3
has been proposed to occur in the small intestine in response to post-prandial stimuli®.

Cell membrane SGLT2 protein expression in the kidney is also increased in response to
pharmacological inhibition of SGLT2 (REFS®3:91), which might reflect the negative
feedback regulation of SGLT2 expression by intracellular glucose concentrations. In line
with this proposal, conditions associated with enhanced proximal tubule gluconeogenesis
(such as the increased bicarbonate formation occurring in the absence of tubular NHE3)
were associated with reduced SGLT?2 expression8® (FIG. 4). Thus, renal SGLT2 expression
might be reduced in some diabetic kidneys as a consequence of enhanced proximal tubular
gluconeogenesis (for example, due to metabolic acidosis®9). Alternatively, factors associated
with severe tubular hypoxia, injury, ketoacidosis, cachexia or inflammation might also
reduce SGLT2 levels2-94,
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Rationale for SGLT2 inhibition in DKD

Several SGLT2 inhibitors have been approved as glucose-lowering agents in patients with
T2DM and preserved kidney function23. The principle underlying SGLT2 inhibition in the
diabetic kidney relates to its role in tubular glucose reabsorption and in maintaining
hyperglycaemia (FIGS 1,5). SGLT2 inhibitors act on their target proteins in the extracellular
surface of the cell membrane®, which they reach by glomerular filtration and, in the case of
empagliflozin, also by tubular secretion®. Inhibition of SGLT2 induces a fall in the renal
glucose reabsorption capacity down to the residual capacity of SGLT1 — that is, to ~80 g of
glucose daily (as further discussed below). In other words, SGLT2 inhibition lowers the
threshold at which the renal safety valve opens, thereby inducing a sustained urinary glucose
loss of 40-80 g daily. In patients with T2DM, this glucosuria is associated with a sustained
decrease in HbA1C levels of 0.5-0.7%23. SGLT?2 inhibition also reduces body weight owing
to its diuretic effect and as a result of renal glucose and calorie loss, which shifts energy
substrate utilization from carbohydrates to lipids and thereby reduces visceral and
subcutaneous body fat23. Free fatty acids released from adipose tissue can also be taken up
by the liver to form ketone bodies, which can be used as an additional energy substrate by
the kidneys, heart, brain and muscle®”-98, Moreover, by lowering blood glucose levels and
body weight, SGLT2 inhibitors improve pancreatic p-cell function and sensitivity to insulin
in patients and rodent models of T2DM99-103, By reducing hyperglycaemia, SGLT2
inhibitors also have the potential to reduce glucotoxicity in the kidney and extrarenal
organs'94 (FIG. 5). Most importantly, however, the rationale for inhibiting SGLT2 in the
diabetic kidney is based on the central role of this transporter in the tubular hypothesis of
glomerular hyperfiltration and nephropathy.

Effects of SGLT2 inhibition on GFR

Consistent with the prominent role of SGLT2 in the tubular hypothesis of glomerular
filtration, inhibition of this transporter attenuates proximal tubule hyperreabsorption in the
diabetic kidney and thereby lowers diabetes-associated glomerular hyperfiltration (FIG. 1).
In 1999, micropuncture studies of superficial glomeruli of hyperfiltering rats with STZ-
induced diabetes showed that concentrations of sodium, chloride and potassium at the
macula densa were ~25% lower than those in non-diabetic control rats, implying that
reabsorption of these electrolytes is increased upstream of the macula densal® (FIG. 2).
Phlorizin (an inhibitor of both SGLT2 and SGLT1) delivery into the Bowman’s space of
nephrons from these rats normalized (within minutes) the macula densa concentrations of
these electrolytes and also normalized SNGFR in diabetic rats, but had minimal effect on
non-diabetic animals. Similar results were obtained with acute or chronic systemic
application of a selective SGLT2 inhibitor to diabetic rats33. Moreover, pharmacological
inhibition or genetic ablation of SGLT2 reduced whole-kidney hyperfiltration in diabetic
mice®2:63.71 The suppression of diabetic hyperfiltration in response to SGLT2 inhibition was
also associated with (and indeed was attributable to) an increase in the hydrostatic back
pressure in the Bowman’s space, due to more fluid being left in the tubular lumen16. Most
importantly, the hyperfiltration-suppressing effect of SGLT2 inhibition was independent of
changes in blood glucose level16:33.62 A study from 2019 confirmed a role of A1R-mediated
afferent arteriolar vasoconstriction in the GFR-lowering effect of SGLT2 inhibition in
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micel05, These findings are all consistent with the hypothesis that hyperfiltration results
from a primary increase in proximal tubular reabsorption that is dependent on sodium—
glucose cotransport.

This short-term (that is, observable within a few minutes to hours and weeks of treatment
initiation) GFR-lowering effect of SGLT2 inhibition has been confirmed in humans, and also
shown in long-term studies (that is, with durations of months to years) that demonstrated a
biphasic GFR response characterized by an initial reduction in GFR followed by
preservation of GFR at the new, lower level. Briefly, treatment of patients with TLDM and
hyperfiltration with the SGLT2 inhibitor empagliflozin for 8 weeks decreased GFR
independently of its effects on blood glucose levels19. The trial researchers suggested that
empagliflozin exerted a dominant effect on the afferent arteriole, whereas a preliminary
study in patients with T2DM proposed that another SGLT2 inhibitor, dapagliflozin, reduced
GFR by reducing efferent arteriolar resistancel%? (FIG. 5). As described earlier, adenosine
produced at the macula densa acts to both constrict the afferent arteriole and dilate the
efferent arteriole, and can therefore mediate both of the above-described effects. The short-
term and long-term effects of SGLT2 inhibition were first demonstrated in the EMPA-REG
OUTCOME08 trial conducted in patients with T2DM and preserved kidney function, in
which empagliflozin induced an initial reduction in estimated GFR (eGFR) compared with
placebo over the first 4 weeks of treatment. Throughout the remainder of the study (until
week 192), eGFR remained stable in the patients treated with empagliflozin, whereas those
receiving placebo experienced a progressive decline in eGFR. Accordingly, kidney function
was better preserved in patients receiving the SGLT2 inhibitorl98, A similar time course of
GFR change was observed in clinical trials of canagliflozin19%-111 and dapagliflozinl12.
Importantly, discontinuation of SGLT2 inhibitor treatment restored eGFR to pretreatment
levels among patients in the SGLT2 inhibitor group, whereas eGFR remained below
pretreatment levels in patients who had received placebol98.109,

The beneficial renal effects of SGLT2 inhibitors seem to be preserved in patients with CKD
and diabetes mellitus. Indeed, studies in patients with T2DM and stage 2—-3 CKD show that
despite the blood glucose-lowering effect of SGLT2 inhibition being attenuated in these
individuals owing to their reduced total rate of filtered glucose, the short-term GFR-lowering
effect of SGLT2 inhibition is retained!11:113.114 as js the long-term preservation of GFR111
and the full reversibility of the GFR-lowering effect after treatment discontinuationl14. The
expected GFR-preserving effect in patients with CKD was based on the assumption that
surviving nephrons hyperfilter as a compensatory mechanism and therefore maintain a high
glucose load at the single-nephron level.

The observation that SGLT2 inhibition induces an initial reduction in GFR that is reversible
after discontinuation of treatment indicates that the GFR reduction following SGLT2
inhibition has a functional rather than a structural cause, which is consistent with the tubular
hypothesis. The demonstration in large clinical trials that long-term SGLT2 inhibition
preserves eGFR and renal function in patients with T2DM108.115.116 including in those with
CKD1 s also consistent with a tubular origin of DKD (FIGS 1,5). Further details of these
trials can be found elsewherell7.

