
Approximately 40% of patients with type 2 diabetes 
mellitus (T2DM) and 30% of those with type 1 diabe-
tes mellitus (T1DM) 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 uri-
nary albumin excretion1,2. About 50% of patients with 
end-​stage renal disease (ESRD) in developed countries 
have diabetes1,3, and the presence of mild or moderate 
CKD doubles the risk of all-​cause mortality associated 
with diabetes4.

No available model can accurately predict who  
will develop diabetic kidney disease (DKD) or how it will  
progress, although various studies have identified asso-
ciations 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 hyperfiltration5–8. Cell 
and molecular theories propose that the underlying 
pathogenesis of DKD involves complex alterations in 
metabolic processes, including elevated blood glu-
cose concentrations, changes in fatty acid metabolism, 
oxidative stress, changes in energy utilization and 

mitochondrial dysfunction2,9, which cause endothelial 
dysfunction followed by podocyte loss and microvascu-
lar rarefaction2,9–13. An alternative theory proposes that 
DKD develops as a cellular response to the mechanical 
stress imposed by glomerular capillary hypertension or 
hyperfiltration14. This theory, which focuses on the phys-
ical 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 impor-
tant role for tubule function in regulating glomerular 
filtration in the context of diabetes lends further support 
to this theory15–17.

Although not all patients with diabetes develop DKD 
and not all patients with DKD follow the same trajec-
tory18–20, in general, the presence of hyperfiltration in the 
early stages of diabetes is associated with the develop-
ment of more severe kidney damage in the later stages 
of this disease9,12,21,22. Hence, the origins of hyperfiltra-
tion are worth considering, with the aim of identifying 
interventions that could prevent the development of 
DKD. Although hyperfiltration occurs at similar rates 
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in patients with T1DM and T2DM22, most of the mecha
nistic data are derived from experimental models and 
patients with T1DM.

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 vaso-
constriction 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+/Cl−/K+]MD) 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+/Cl−/K+]MD to change in the same direction (because 
a change in reabsorption resulting from a change in fil-
tered load cannot exceed the change in filtered load), 
in contradistinction to tubular events, which cause 
GFR and [Na+/Cl−/K+]MD to change in opposite direc-
tions as a result of negative feedback via the tubuloglo-
merular feedback system. When vascular events and 
tubular events occur simultaneously, the tubular event 

is declared to be dominant if GFR and [Na+/Cl−/K+]MD  
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 die-
tary 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+/Cl−/K+]MD 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 glomeru-
lar 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 tub-
uloglomerular 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 rats25, 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 effer-
ent arteriole and a mediator of tubuloglomerular feed-
back26. As explained below, a decreased tonic influence 
of adenosine over glomerular haemodynamics would 
be expected in the context of reduced [Na+/Cl−/K+]MD.  
In support of the tubular hypothesis of glomerular 
hyperfiltration, studies have consistently shown that 
either [Na+/Cl−/K+]MDNaClK or fractional lithium excretion 
(a surrogate of [Na+/Cl−/K+]MD) is lower than normal in 
animals16,27–29 and humans30–32 with diabetes and hyper-
filtration, suggesting the existence of a primary increase 
in proximal tubule reabsorption. Further evidence for 
the involvement of a tubuloglomerular feedback mecha
nism in the regulation of hyperfiltration came from 
several studies showing that hyperfiltration resolves fol-
lowing normalization of [Na+/Cl−/K+]MD in rats28,33,34 or 
after ablation of the tubuloglomerular feedback mech-
anism in dogs35 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+/Cl−/K+]MD)  
induces activation of the sodium–potassium–chlo-
ride transporter NKCC2 in macula densa cells, which 
increases both the influx of chloride and depolariza-
tion of the macula densa cell basolateral membrane. 
This depolarization induces the release of ATP, which 
is converted into adenosine by ecto-5ʹ nucleotidase37. 

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.