Nat Rev Nephrol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon and Thomson Page 11

Effect of SGLT2 inhibition on heart function

Given the role of SGLT2 in diabetes-induced proximal tubular hyperreabsorption of glucose,
sodium and fluid, inhibition of SGLT2 has a modest diuretic and natriuretic effect that
reduces body weight and thereby decreases systolic blood pressure by 3-6 mmHg (REF.23).
This blood pressure-lowering effect is expected to have cardiovascular protective
consequences, particularly in patients with cardiovascular risk factors18 (FIG. 5). The
reduction in blood pressure and modest reduction in plasma volume19 resulting from
SGLT2 inhibition can rapidly (that is, within days to weeks) reduce cardiac preload and
afterload and thereby contribute to the reduction in heart failure observed in large outcome
trials111:116.120,121 The peneficial renal and cardiovascular effects of SGLT2 inhibition
might also result from an increase in ketone bodies produced from free fatty acids (as
mentioned above), a potential uricosuric and plasma uric acid-lowering effect!2? related to
increased tubular or urinary glucose delivery23.124 and inhibitory effects on URAT1 (REF.
84). Many of the above-described effects of SGLT2 inhibition can occur independently of
blood glucose lowering, suggesting that SGTL2 inhibitors might exert beneficial effects in
patients with normoglycaemial?®. Indeed, the DAPA-HF trial126 showed that, compared
with placebo, dapagliflozin reduced the risk of worsening heart failure or death from
cardiovascular causes among patients with heart failure and a reduced ejection fraction,
irrespective of their diabetes status26. A secondary analysis of the CREDENCE trial datal2’
indicated that canagliflozin reduced the risk of cardiovascular and renal events in patients
with T2DM and CKD across the spectrum of baseline HbAlc values, including in patients
with baseline HbA1c of 6.5-7.0%127. Ongoing trials are further assessing the effects of
SGLT2 inhibitors in non-diabetic patients with heart failure and/or CKD.

Effects on sodium and glucose reabsorption

Hyperfiltration imposes the highest transport burden on the early proximal tubule.
Attenuation of glucose reabsorption in the early proximal tubule induced by SGLT2
inhibition increases the load of glucose and sodium delivered to downstream segments of the
nephron (FIG. 5). By shifting some of the sodium and glucose reabsorption processes
downstream of the proximal tubule, SGLT2 inhibition distributes this transport burden more
equally along the tubular and collecting duct system, which (in our opinion) could help to
preserve overall renal epithelial integrity and function. Furthermore, the SGLT2 inhibitor
ipragliflozin lowered protein kinase C (PKC) activity in distal convoluted tubule cells and
reduced the renal phosphorylation of Kelch-like protein 3 and expression of the Na*CI~
cotransporter NCC in diabetic ob/ob micel28 — mechanisms that might facilitate Na*
excretion.

SGLT2 inhibitors do not increase the incidence of hypoglycaemial08116.120.129 hecayse they
become ineffective at lowering blood glucose levels once the filtered glucose load falls to
~80 g daily — the level that can be handled by SGLT1. However, the shift in glucose
transport to the S3 segment and mTAL associated with SGLT2 inhibition might further
reduce the already physiologically low availability of O, in the renal outer medullal30-132
(FIG. 5) through mechanisms that include enhanced glucose transport via SGLT1 (which, as
mentioned earlier, uses twice as much energy per glucose molecule transported as does
SGLT2)%.

Nat Rev Nephrol. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon and Thomson

Page 12

The increase in medullary transport and oxygen consumption in response to SGLT2
inhibition is mitigated by the concomitant reduction in blood glucose and GFR, which
lowers the tubular glucose, sodium and chloride load and thereby reduces the tubular
transport burden?30:132 (FIG. 5). Furthermore, the reduction in oxygen pressure in the deep
cortex and outer medulla could stimulate hypoxia-inducible factors HIF1 and HIF2, as
demonstrated by findings in Sg/t2-knockout mice, which have increased renal mRNA
expression of HMOX1 (encoding haem-oxygenase 1)52, a tissue-protective enzyme that is
induced by HIF1a. Moreover, activation of HIF2 might explain the enhanced release of
erythropoietin from renal interstitial cells observed in response to SGLT2 inhibition133,
Together with extracellular fluid volume loss due to the diuretic effect of SGLT2 inhibition,
which increases the concentration of red blood cells, the increase in erythropoietin might
contribute to the modest increase in haematocrit and haemoglobin observed in response to
SGLT2 inhibition (FIG. 5). These changes are expected to improve oxygenation of the renal
outer medulla and cortex and facilitate oxygen delivery to the heart and other organs!®. In
this regard, almost half of the beneficial effect of the SGLT2 inhibitor empagliflozin on the
risk of cardiovascular death is explained by changes in haematocrit (51.8%) and
haemoglobin levels (48.9%), respectively34. In other words, in addition to its effect on
extracellular volume as a result of osmotic diuresis and natriuresis, SGLT2 inhibition might
simulate systemic hypoxia at the oxygen sensors in the deep cortex and outer medulla of the
kidney, which has beneficial effects on the kidney and heart!35. Modelling studies predict
that these effects and the natriuretic effect of SGLT2 inhibition will be preserved in patients
with CKD125,

In accordance with their overall nephroprotective effect, an analysis of >3,000 patients with
T2DM showed that SGLT2 inhibitor use also reduced the risk of acute kidney injury (AKI)
by ~50%136, Nevertheless, caution is warranted in some patient groups. For example, in
elderly individuals excessive volume depletion and the shift in transport from the proximal
tubule to the outer medulla could increase the risk of AKI.

The role of SGLT1 in diabetes

SGLT1 is expressed in many organs and has a major role in intestinal glucose absorption
(reviewed elsewherel37). In the kidney, the role of SGLT1 was thought to be limited to
mopping up the residual amounts of glucose in the late proximal tubule that escaped SGLT2,
and this activity was thought to have no major physiological or pathophysiological
implications. New studies have begun to revise this understanding.

SGLT1 effects on glucose reabsorption

To recapitulate, SGLT1 in the late proximal tubule reabsorbs the glucose that has not been
reabsorbed by upstream SGLT2, which under normal conditions equates to about 3% of
filtered glucose>#5. However, this value is well below the maximal glucose reabsorption
capacity of SGLT1, as is demonstrated when large amounts of glucose are delivered to the
late proximal tubule. For example, fractional glucose reabsorption is maintained at 40-50%
in healthy humans and rodents following application of a selective SGLT2 inhibitor®4:138
(FIG. 3). A similar phenomenon is observed in mice lacking SGLT2 (REF.?1). This
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persistence of substantial glucose reabsorption is due to SGLT1, the sizable glucose
transport capacity of which is unmasked by SGLT2 inhibition®1:>4. As a consequence, and as
observed in both non-diabetic and diabetic mice, combined inhibition of renal SGLT2 and
SGLT1 is more glucosuric than is inhibition of SGLT2 alone>* 71139, The available evidence
suggests that the basal overall glucose reabsorption capacity of SGLT2 is 3-5-fold that of
SGLT1 in a non-diabetic mouse kidney4C. The contribution of SGLT1 to renal glucose
reabsorption is quantitatively increased in the context of diabetes, particularly when the
filtered glucose load overwhelms the transport capacity of SGLT2. In this situation, SGLT1
increasingly contributes to proximal tubular hyperreabsorption, a circumstance with
implications for the tubular hypothesis similar to those described for SGLT2 (FIGS 1,2,6).

Effect of diabetes on SGLT1 expression

In contrast to the increase in SGLT2 protein and mRNA expression that occurs in patients
with diabetes highlighted above, a biopsy study showed that SGLT1 mRNA expression was
not significantly changed in the kidneys of patients with T2DM and CKD compared with
their levels in non-diabetic control kidneys’®. These findings are in contrast to those from a
study showing that SGLT1 protein expression was increased in leptin-deficient, diabetic
ob/ob micel4! (a model of T2DM), although a direct effect of leptin on SGLT1 expression
cannot be excluded. Moreover, another study showed that renal SGLT1 protein expression
was reduced in Akita mice (a model of TIDM)®2, In contrast to SGLT2, the activity of
which is increased by insulin, SGLT1-mediated sodium—glucose transport in HEK-293T
cells was slightly decreased by insulin8L. Together, these data indicate differences in the
regulation of SGLT2 and SGLT1 in the kidney.

Why diabetes leads to reduced renal SGLT1 expression is not entirely clear, but some insight
is offered by the observation that renal SGLT1 protein expression is also reduced in non-
diabetic mice by genetic ablation or pharmacological inhibition of SGLT2 (REFS®1.63). Both
SGLT2 inhibition and diabetes increase glucose delivery to the late proximal tubule and
thereby increase SGLT1-mediated glucose reabsorption. Mathematical modelling and
experimental studies indicate that diabetes increases the consumption of (and thereby
reduces the availability of) oxygen in the outer medullal39-132, Stydies in LLC-PK1 pig
proximal tubule cells show that hypoxia reduces the protein expression of both SGLT1 and
SGLT2, which was associated with activation of HIF1a.%3. In vitro studies further indicate
that glucose-associated oxidative stress also reduces SGLT1 and SGLT2 expression and Na—
glucose cotransport in proximal tubule cells142. Furthermore, the absence of SGLT1 can
improve renal recovery in a model of renal ischaemia—reperfusion-induced AK|143

Thus, an increased glucose load to the outer medullary S3 segment enhances sodium—
glucose reabsorption, which might downregulate SGLT1 in order to limit oxygen-consuming
transport and glucotoxicity in this segment, which is known for its high sensitivity to AKI192,

Role of SGLT1 in the macula densa

As described above, SGLT1 in the late proximal tubule contributes to glucose and sodium
handling, particularly in the setting of diabetes and/or SGLT2 inhibition. However, SGLT1
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located at the macula densa acts as a glucose sensor to regulate the production of nitric oxide
(NO) by NO synthase 1 (NOSL1) (FIG. 6).

The production of NO following activation of NOS1 in macula densa cells alters the
sensitivity of TGF to accommodate an increased [Na*/ClI~/K*]up, thereby contributing to
the overall maintenance of sodium balancel44-146, Studies in rat and mouse models of
diabetes indicate that NO produced by macula densa NOS1 is involved in mediating the
increase in GFR that occurs in response to acute hyperglycaemial4’-150, A 2019 study
revealed that the binding of sodium and glucose to SGLT1 at the macula densa provides the
stimulus for increased macula densa NOS1 activity in hyperglycaemial4®, demonstrating
that SGLT1 in the macula densa serves as a glucose sensor (FIG. 6). Another study showed
that deletion of SGLT1 reduced glomerular hyperfiltration in diabetic Akita mice and mice
with STZ-induced diabetes but did not markedly change their blood glucose levels’?.
Furthermore, the increase in macula densa NOS1 expression observed in diabetic Akita mice
was abolished in the absence of SGLT1 (REF.’1) (FIG. 6). These findings support the notion
that increased tubular glucose delivery is sensed by SGLT1 in the luminal membrane of
macula densa cells, which respond by increasing NOS1-dependent NO formation and
reducing the vasoconstrictor tone at the afferent arteriole set by tubuloglomerular feedback,
thereby contributing to glomerular hyperfiltration (FIG. 6).

The absence of SGLT1 not only lowers glomerular hyperfiltration in Akita mice but also
reduces their kidney weight, glomerular size and albuminuria’l. These findings suggest that
targeting SGLT1 might have implications for renal integrity beyond the transport of glucose
in the late proximal tubule, thick ascending limb and macula densa. This suggestion is in
line with the finding that the absence of SGLT1 improved renal recovery in both kidney
cortex and medulla following ischaemia-reperfusion injury43, as discussed earlier in this
Review. The macula densa and the juxtaglomerular apparatus can be thought of as the
anatomical centre of a single nephron involved in the regulation of renin and GFR by
tubuloglomerular feedback, but this centre might have a much wider role. Sensing of
increased glucose delivery at the macula densa might in fact signal the need for increased
upstream glucose transport capacity and trigger tubular growth, although the underlying
mechanism is not known (FIG. 6).

Mouse studies also indicate that inhibition of SGLT1 and SGLT2 can independently improve
early changes in the diabetic kidney, via effects on blood glucose control, GFR, renal
glucose reabsorption, kidney weight and glomerular size’?.

Rationale for increased GFR in response to macula densa glucose delivery.—
In the context of diabetes, GFR rises (at least in part) to stabilize body fluid volume in
response to the increased tubular reabsorption of sodium, glucose and fluid resulting from
tubular growth and enhanced sodium-—glucose cotransport!®24, The delivery of glucose to
the macula densa indicates that upstream sodium—glucose cotransporters are saturated and
thus that hyperreabsorption of sodium, glucose and fluid has occurred. The macula densa
senses the increased luminal glucose via SGLT1, which activates NOS1 to produce NO (and
thereby to increase GFR, as described above) in order to maintain urinary sodium and fluid
excretion and volume balance (FIG. 6). Blunting this compensatory increase in GFR without
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inducing a robust effect on hyperreabsorption would be expected to increase blood pressure,
which is a first-order mechanism of sodium homeostasis'®L. In fact, deletion of SGLT1 not
only blunted the diabetes-induced hyperfiltration but also suppressed renal mRNA
expression of renin — a marker of volume overload — and increased systolic blood pressure
(FIG. 6). Macula densa NOS1 has a decisive role in the maintenance of long-term sodium
balancel®2-157, The response of diabetic mice to SGLT1 deletion resembles the effect of
high doses of a selective NOS1 inhibitor in diabetic rats4. In both situations, GFR was
reduced and accompanied by mild elevations in blood pressure. Thus, we propose that the
macula densa SGLT1-NOS1-GFR pathway complements the classic pathways of
tubuloglomerular feedback and tubular back pressure in the compensatory adaptation of
GFR to tubular hyperreabsorption in the diabetic kidney. In contrast to this new pathway, the
two classic mechanisms primarily operate when tubular glucose reabsorption is below the
glucose transport maximum® (FIG. 6). Finally, the activity of the macula densa SGLT1-
NOS1-GFR pathway might have a critical role in the transition of diabetic patients from a
hyperfiltering but normotensive phenotype to the late-stage presentations of reduced GFR
and hypertension1:149,