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.
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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 
response37. Under some conditions, the tubuloglomer-
ular 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 vas-
odilation 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+/Cl−/K+]MD, which increases GFR through tubu-
loglomerular feedback15. Thus, the tubular hypoth-
esis 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 glomer-
ular hyperfiltration from diabetic Adora1-​knockout mice 
(which lack A1R) is inconclusive on this point. One study 
found that such mice do not exhibit glomerular hyperfil-
tration, which is consistent with the tubular hypothesis;36 
however, two other studies39,40 reported increased GFR 
in diabetic Adora1-​knockout mice, although in one of 
these studies39 differences in blood pressure between 
wild type and knockout mice might have been a con-
founding factor, explaining the differences in GFR, 
and in the other40 glucose levels were 600–900 mg/dl  
(33–50 mmol/l), too high to expect a net increase in prox-
imal reabsorption, according to a mathematical model-
ling study41. Furthermore, the influence of changes in 
tubuloglomerular feedback on A2R activation on effer-
ent arterioles is not eliminated in the absence of A1R.  
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 T1DM and hyperfiltration 
than among male patients matched for blood pressure 
and GFR42, 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 rea-
sonable 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 prox-
imal reabsorption is implied whenever GFR and lithium 
clearance change in opposite directions. Indeed, lith-
ium clearance rates reported for patients with T1DM 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 pro-
pose that increased proximal reabsorption was a cause of 
hypertension in individuals with diabetes30–32. However, 
most patients with diabetes are not hypertensive in the 
early phase of the disease, and reduced lithium clear-
ance is a predictor of higher GFR in these individuals43,44. 
Thus, and consistent with the physiological role of tubu-
loglomerular 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 pressure24. The suggestion that increased proximal 
reabsorption might reduce Na+ delivery to the macula 
densa and that a reduction in tubuloglomerular feed-
back stimulus might cause glomerular hyperfiltration 
in patients with T1DM was first made in 1990 (ref.44). 
A 2010 study in patients of African heritage with newly 
discovered T2DM found a strong correlation between 
glomerular hyperfiltration and decreased lithium clear-
ance, which is consistent with increased proximal reab-
sorption also driving hyperfiltration in patients with 
T2DM45. Similar observations have been made in rats 
with streptozotocin (STZ)-​induced diabetes, in which 
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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 copyright ©2014 Karger Publishers, Basel, Switzerland.

Filtration fraction
The fraction of renal plasma 
flow that is filtered by the 
glomeruli.

Nature Reviews | Nephrology

R e v i e w s



glomerular hyperfiltration was associated with increased 
fractional reabsorption of sodium, chloride and fluid 
within the proximal tubule16,27,29 (Fig. 2). Use of micro-
puncture 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 hyper-
glycaemia, 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 reab-
sorption. 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 GLUT2 in the basolateral membrane.

Studies in the 1980s suggested that two different 
glucose transporters are expressed on the apical sur-
face of the proximal tubule47,48; the transporters were 
subsequently cloned and named SGLT1 (encoded by 
SLC5A1) and SGLT2 (encoded by SLC5A2) (reviewed 
elsewhere)49. 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 ther-
modynamic 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.

Confirmation that SGLT2 and SGLT1 are confined 
mainly to early and late proximal tubules, respec-
tively, was provided by immunostaining of human 
and rodent kidneys50–53. Moreover, renal clearance and 
micropuncture studies in euglycaemic Sglt1-​knockout, 
Sglt2-​knockout and Sglt1–Sglt2 double-​knockout mice 
have shown that SGLT2 accounts for all glucose reab-
sorption in the early proximal tubule51 and for ~97% 
of total renal glucose reabsorption, whereas SGLT1 
reabsorbs the remaining ~2–3% of glucose51,54,55 (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 
SLC5A2 develop familial renal glucosuria, a renal tubu-
lar disorder resulting in excretion of 60–120 g per day 
of glucose in the urine56. 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 galactose49,57.

The SGLT2–SGLT1 system has high affinity but 
limited capacity for reabsorbing glucose. Hence, glu-
cose 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 glu-
cose 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)58. 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 T2DM59 and T1DM60, to handle the 
increased load of filtered glucose (Fig. 4), thus setting a 
new glucose transport maximum. The increase in tubu-
lar 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 
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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+/Cl−/K+]MD) 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 (PBOW). 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+/Cl−/K+]MD 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).