Role of the macula densa SGLT1-NOS1-GFR pathway in the response to
SGLT2 inhibition.—As described above, SGLT2 inhibition lowers GFR by enhancing
delivery of sodium, chloride and potassium to the macula densa23. This effect on GFR can
be attenuated by increasing glucose delivery to the macula densa, for example, as occurs
with SGLT2 inhibition-induced glucosuria, which activates the macula densa SGLT1-
NOS1-GFR pathway. Support for these mechanisms is provided by studies in non-diabetic
mice, in which the increased expression of macula densa NOS1 induced by SGLT2
inhibition was prevented by the absence of SGLT1 (REF.”1). By contrast, inhibition of
SGLT2 in severely hyperglycaemic Akita mice did not further increase glucosuria from
baseline levels (and probably did not alter glucose delivery to the macula densa either,
because the reduction in filtered glucose offsets the inhibition of glucose reabsorption82:63),
and actually reduced macula densa NOS1 expression’L. This reduction in NOS1 expression
might reflect the inhibitory influence of the volume loss induced by SGLT2 inhibition on
NOS1 expression (FIG. 6). Thus, multiple inputs affect the expression and activity of macula
densa NOSL1 in response to SGLT2 inhibition, and the natriuretic and diuretic activity of
SGLT2 inhibitors might reduce hyperfiltration in part by suppressing the glucose-
independent component of the macula densa NOS1 pathway. Mouse studies have further
shown that SGLT2 inhibition prevents the blood pressure increase observed in Akita diabetic
mice lacking SGLT1, potentially because of the additive effects of SGLT2 and SGLT1
inhibition on renal glucose, sodium and fluid excretion’L. Thus, findings from mouse studies
provide supportive evidence for the use of combined SGLT2 and SGLT1 inhibition in the
treatment of diabetes. However, further studies are required to more precisely define the role
of macula densa glucose sensing and the therapeutic potential of dual SGLT2-SGLT1
inhibitors such as sotagliflozin, as well as the potential beneficial effects of such treatment
(resulting mainly from SGLT1 inhibition) on intestinal glucose handling37.158-160,
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Diabetes: effect on proximal tubule growth

Some patients with diabetes mellitus will experience overall growth of the kidney,
particularly of the proximal tubules®15.78, Increased kidney size has been linked to the
development of DKD161-165 The mechanisms and implications of this kidney growth have
been studied extensively in experimental models and patients with TLDM, but although an
increase in kidney size has also been documented in experimental models of T2DM, little
information is available about this phenomenon in patients with T2DM.

Tubular growth enhances the expression of tubular transporters, including glucose
transporters, and, as mentioned earlier, is part of the tubular hypothesis of glomerular
hyperfiltration. In addition, the molecular pathways that contribute to tubular growth in the
setting of diabetes are linked to inflammation and fibrosis and might in consequence also
contribute to renal damage®1576. Thus, genetic and/or environmental factors that affect the
tubular growth response to the diabetic milieu might not only determine the extent of tubular
sodium and glucose hyperreabsorption and glomerular hyperfiltration in early diabetes but
might also affect the subsequent progression of renal disease®1°.76 (FIG. 1).

Mechanisms of proximal tubule growth

The growth of the proximal tubule in response to diabetes is a multistep process, in which
cells undergo proliferation followed by cell cycle arrest and hypertrophy. The final stages of
this process are characterized by a molecular signature characteristic of cellular senescence
(reviewed elsewhere9:15:76,166,167),

Proliferation of tubule epithelial cells occurs early in diabetes in response to a number of
stimuli, including high levels of glucose-induced oxidative stress, the tubular renin—
angiotensin system, enhanced filtration and tubular expression of growth factors (including
insulin-like growth factor | (IGF1), platelet-derived growth factor (PDGF), vascular
endothelial growth factor (VEGF) and epidermal growth factor (EGF)), inhibition of AMPK
and activation of PKCp, the JAK-STAT pathway, mTORC1 and ornithine decarboxylase
(ODC), the latter being the rate-limiting enzyme in polyamine synthesis; ODC is required
for hyperplasia and also most likely for hypertrophy of the proximal tubule in
diabetes®15.76.166.167 (F|G, 7).

The transition of the diabetic kidney from hyperplastic to hypertrophic growth also occurs
early — within a few days in rodents with STZ-induced diabetes®.15.76.166.167 Thjg
transition is mediated by TGFB1, which can be induced by the JAK-STAT signalling
pathway, PKCp, ERK and p38. PKCs (most likely PKCB, but this pathway has only been
confirmed using non-selective PKC inhibitors) and TGFp can induce cell cycle arrest in the
G1 phase by inducing p27KiP1 (p27, also known as cyclin-dependent kinase (CDK) inhibitor
1B)168.169 A role for oxidative stress and p21CiP1 (p21, also known as CDK inhibitor 1) has
also been implicated in the hypertrophic response to diabetes?0. Thus, signalling pathways
that initially induce proliferation subsequently induce a switch to cell hypertrophy through
induction of TGFP and CDK inhibitors in the diabetic tubule (FIG. 7). Tubule cell
hypertrophy is sustained through mechanisms involving the mTORC1-S6K1 pathway!/1,
impaired autophagy’2 and decreased proteolysis.
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Diabetes-induced cell senescence

The cellular senescence programme is a tumour-suppression mechanism involving cell cycle
arrest, which stops cells from replicating and passing on a damaged genome. Prototypical
cellular senescence involves transient induction of p21, p16'NK42 (p16, also known as CDK
inhibitor 2A) and/or p27. An analysis of kidneys from rats with STZ-induced diabetes
showed an early transient induction of growth phase components followed by their
suppression by day 10, which occurred concurrently with the induction of p16, p21 and p27
and the expression of senescence-associated B-galactosidase activity in cortical tubules’3
(FIG. 7). Moreover, cultured proximal tubule cells transitioned to a senescence-like
phenotype in response to oxidative stress1’3, More importantly, an accelerated senescence-
like phenotype was also observed in tubule cells of patients with T2DM and DKD174,

Glucose sensing triggers tubular growth

The glucose-lowering effect of SGLT2 inhibition has been demonstrated in experimental
models and clinical studies. Our group showed that mice with genetic deletion of SGLT2
and STZ-induced diabetes had lower blood glucose levels than did wild type mice with STZ-
induced diabetes (~300 mg/dl (17 mmol/l) versus ~470 mg/dl (26 mmol/l)) but had similarly
increased kidney weight and expression of kidney growth markers®2, indicating that SGLT2-
mediated glucose reabsorption itself was not critical for inducing changes in kidney growth.
In another study, administration of the SGLT2 inhibitor empagliflozin to diabetic Akita mice
induced a strong blood glucose-lowering effect: their blood glucose decreased from >500
mg/dl (28 mmol/l) to ~200 mg/dl (11 mmol/l). Although kidney growth was not entirely
prevented in empagliflozin-treated mice, the drug strongly attenuated kidney growth and
reduced molecular markers of renal growth in proportion to the reduction in
hyperglycaemia®3. These results indicate that SGLT2 inhibition can reduce diabetic kidney
growth secondary to a strong blood glucose-lowering effect (FIGS 1,5).

The observation that empagliflozin attenuated but did not completely prevent kidney growth
or upregulation of p27 in diabetic Akita mice83 might reflect the fact that the drug did not
fully normalize blood glucose levels and/or that the treatment-related reductions in GFR and
blood glucose were insufficient to reduce glucose delivery downstream of the early proximal
tubule, which itself could be a tubular growth stimulus. Although SGLT2 inhibition might be
expected to increase glucose delivery to the downstream proximal tubule, the net effect of
this treatment depends on the degree of drug-related reductions in GFR and blood glucose.
Thus, in these mice, SGLT2 inhibition did not increase glucosuria because their pretreatment
blood glucose levels were already very high; instead, SGLT2 inhibitor-related reductions in
GFR and blood glucose resulted in a decrease in filtered glucose levels matching the
inhibition of proximal tubule glucose reabsorption. The finding that empagliflozin reduced
kidney growth in Akita mice without lowering urinary glucose excretion indicates that the
increase in luminal glucose delivery downstream of the early proximal tubule is not by itself
sufficient to explain the majority of the kidney growth that occurs in diabetes. These studies
leave open the possibility that glucose delivery downstream of the proximal tubule might
have a minor role in diabetic tubular growth — particularly given the role of SGLT1 in
diabetic kidney growth’! described earlier (FIG. 6) — but indicate the need for additional
stimuli that are independent of SGLT2 and luminal glucose delivery.
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Role of basolateral GLUTL1 in tubular growth.—Studies in LLC-PK1 proximal tubule
cells showed that exposure to 25 mmol/l p-glucose induced glucose uptake via basolateral
(but not apical) GLUT1 and that the subsequent intracellular metabolism of glucose
enhanced the synthesis and secretion of TGFB175:176, Thus, hyperglycaemia-induced
basolateral uptake of glucose via GLUT1, and potentially also GLUT2, might be the driving
force that enhances proximal tubular synthesis of TGFp and thereby promotes tubular
hypertrophy (FIG. 4). In line with this hypothesis, administration of metformin to rats with
STZ-induced diabetes prevented the upregulation of renal GLUT1 protein expression’’;
moreover, administration of the AMPK activators metformin and 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR) inhibited renal hypertrophy without affecting
hyperglycaemial’8,

Alterations in energy metabolism might also contribute to the development of renal injury in
diabetes. A metabolic shift from oxidative phosphorylation to glycolysis has been proposed
to occur in regenerating proximal tubule cells after AKI, as well as in proximal tubule cells
undergoing atrophy7. This metabolic switch is reportedly reversed following successful
tubular recovery, but persists and becomes progressively more severe in tubule cells that fail
to redifferentiate’®. Upregulation of HIF1a in the tubules of non-diabetic mice enhanced
renal G/utI mRNA expression, was associated with a reduction in oxygen consumption and
increased glycolysis® (FIG. 4). Further studies are needed to test the hypothesis that
proximal tubular hypoxia in the diabetic kidney increases basolateral GLUT1-mediated
facilitative uptake of glucose, which is then used for glycolysis and linked to tubular growth
or pro-fibrotic pathways. Notably, a prominent role of GLUT1 in diabetic
glomerulosclerosis has also been proposed8l.

Tubular growth: effect on hyperreabsorption

An increase in proximal tubular length and diameter enhances tubule reabsorptive capacity.
Difluoromethylornithine (DFMO, an ODC inhibitor), had no effect on kidney weight or
GFR in non-diabetic rats, but attenuated kidney growth#¢:182 and reduced kidney weight and
glomerular hyperfiltration proportionally in rats with STZ-induced diabetes*6. Moreover,
renal micropuncture studies showed that DFMO eliminated the primary increase in proximal
tubular reabsorption in rats with STZ-induced diabetes#6. That is, for a given level of
SNGFR, proximal fluid reabsorption was lower in DFMO-treated rats than in control rats.
Thus, attenuation of tubular growth is expected to have secondary effects on diabetic
hyperreabsorption and hyperfiltration. This mechanism probably also involves Na*/K*-
ATPase in the basolateral membrane of tubular epithelial cells, which lowers intracellular
sodium concentrations and thereby provides the driving force for sodium uptake across the
apical membrane. In fact, inhibition of PKCP reduces diabetic hyperfiltration183, which
might reflect the above-described role of this factor in both diabetic tubular growth84 and
activation of Na*/K*-ATPase — and thereby in sodium transport in proximal tubules18. A
2019 study also confirmed the role of the Na*/H*-exchanger NHE3 as a determinant of
tubular reabsorption, kidney weight and GFR in both non-diabetic and diabetic Akita mice:
genetic knockdown of NHE3 in the tubular system was associated with reduced kidney
weight and GFR®°.
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Tubular growth and the salt paradox

In the 1990s our group made the surprising finding that in rats with STZ-induced diabetes, a
low-salt (NaCl) diet reduced renal vascular resistance and increased renal blood flow, GFR
and kidney weight86, whereas a high NaCl diet induced renal vasoconstriction87. An
inverse relationship between dietary NaCl and GFR is counterintuitive, given that GFR
determines the tubular NaCl reabsorption needed to maintain sodium homeostasis; in other
words, the kidneys increase GFR (and thus increase the tubular delivery of NaCl) under
conditions when urinary NaCl excretion has to be reduced to match dietary intake and vice
versa. This discovery prompted us to coin the term ‘salt paradox’ of the diabetic kidney. The
phenomenon was subsequently confirmed in other rodent models of diabetes36:188 and in
patients with uncomplicated TIDM189,

The salt paradox is unique to the diabetic kidney, and is a manifestation of the tubular
hypothesis of glomerular filtration. This paradox results from the growth phenotype of the
proximal tubule, which enhances the sensitivity of proximal tubule reabsorption to changes
in dietary NaCl. The result is that increased ingestion of NaCl suppresses proximal tubular
reabsorption and increases NaCl delivery at the macula densa (and vice versa for a decreased
NaCl intake, FIG. 1). Tubuloglomerular feedback then adjusts GFR to stabilize the delivery
of sodium and chloride to the early distal tubule28:36.190 The salt paradox occurs
independently of renal innervation9 or type 1 Angll receptor activation!8®. Inhibition of
tubular growth by ODC, however, abolishes the salt paradox19, highlighting the importance
of tubular growth to this phenomenon.

As described above, hypertrophic proximal tubular cells in the diabetic kidney are
continuously exposed to mitogens, but are prevented from entering the cell cycle owing to
the presence of CDK inhibitors. These cells also demonstrate a senescence-like phenotype,
which could alter their cellular responses (FIG. 7). More specifically, these tubular cells
might have lost the cellular programmes that normally tell them not to respond to moderate
changes in dietary NaCl. Thus, diabetes not only increases proximal tubular reabsorption but
also increases the responsiveness of the proximal tubule to dietary salt?8.

The salt paradox raises the question of whether a low-salt diet might increase the
vulnerability of the diabetic kidney to chronic damage as a result of the associated increase
in GFR and augmented kidney growth (FIG. 1). Two prospective studies have assessed the
association of salt intake, based on 24-h urine collection, with outcomes in patients with
diabetes over a median follow-up of 10 years. One of these studies, conducted in patients
with T2DM, found that survival was monotonically associated with urinary sodium, such
that a daily increase in sodium intake of 100 mmol predicted a 30% reduction in
cardiovascular and all-cause mortality192. In the second study, conducted in patients with
T1DM, the relationship of all-cause mortality to sodium intake was biphasic: mortality was
lowest for patients with sodium intakes of 100-200 mmol daily, but increased gradually for
patients with higher sodium intakes, and increased even more notably in patients with a
sodium intake below this rangel93, Moreover, the cumulative incidence of ESRD was
monotonically inversely associated with sodium intake, such that reducing sodium intake
from the 90th to the 10th percentile equated to a 10-fold increase in the likelihood of
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developing ESRD93. These two studies question the view that a low salt intake is similarly
beneficial for patients with TLDM and T2DM, and indicate the need for intervention studies.

Effects of hyperfiltration on the kidney

As 99% of filtered sodium is normally reabsorbed by the kidney, urinary sodium excretion is
matched to dietary intake. Therefore, GFR is the primary determinant of renal sodium
reabsorption and transport work, as well as renal oxygen consumption. Mathematical
modelling predicts that sodium transport increases by 50%, and sodium transport-dependent
oxygen consumption (active Qgy) increases by 100%, in the diabetic rat kidney from non-
diabetic levels, primarily as a consequence of glomerular hyperfiltrationl32. The proximal
tubule segments in the renal cortex actively reabsorb most of the glomerular filtrate and
therefore show the largest increases in Qp; in response to increases in GFR130.132 |
accordance with these findings, oxygen tension (Pg) in the renal cortex was reduced in a rat
model of TIDM131,

Reducing the hyperfiltration and therefore the oxygen-consuming transport work of single
nephrons has the potential to preserve the integrity of the remaining nephrons and overall
kidney function in the long term (FIG. 1). Such a strategy has been proposed to underlie the
nephroprotective effects of renin-angiotensin system blockers194.195 and SGLT2 inhibitors
(FIG. 5). The observation that ~80% of the patients with initial GFRs =30 ml/min/1.73 m2
who were included in clinical trials and showed beneficial effects of SGLT2 inhibitors on
heart and kidney outcomes were also receiving a form of renin—-angiotensin system blockade
provides evidence that the two strategies are additive in such patients08.111,116
Mathematical modelling predicted that inhibition of SGLT2 in the diabetic kidney reduces
oxygen consumption in the proximal convoluted tubule and renal cortex, in large part by
lowering GFR130:132 The predicted increase in cortical O, pressure has been observed in
diabetic rats treated with the non-specific SGLT inhibitor phlorizin3!. Preservation of renal
cortical oxygenation might be critical for the preservation of kidney function in patients with
CKD1%, a hypothesis consistent with the notion that glomerular hyperfiltration primarily
induces a burden on the proximal tubule.