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.
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of severe hyperglycaemia until the osmotic diuresis 
associated with glucose excretion causes sufficient vol-
ume 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 reab-
sorbs 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 hyper
glycaemia, 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 prox-
imal 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+]MD, which is mitigated, in turn, by tub-
uloglomerular feedback, which causes SNGFR to 
increase (Fig. 2). However, tubuloglomerular feedback 
is not able to completely normalize [Na+/Cl−/K+]MD;  
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 balance17,24,61. At very high glucose 
levels, an osmotic diuresis overrides the SGLT-​mediated 
increase in sodium reabsorption and the [Na+/Cl−/K+]MD 
stimulus for hyperfiltration disappears41 (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 increase 
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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.
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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 proxi-
mal tubule (Fig. 4). Indeed, studies in genetic mouse mod-
els 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 hypergly-
caemia62,63. Moreover, upregulation of the glucose trans-
porter GLUT2 has been reported in proximal tubules of  
diabetic rats64–67, indicating a concerted upregulation  
of luminal and basolateral glucose transport.

Studies in rats and mice with STZ-​induced diabe-
tes show that, in addition to its expression at the baso-
lateral membrane, GLUT2 is expressed on the brush  
border membrane of proximal tubules68–70, suggest-
ing that facilitated diffusion via GLUT2 could contri
bute 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 reabsorp-
tion in genetic mouse models of T1DM 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 membrane72. If SGLT2 has a sim-
ilar glucose-​sensing role in the early proximal tubule, 
SGLT2 inhibitors might lower renal glucose reabsorp-
tion 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 trans-
porter expression in patients with diabetes. One study 
showed that glucose uptake and protein expression of 
SGLT2 and GLUT2 were elevated in primary cultures 
of human exfoliated proximal tubular epithelial cells 
harvested from fresh urine of patients with T2DM73. 
Increased SGLT2 protein expression was also reported in 
fresh kidney biopsy samples from patients with T2DM 
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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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and advanced DKD74. 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 over-
all growth and hypertrophy of the diabetic proximal 
tubule23,75,76 (Fig. 4). The mechanisms leading to tubular 
growth are discussed further below. In addition, glo-
merular hyperfiltration might further increase luminal 
membrane transporter density in the early proximal 
tubule by flow-​dependent recruitment of transport pro-
teins into the brush border77. 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 nephrons78. In the kid-
neys of diabetic rats, upregulation of SGLT2 protein 
expression has been linked to activation of type 1 angio-
tensin II (AngII) receptors in the basolateral membrane 
of the proximal tubule79 and the transcription factor, 
hepatocyte nuclear factor 1α (HNF1α)80. Also in diabetic 
rats, HNF1α and HNF3β have been implicated in the 
upregulation of GLUT2 (ref.65) (Fig. 4). Finally, insulin 
has been proposed to phosphorylate SGLT2 at Ser624, 
to increase its transport capacity81. Thus, postprandial 
insulin release might increase proximal tubular SGLT2 
activity in order to retain increased amounts of filtered 
glucose. However, in the context of hyperinsulinae-
mia associated with obesity and T2DM, this increased 
activity might be maladaptive82 (Fig. 4).

In addition to stimulating SGLT2 activity, hyperin-
sulinaemia might coordinate the stimulation of other 
apical transporters in the proximal tubule, including 
the Na+/H+-​exchanger NHE3 (refs9,82) and the luminal 
urate transporter URAT1 (refs83,84). Furthermore, SGLT2 
might be functionally coupled to NHE3 and URAT1 
in the proximal tubule. Pharmacological blockade of 
SGLT2 partially inhibits the activity of NHE3 (refs85–88) 
and URAT1 (ref.84) (Fig. 4); conversely, tubular knock-
down of NHE3 can reduce SGLT2 protein expression89. 
Such coordinated regulation of apical transporters 
involved in Na+, bicarbonate, glucose and urate reab-
sorption in the early proximal tubule might facilitate 
the appropriate regulation of tubular reabsorption in 
response to changes in GFR, for example, in the post-
prandial phase. A similar co-​regulation of SGLT1 and 
NHE3 has been proposed to occur in the small intestine 
in response to post-​prandial stimuli90.

Cell membrane SGLT2 protein expression in the 
kidney is also increased in response to pharmacologi-
cal inhibition of SGLT2 (refs63,91), which might reflect 
the negative feedback regulation of SGLT2 expression 
by intracellular glucose concentrations. In line with this 
proposal, conditions associated with enhanced prox-
imal tubule gluconeogenesis (such as the increased 
bicarbonate formation occurring in the absence of 
tubular NHE3) were associated with reduced SGLT2 
expression89 (Fig. 4). Thus, renal SGLT2 expression 
might be reduced in some diabetic kidneys as a conse-
quence of enhanced proximal tubular gluconeogenesis  

(for example, due to metabolic acidosis89). Alternatively, 
factors associated with severe tubular hypoxia, injury, 
ketoacidosis, cachexia or inflammation might also 
reduce SGLT2 levels92–94.

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 maintain-
ing hyperglycaemia (Figs 1,5). SGLT2 inhibitors act on 
their target proteins in the extracellular surface of the cell 
membrane95, which they reach by glomerular filtration 
and, in the case of empagliflozin, also by tubular secre-
tion96. Inhibition of SGLT2 induces a fall in the renal glu-
cose 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 low-
ers 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. SGLT2 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 addi-
tional energy substrate by the kidneys, heart, brain and 
muscle97,98. Moreover, by lowering blood glucose levels 
and body weight, SGLT2 inhibitors improve pancreatic 
β-​cell function and sensitivity to insulin in patients and 
rodent models of T2DM99–103. By reducing hyperglycae-
mia, SGLT2 inhibitors also have the potential to reduce 
glucotoxicity in the kidney and extrarenal organs104 
(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 hyper-
reabsorption 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 reabsorp-
tion of these electrolytes is increased upstream of the 
macula densa16 (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 applica-
tion of a selective SGLT2 inhibitor to diabetic rats33.  
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Moreover, pharmacological inhibition or genetic abla-
tion of SGLT2 reduced whole-​kidney hyperfiltration in 
diabetic mice62,63,71. The suppression of diabetic hyperfil-
tration in response to SGLT2 inhibition was also asso-
ciated 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 mice105. 
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 
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Sodium–glucose cotransporter 2 (SGLT2) 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+/Cl−/K+]MD).  
The increase in [Na+/Cl−/K+]MD 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 (PBOW) (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 
(QO2) (4) and increases cortical oxygen tension (PO2) (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). SGLT2 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 demand (9) and lowers PO2 in the outer medulla (OM) (5). 
Conversely , lower medullary PO2 might stimulate pathways induced by 
hypoxia-​inducible factors (HIFs), including erythropoietin (EPO) production 
(10), thereby increasing the haematocrit levels (11), which improves  
O2 delivery to the kidney medulla and cortex (12) and increases O2 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.104, Portland Press on behalf of The Biochemical Society.
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by an initial reduction in GFR followed by preserva-
tion of GFR at the new, lower level. Briefly, treatment of 
patients with T1DM and hyperfiltration with the SGLT2 
inhibitor empagliflozin for 8 weeks decreased GFR inde-
pendently of its effects on blood glucose levels106. 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 resistance107 (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 OUTCOME108 trial 
conducted in patients with T2DM and preserved kid-
ney 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 empagli-
flozin, whereas those receiving placebo experienced 
a progressive decline in eGFR. Accordingly, kidney 
function was better preserved in patients receiving the 
SGLT2 inhibitor108. A similar time course of GFR change 
was observed in clinical trials of canagliflozin109–111 and 
dapagliflozin112. 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 placebo108,109.