Glomerular hyperfiltration can also damage the diabetic kidney by exposing glomerular
capillaries to an increased hydrostatic filtration pressure and by enhancing the glomerular
filtration of factors that are potentially deleterious for the tubulointerstitium (FIGS 1,7).
Albumin, growth hormones, advanced glycation end products and other factors in the
glomerular filtrate interact with the tubular system and have various consequences that
contribute to the development and progression of DKD: increased energy consumption, renal
oxidative stress and cortical interstitial inflammation; impairment of autophagy; and
stimulation of hypoxia and tubulointerstitial fibrosis®76:172.176,197-199

Consequences of tubular growth

As described above, tubular growth and hyperreabsorption increase renal oxygen
consumption. In addition, the molecular mechanisms involved in diabetic tubular growth are
thought to set the stage for long-term progression of DKD8, in accordance with the
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observation that kidney enlargement is linked to the development of DKD61-165 Typule
cells that develop a senescence-like phenotype remain differentiated to some extent, but
exhibit several abnormalities (including increased secretion of pro-inflammatory cytokines,
increased production of growth factors and extracellular matrix, and resistance to apoptotic
remodelling), changes that are independent of diabetes?%. The senescence-like cell cycle
arrest of tubular cells might act to prevent excessive proliferation of damaged cells, but also
alters proximal tubular function and sets the stage for inflammation and fibrosis (FIGS 1,7).

TGFp probably has a prominent role in linking the tubular growth phenotype of the diabetic
kidney to inflammation, fibrosis, scarring and impairment of renal function76:201, Other
prominent pathways include growth factors (such as PDGF, IGF1 and EGF), Angll,
oxidative stress, the JAK-STAK pathway, the TSC2-mTOR pathway, PKCp and epigenetic
changes that have been implicated in renal growth and fibrosis of the diabetic kidney,
reviewed elsewherel®76:202 (F|G. 7). For example, a 2011 study indicated that the TSC2-
mTOR pathway, which is involved in tubular proliferation and hypertrophy, also promotes
apoptosis of tubular epithelial cells in diabetes203. Findings from an extensive set of studies
also suggest that the diabetes-induced inhibition of AMPK and hyperactivation of the mTOR
signalling pathway have (via negative regulation of autophagy) a critical role in the
pathogenesis of DKD172, Experimental studies indicate that SGLT2-mediated glucose
uptake might contribute to the inhibition of autophagy in proximal tubules in diabetes,
thereby contributing to the renoprotective effects of SGLT2 inhibitors®2:204,

Conclusions

Diabetes mellitus is a leading cause of CKD that affects the kidney differently at different
disease stages. In a subset of patients, the onset of diabetes mellitus induces kidney growth
and glomerular hyperfiltration, which are risk factors for the development of DKD later in
life. We propose a unifying tubular hypothesis of DKD based on the concept that the kidney
aims to retain glucose in both euglycaemic and hyperglycaemic states. The glucose-retaining
process involves sodium and glucose cotransport in the proximal tubule, which is augmented
by diabetes-induced tubular growth. Both mechanisms, however, also increase the proximal
tubular reabsorption of NaCl and fluid, which in turn induces glomerular hyperfiltration
through tubuloglomerular feedback and the lowering of tubular back pressure to normalize
renal NaCl and fluid excretion. The increase in GFR, however, is a burden for the kidney on
multiple levels, including enhanced physical intraglomerular stress, increased renal transport
and oxygen requirement, and enhanced exposure of the tubular system to tubulotoxic
compounds.

The relevance of SGLT2 for glomerular hyperfiltration and the development of DKD has
been demonstrated in patients with T2DM in large clinical outcome studies, although the
therapeutic potential of SGLT2 inhibitors in patients with TLDM remains to be established.
Experimental studies show that SGLT1 in the apical membrane of the macula densa senses
enhanced luminal glucose delivery and increases GFR by enhancing the formation of NO,
thereby extending the tubular hypothesis of nephron filtration to tubular segments
downstream of the proximal tubule. The therapeutic potential of SGLT1 inhibition and of the
additive effects of SGLT1 and SGLT?2 inhibition remains to be determined. The molecular
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signature of diabetic tubular growth is also unique, and involves a senescence-like phenotype
that is linked to pro-inflammatory and pro-fibrotic signalling that can set the stage for
tubulointerstitial injury and development of DKD. Unidentified genetic and environmental
factors might modulate the tubular response to hyperglycaemia, thereby contributing to the
variation of kidney growth, tubular hyperreabsorption, glomerular hyperfiltration and the
development of DKD in patients with diabetes (FIG. 1).

Hyperfiltration and/or an increase in blood pressure compensate for proximal
hyperreabsorption of sodium via the SGLTSs and tubular growth. Why there is no relevant
neurohumoral downregulation of renal sodium reabsorption in the diabetic setting that could
have a similar effect on sodium balance without burdening the kidney is unclear24. Further
experimental and clinical studies are needed to fully understand the mechanisms that trigger
diabetic tubular growth and the link between the molecular signature of tubular growth and
the development and progression of DKD, including studies in patients with T2DM. Several
questions remain to be answered, including the cellular consequences of tubular glucose
uptake via apical and basolateral transporters and the extent to which the macula densa is
involved in the phenotypic switch from hyperfiltration to hypertension in diabetes.
Mathematical modelling suggests that transport mechanisms downstream of the macula
densa affect diabetic hyperfiltration24, but the therapeutic potential of targeting these
mechanisms remains to be tested. Finally, we need improved understanding of the tubular
protective mechanisms that explain why the development of DKD occurs typically 10-20
years after the onset of diabetes, when many of the proposed deleterious molecular pathways
are activated rapidly by elevated blood glucose levels, and why they eventually fail.
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Key points

. Rising blood glucose levels drive increased delivery of glucose into the
Bowman’s space by glomerular filtration and cause increased reabsorption of
glucose and sodium by the proximal tubule sodium—glucose cotransporters,
SGLT2 and SGLT1, up to a transport maximum.

. Diabetes mellitus causes the kidney tubule to grow and increase its capacity
for transport; most of this growth occurs in the proximal tubule, which
increases glucose reabsorption and contributes to hyperglycaemia, and
induces abnormally high reabsorption of filtered sodium chloride (NaCl).

. The increase in proximal reabsorption reduces NaCl and fluid delivery to the
macula densa and induces glomerular hyperfiltration through
tubuloglomerular feedback and a decline in tubular back pressure, which
helps to normalize renal NaCl and fluid excretion.

. Glomerular hyperfiltration places physical stress on the filtration barrier and
increases the demand for oxygen to reabsorb the filtered load; hypertrophic
tubular cells exhibit a senescence-like phenotype, with pro-inflammatory and
pro-fibrotic consequences that might promote the development of diabetic
kidney disease (DKD).

. Not all patients with diabetes develop DKD, suggesting that the tubular
growth and hyperreabsorption response must be subject to genetic or
environmental influences; one such environmental factor is dietary NaCl,
which mitigates hyperfiltration in diabetes by suppressing proximal
reabsorption and thereby increasing the tubuloglomerular feedback signal.