The beneficial renal effects of SGLT2 inhibitors seem 
to be preserved in patients with CKD and diabetes melli-
tus. 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 individu-
als owing to their reduced total rate of filtered glucose, 
the short-​term GFR-​lowering effect of SGLT2 inhibi-
tion is retained111,113,114, as is the long-​term preservation 
of GFR111 and the full reversibility of the GFR-​lowering 
effect after treatment discontinuation114. 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 discon-
tinuation 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 CKD111, is also consistent with a tubular 
origin of DKD (Figs 1,5). Further details of these trials 
can be found elsewhere117.

Effect of SGLT2 inhibition on heart function
Given the role of SGLT2 in diabetes-​induced prox-
imal 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 factors118 (Fig. 5). The 
reduction in blood pressure and modest reduction in 
plasma volume119 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 beneficial 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 effect122 related to increased tubular 
or urinary glucose delivery123,124 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 normo-
glycaemia125. 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 status126. 
A secondary analysis of the CREDENCE trial data127 
indicated that canagliflozin reduced the risk of cardi-
ovascular and renal events in patients with T2DM and 
CKD across the spectrum of baseline HbA1c 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 reab-
sorption 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 reab-
sorption 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 pro-
tein 3 and expression of the Na+Cl– cotransporter NCC 
in diabetic ob/ob mice128 — mechanisms that might 
facilitate Na+ excretion.

SGLT2 inhibitors do not increase the incidence of 
hypoglycaemia108,116,120,129 because they become ineffec-
tive 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 trans-
port to the S3 segment and mTAL associated with SGLT2 
inhibition might further reduce the already physiologi-
cally low availability of O2 in the renal outer medulla130–132 
(Fig. 5) through mechanisms that include enhanced 
glucose transport via SGLT1 (which, as mentioned 
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earlier, uses twice as much energy per glucose molecule  
transported as does SGLT2)49.

The increase in medullary transport and oxygen 
consumption in response to SGLT2 inhibition is mit-
igated by the concomitant reduction in blood glucose 
and GFR, which lowers the tubular glucose, sodium and 
chloride load and thereby reduces the tubular transport 
burden130,132 (Fig. 5). Furthermore, the reduction in oxy-
gen pressure in the deep cortex and outer medulla could 
stimulate hypoxia-​inducible factors HIF1 and HIF2, as 
demonstrated by findings in Sglt2-​knockout mice, which 
have increased renal mRNA expression of HMOX1 
(encoding haem-​oxygenase 1)62, a tissue-​protective 
enzyme that is induced by HIF1α. Moreover, activation 
of HIF2 might explain the enhanced release of erythro-
poietin from renal interstitial cells observed in response 
to SGLT2 inhibition133. Together with extracellular fluid 
volume loss due to the diuretic effect of SGLT2 inhi-
bition, which increases the concentration of red blood 
cells, the increase in erythropoietin might contribute 
to the modest increase in haematocrit and haemoglo-
bin 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 organs104. In this regard, 
almost half of the beneficial effect of the SGLT2 inhib-
itor empagliflozin on the risk of cardiovascular death 
is explained by changes in haematocrit (51.8%) and 
haemoglobin levels (48.9%), respectively134. 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 oxy-
gen sensors in the deep cortex and outer medulla of the 
kidney, which has beneficial effects on the kidney and 
heart135. Modelling studies predict that these effects 
and the natriuretic effect of SGLT2 inhibition will be 
preserved in patients with CKD135.

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 else-
where137). In the kidney, the role of SGLT1 was thought 
to be limited to mopping up the residual amounts of glu-
cose 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 glucose54,55. 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 inhibitor54,138 
(Fig. 3). A similar phenomenon is observed in mice lack-
ing SGLT2 (ref.51). This persistence of substantial glu-
cose reabsorption is due to SGLT1, the sizable glucose 
transport capacity of which is unmasked by SGLT2 inhi-
bition51,54. 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 inhi-
bition of SGLT2 alone54,71,139. The available evidence sug-
gests that the basal overall glucose reabsorption capacity 
of SGLT2 is 3–5-​fold that of SGLT1 in a non-​diabetic 
mouse kidney140. The contribution of SGLT1 to renal 
glucose reabsorption is quantitatively increased in the 
context of diabetes, particularly when the filtered glu-
cose 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 high-
lighted 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 kidneys74. These findings 
are in contrast to those from a study showing that SGLT1 
protein expression was increased in leptin-​deficient, dia-
betic ob/ob mice141 (a model of T2DM), although a direct 
effect of leptin on SGLT1 expression cannot be excluded. 
Moreover, another study showed that renal SGLT1 pro-
tein expression was reduced in Akita mice (a model of 
T1DM)62. 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 
insulin81. Together, these data indicate differences in the 
regulation of SGLT2 and SGLT1 in the kidney.

Why diabetes leads to reduced renal SGLT1 expres-
sion 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 (refs51,63). Both 
SGLT2 inhibition and diabetes increase glucose deliv-
ery to the late proximal tubule and thereby increase 
SGLT1-​mediated glucose reabsorption. Mathematical 
modelling and experimental studies indicate that dia-
betes increases the consumption of (and thereby reduces 
the availability of) oxygen in the outer medulla130–132. 
Studies in LLC-​PK1 pig proximal tubule cells show 
that hypoxia reduces the protein expression of both 
SGLT1 and SGLT2, which was associated with acti-
vation of HIF1α93. In vitro studies further indicate 
that glucose-​associated oxidative stress also reduces 
SGLT1 and SGLT2 expression and Na–glucose cotrans-
port  in proximal tubule cells142. Furthermore, the 
absence of SGLT1 can improve renal recovery in a 
model of renal ischaemia–reperfusion-​induced AKI143.  
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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 AKI92.

Role of SGLT1 in the macula densa
As described above, SGLT1 in the late proximal tubule 
contributes to glucose and sodium handling, particu-
larly in the setting of diabetes and/or SGLT2 inhibition. 
However, SGLT1 located at the macula densa acts as a 
glucose sensor to regulate the production of nitric oxide 
(NO) by NO synthase 1 (NOS1) (Fig. 6).

The production of NO following activation of NOS1 
in macula densa cells alters the sensitivity of TGF to 
accommodate an increased [Na+/Cl−/K+]MD, thereby 
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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 (PBOW, not 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 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. b | 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 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. c | 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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contributing to the overall maintenance of sodium bal-
ance144–146. 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 hyperglycaemia147–150. 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 hyperglycae-
mia149, demonstrating that SGLT1 in the macula densa 
serves as a glucose sensor (Fig. 6). Another study showed 
that deletion of SGLT1 reduced glomerular hyperfiltra-
tion in diabetic Akita mice and mice with STZ-​induced 
diabetes but did not markedly change their blood glu-
cose levels71. Furthermore, the increase in macula densa 
NOS1 expression observed in diabetic Akita mice 
was abolished in the absence of SGLT1 (ref.71) (Fig. 6). 
These findings support the notion that increased tubu-
lar glucose delivery is sensed by SGLT1 in the luminal 
membrane of macula densa cells, which respond by 
increasing NOS1-​dependent NO formation and reduc-
ing 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 kid-
ney weight, glomerular size and albuminuria71. 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 injury143, 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 glu-
cose 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 con-
trol, GFR, renal glucose reabsorption, kidney weight and  
glomerular size71.

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 cotransport15,24. 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 inducing a 
robust effect on hyperreabsorption would be expected 
to increase blood pressure, which is a first-​order mech-
anism of sodium homeostasis151. In fact, deletion of 
SGLT1 not only blunted the diabetes-​induced hyperfil-
tration 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 
balance152–157. The response of diabetic mice to SGLT1 
deletion resembles the effect of high doses of a selective 
NOS1 inhibitor in diabetic rats147. 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 maximum15 
(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 hypertension71,149.