. The clinical relevance of increased proximal reabsorption and hyperfiltration
in diabetes is demonstrated by the ability of SGLT2 to improve renal
outcomes in patients with diabetes, which has been verified in large-scale
clinical trials.

. SGLT1 is a positive regulator of NOS1 in the macula densa, and acts as a
glucose sensor to stimulate hyperfiltration and potentially regulate tubule
growth in the diabetic kidney.
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Glomerular ultrafiltration coefficient

A measure of the glomerular capillary membrane’s permeability to water; specifically,
the volume of fluid filtered in unit time through a unit area of glomerular capillary
membrane per unit pressure difference.

Tubuloglomerular feedback

A mechanism that inversely relates single nephron glomerular filtration rate to the NaCl
concentration at the macula densa of the same nephron.

Tubular back pressure

The hydrostatic pressure in the Bowman’s space.

Filtration fraction

The fraction of renal plasma flow that is filtered by the glomeruli.
Gibbs free energy

The thermodynamic potential (or available energy) associated with a chemical reaction
that can be used to do reversible work at a constant temperature and pressure.

Electrogenic

A type of transport process that leads to the translocation of net charge across the
membrane and produces a change in the electrical potential of a cell.

Facilitated diffusion

The process of spontaneous passive transport of molecules or ions across a biological
membrane along their electrochemical gradient, usually via a transmembrane integral
protein.
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Fig. 1 |. Tubular hypothesis of glomerular filtration and nephropathy in diabetes mellitus.
Hyperglycaemia activates renal mechanisms that act to retain the increased amounts of

filtered glucose. Tubular growth and the activity of sodium—glucose cotransporters 2 and 1
(SGLT2 and SGLT1) in the proximal tubule increase glucose reabsorption. These
adaptations also induce reabsorption of sodium; as a result, the glomerular filtration rate
(GFR) also increases, to restore sodium excretion. However, the onset of tubular growth,
hyperreabsorption and glomerular hyperfiltration promotes the development of diabetic
kidney disease. The increase in GFR increases renal transport and oxygen requirements,
which (together with enhanced glomerular filtration of albumin and other tubulotoxic
factors) promotes hypoxia, inflammation, fibrosis and tubulointerstitial damage. The
molecular signature of tubular growth in the context of diabetes is characterized by a
senescence-like cellular phenotype, which is associated with the release of pro-inflammatory
and pro-fibrotic factors, and probably also explains the ‘salt paradox’ of the diabetic kidney,
whereby renal vasodilation unexpectedly occurs in response to a low dietary NaCl intake.
Together, these changes promote hypoxia and apoptosis, facilitate episodes of acute kidney
injury (AKI) and eventually lead to kidney failure. We propose that the tubular growth
response to hyperglycaemia differs from patient to patient, in part because of unidentified
genetic and environmental influences, which may determine not only the extent of tubular
sodium and glucose hyperreabsorption and glomerular hyperfiltration in early diabetes
mellitus but also the subsequent progression of renal disease. Adapted with permission from
REF.205
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Fig. 2 |. Primary tubular hyperreabsorption drives hyperfiltration in diabetes.
Diabetes induces hyperreabsorption of glucose in the proximal tubule resulting from

enhanced glucose reabsorption via sodium—glucose cotransporters 2 and 1 (SGLT2 and
SGLT1) and growth of the proximal tubule, which also leads to enhanced reabsorption of
sodium, chloride and fluid in the proximal tubule. The reduced levels of sodium, chloride
and potassium delivered to the macula densa ([Na*/CI"K*]yp) induce glomerular
hyperfiltration via tubuloglomerular feedback. The reduced fluid delivery to the distal
nephron increases hyperfiltration via lowering hydrostatic back pressure in the Bowman’s
space (Pgow)- SGLT inhibition mitigates diabetic proximal tubular hyperreabsorption and
thereby attenuates glomerular hyperfiltration. The graph illustrates how tubuloglomerular
feedback results in an inverse relationship between [Na*/CI~/K*]yp and the single nephron
glomerular filtration rate (SNGFR). A red dot indicates the natural operating point of
tubuloglomerular feedback, which lies in the steepest part of the curve. NaCl, sodium
chloride (table salt).
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Fig. 3 |. Renal glucose reabsorption in the proximal tubule.
Na*/K*-ATPase in the basolateral membrane lowers intracellular Na* concentrations and

thereby provides the driving force for sodium uptake across the apical membrane. Sodium-—
glucose cotransporters 2 and 1 (SGLT2 and SGLT1) are expressed in the apical membrane of
the early and late proximal tubule, respectively. SGLT2 reabsorbs one glucose molecule
along with one Na* ion, whereas SGLT1 reabsorbs one glucose molecule along with two Na
*ions. In individuals with euglycaemia, SGLT2 and SGLT1 reabsorb ~97% and ~3%,
respectively, of filtered glucose. Glucose leaves the cells via basolateral facilitated glucose
transporter 2 (GLUT2), and potentially in part by GLUTL1 in the late proximal tubule.
Inhibition of SGLT2 increases the delivery of glucose to the late proximal tubule and
unmasks the high capacity of SGLT1 for glucose reabsorption (which rises from 3% to 40—
50% of filtered glucose); thus, only ~50-60% of filtered glucose is excreted. Na*/H*-
exchanger 3 (NHE3) in the apical membrane is important for sodium and bicarbonate
(HCO3") reabsorption in the proximal tubule. SGLT2 might be positively linked to NHE3
and therefore to sodium and bicarbonate reabsorption in the proximal tubule. However, the
implications of this link (in terms of the effects of SGLT2 inhibition on tubular reabsorption,
glomerular filtration rate (GFR) and blood pressure) remain to be determined. NBC1,
electrogenic sodium bicarbonate cotransporter 1. Adapted with permission from Annual
Review of Medicine volume 66 ©2015 (REF.138),
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Fig. 4 |. Diabetes induces the hyperreabsorption of glucose and sodium in the proximal tubule.
(1) Hyperglycaemia enhances filtered glucose and, via sodium—glucose cotransporter 2

(SGLT2; and also SGLT1, not shown), increases the reabsorption of glucose and sodium in
the proximal tubule. (2) Diabetes can increase renal membrane expression of SGLT2;
proposed mechanisms include activation of angiotensin Il (Angll), hepatocyte nuclear factor
la (HNF1a) and tubular growth. (3) Hyperinsulinaemia and tubular growth might induce
the coordinated upregulation of proximal tubular transporters, including SGLT2, Na*/H*-
exchanger 3 (NHE3), solute carrier family 22 member 12 (URAT1) and Na*/K*-ATPase.
The resulting increase in proximal tubular Na* retention enhances the glomerular filtration
rate (GFR) via tubuloglomerular feedback, which, by increasing flow rate and thereby
torque, may further increase luminal membrane transporter density in the early proximal
tubule. (4) Diabetes, in part because of its associated acidosis, can enhance gluconeogenesis
in the early proximal tubule. The resulting increase in intracellular glucose may inhibit
SGLT2 expression through negative feedback mechanisms. (5) HNF1a and HNF3p have
been implicated in stimulating the basolateral exit of glucose through upregulation of
basolateral facilitated glucose transporter 2 (GLUTZ2). (6) The relevance of the apical
translocation of GLUT2 in diabetes remains to be determined, but may be secondary to
enhanced SGLT2-mediated glucose uptake. (7) Increased glucose reabsorption maintains
hyperglycaemia. The induction of transforming growth factor (81 (TGFp1) and tubular
growth might be particularly sensitive to the basolateral uptake of glucose via GLUTL1.(8)
Hyperreabsorption of sodium might induce hypoxia-inducible factor 1a (HIF1a), which
inhibits apical transporters, including SGLT2 and NHE3, and facilitates basolateral glucose
uptake and a metabolic shift to glycolysis.
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Fig. 5|. Mechanisms of kidney protection in response to SGLT2 inhibition.
Sodium—glucose cotransporter 2 (SGLT?2) inhibition reduces the diabetes-induced

hyperreabsorption of glucose and sodium in the early proximal tubule, lowering
hyperglycaemia and increasing delivery of sodium chloride (NaCl) and fluid to the macula
densa, resulting in higher macula densa concentrations of sodium, chloride and potassium
([Na*/CI=/K*]mp)- The increase in [Na*/CI=/K*]yp reduces the glomerular filtration rate
(GFR) through tubuloglomerular feedback by inducing afferent arteriole constriction and
potentially also efferent arteriole dilation, which both reduce glomerular capillary pressure
(Pgc) (1). Increased delivery of fluid to the distal nephron reduces GFR by increasing
hydrostatic back pressure in the Bowman’s space (Pgow) (2). The reduction in GFR is the
primary mechanism for reducing tubular transport work (3), particularly in the proximal
convoluted tubule, which thereby lowers cortical oxygen demand (Qp>) (4) and increases
cortical oxygen tension (Pg>) (5). Lowering of GFR attenuates tubular growth and
albuminuria and consequently kidney inflammation (6). Tubular transport work is further
reduced by lowering blood glucose levels and by cellular SGLT2 blockade itself (7). The
reduction in hyperglycaemia attenuates tubular growth, albuminuria and inflammation (8).
SGLT?2 inhibition also shifts glucose reabsorption downstream, particularly to the S3
segment of the proximal tubule, where glucose uptake by SGLT1 compensates for the
inhibition of SGLT2 and reduces the risk of hypoglycaemia. Shifting glucose and sodium
reabsorption to the S3 segment and medullary thick ascending limb (mTAL) raises oxygen
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demand (9) and lowers Pq; in the outer medulla (OM) (5). Conversely, lower medullary Py
might stimulate pathways induced by hypoxia-inducible factors (HIFs), including
erythropoietin (EPO) production (10), thereby increasing the haematocrit levels (11), which
improves O, delivery to the kidney medulla and cortex (12) and increases O, supply to the
heart (13). The diuretic and natriuretic effects of SGLT2 inhibition further increase the
haematocrit (14) and reduce circulating volume, blood pressure and body weight (15), which
might protect the failing heart. The overall reduction in and increased distribution of renal
transport activity increases cortical oxygen availability, which improves the cortical energy
balance and tubular integrity, thereby enabling the kidney to maintain tubular transport
capacity and GFR in the long term (16). UNaV, urinary sodium excretion; UV, urinary flow
rate. Adapted with permission from REF.194, portland Press on behalf of The Biochemical
Society.
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Fig. 6 |. The role of SGLT1 in the diabetic kidney.
a | Hyperglycaemia enhances filtered glucose, induces tubular growth and increases sodium—

glucose cotransport in the proximal tubule, thereby reducing urinary glucose, sodium (Na)
and fluid excretion, and maintaining hyperglycaemia. The contribution of sodium-glucose
cotransporter 2 (SGLT2) to this process is greater than that of SGLT1. A reduction in urinary
sodium and fluid excretion would retain sodium and fluid, increase the effective circulating
volume (ECV) and induce a compensating natriuresis by increasing blood pressure (BP).
However, tubular hyperreabsorption of glucose also lowers tubular backpressure in the
Bowman’s space (Pgow, hot shown) and the concentration of sodium chloride (NaCl) at the
macula densa, which increases the glomerular filtration rate (GFR) to restore urinary sodium
and fluid excretion. An increase in glucose delivery to the macula densa indicates that
upstream sodium—glucose cotransport is saturated. This saturation is sensed by SGLT1 in the
macula densa (MD) and, by stimulating macula densa nitric oxide synthase 1 (NOS1) to
produce nitric oxide (NO), further increases GFR to compensate for maximized sodium-
glucose cotransport.As a consequence of hyperfiltration, ECV and BP remain near normal.
SGLT1-mediated glucose sensing might also trigger glomerular and tubular growth, and the
latter enhances tubular glucose transport capacity. Inhibition of SGLT1 has a smaller effect
than SGLT2 inhibition on tubular hyperreabsorption and thus induces little natriuresis and
diuresis (asterisks indicate small changes). By inhibiting macula densa glucose-sensing and
upregulation of macula densa NOS1 and lowering of hyperfiltration, however, the inhibition
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of SGLT1 induces a relatively larger net antinatriuretic and antidiuretic effect in individuals
with diabetes. As a consequence, and to limit the increase in ECV, SGLT1 inhibition
suppresses renin expression and increases BP, in an attempt to restore renal sodium and fluid
excretion. b | Sensing of proximal tubular hyperreabsorption, via the sensing of changes in
concentrations of NaCl and glucose at the macula densa, enables the kidney to induce
adaptive increases in GFR over a wide range of amounts of filtered glucose. An increase in
filtered glucose up to the glucose transport maximum (TM glucose) of the proximal tubule is
accompanied by an increase in sodium and glucose reabsorption, which lowers the NaCl
concentration at the macula densa. When filtered glucose levels exceed TM glucose, glucose
concentrations start to rise at the macula densa. The osmotic effect of non-reabsorbed
glucose also enhances NaCl delivery to the macula densa.
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Fig. 7 |. Mechanisms and consequences of tubular growth in diabetes.

Growth of the proximal tubule in response to diabetes involves an initial phase of tubular
cell proliferation, followed by G1 cell cycle arrest, hypertrophy and finally the development
of a senescence-like cellular phenotype. The stimuli for the initial proliferation phase
include filtered and locally produced growth factors, angiotensin Il (Angll)-induced
activation of protein kinase C p1 (PKCP1), and inhibition of 5’-AMP-activated protein
kinase (AMPK) owing to excess energy substrate. Hyperglycaemia also enhances reactive
oxygen species (ROS), and ROS-induced hypoxia and activation of mechanistic target of
rapamycin complex 1 (mTORCI) can promote apoptosis. Activation of mMTORCL1 also
impairs autophagy and promotes cell proliferation. Induction of transforming growth factor
B (TGFB) drives the expression of cyclin-dependent kinase inhibitors that induce G1 cell
cycle arrest and the transition from proliferation to hypertrophy and a senescence-like
phenotype associated with the secretion of pro-inflammatory and pro-fibrotic factors. Thus,
the molecular pathways involved in and activated by tubular growth in the diabetic kidney
are linked to impaired autophagy, inflammation and tubulointerstitial fibrosis and might set
the stage for the later development of diabetic kidney disease. AGE, advanced glycation end
product; AKT, protein kinase B; bFGF, basic fibroblast growth factor; CTGF, connective
tissue growth factor; CycD1, cyclin D1; EGF, epidermal growth factor; HGF, hepatocyte
growth factor; HIF1a, hypoxia-inducible factor 1a; IGF1, insulin-like growth factor 1;
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JAK-STAT, Janus kinase—signal transducer and activator of transcription; MCP1, monocyte
chemoattractant protein 1; p16, p16!NK4a: ODC, ornithine decarboxylase; p21, p21¢iPl: p27,
p27KiPl: PDGF, platelet-derived growth factor ; PI3K , phosphoinositide 3-kinase; RAS,
renin-angiotensin system; RHEB, Ras homologue enriched in brain; SOCS, suppressor of
cytokine signalling protein; TSC1, tuberous sclerosis complex 1; VEGF, vascular endothelial
growth factor. Adapted with permission from REF.%, Wiley-VCH.
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