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 glu-
cose delivery to the macula densa, for example, as occurs 
with SGLT2 inhibition-​induced glucosuria, which acti-
vates the macula densa SGLT1–NOS1–GFR pathway. 
Support for these mechanisms is provided by studies 
in non-​diabetic mice, in which the increased expres-
sion of macula densa NOS1 induced by SGLT2 inhi-
bition was prevented by the absence of SGLT1 (ref.71). 
By contrast, inhibition of SGLT2 in severely hypergly-
caemic Akita mice did not further increase glucosuria 
from baseline levels (and probably did not alter glucose 
delivery to the macula densa either, because the reduc-
tion in filtered glucose offsets the inhibition of glucose 
reabsorption62,63), and actually reduced macula densa 
NOS1 expression71. 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 NOS1 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 lack-
ing SGLT1, potentially because of the additive effects of 
SGLT2 and SGLT1 inhibition on renal glucose, sodium 
and fluid excretion71. Thus, findings from mouse stud-
ies provide supportive evidence for the use of com-
bined SGLT2 and SGLT1 inhibition in the treatment 
of diabetes. However, further studies are required to 
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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 
handling137,158–160.

Diabetes: effect on proximal tubule growth
Some patients with diabetes mellitus will experience 
overall growth of the kidney, particularly of the proxi-
mal tubules9,15,76. 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 
T1DM, 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 set-
ting of diabetes are linked to inflammation and fibro-
sis and might in consequence also contribute to renal 
damage9,15,76. 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 disease9,15,76 (Fig. 1).

Mechanisms of proximal tubule growth
The growth of the proximal tubule in response to dia-
betes is a multistep process, in which cells undergo pro-
liferation 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, includ-
ing 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 I (IGF1), platelet-​derived 
growth factor (PDGF), vascular endothelial growth fac-
tor (VEGF) and epidermal growth factor (EGF)), inhi-
bition of AMPK and activation of PKCβ, 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 
diabetes9,15,76,166,167 (Fig. 7).

The transition of the diabetic kidney from hyperplas-
tic to hypertrophic growth also occurs early — within a 
few days in rodents with STZ-​induced diabetes9,15,76,166,167. 
This transition is mediated by TGFβ1, which can be 
induced by the JAK–STAT signalling pathway, PKCβ, 
ERK and p38. PKCs (most likely PKCβ, but this path-
way has only been confirmed using non-​selective PKC 
inhibitors) and TGFβ 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 diabetes170. Thus, signalling 
pathways that initially induce proliferation subsequently 
induce a switch to cell hypertrophy through induction 
of TGFβ and CDK inhibitors in the diabetic tubule 
(Fig. 7). Tubule cell hypertrophy is sustained through 
mechanisms involving the mTORC1–S6K1 pathway171, 
impaired autophagy172 and decreased proteolysis.

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 tran-
sient induction of p21, p16INK4a (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 expres-
sion of senescence-​associated β-​galactosidase activity in 
cortical tubules173 (Fig. 7). Moreover, cultured proximal 
tubule cells transitioned to a senescence-​like phenotype 
in response to oxidative stress173. 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 clini-
cal 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 mark-
ers62, indicating that SGLT2-​mediated glucose reab-
sorption 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 hyperglycaemia63. These results indi-
cate 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 upregula-
tion of p27 in diabetic Akita mice63 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 deliv-
ery 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 
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treatment depends on the degree of drug-​related reduc-
tions 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 fil-
tered glucose levels matching the inhibition of proximal 
tubule glucose reabsorption. The finding that empa
gliflozin 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 
growth71 described earlier (Fig. 6) — but indicate the need 

for additional stimuli that are independent of SGLT2 and 
luminal glucose delivery.

Role of basolateral GLUT1 in tubular growth. Studies in 
LLC-​PK1 proximal tubule cells showed that exposure to 
25 mmol/l d-​glucose induced glucose uptake via baso-
lateral (but not apical) GLUT1 and that the subsequent 
intracellular metabolism of glucose enhanced the synthe-
sis and secretion of TGFβ175,176. Thus, hyperglycaemia-​
induced basolateral uptake of glucose via GLUT1, and 
potentially also GLUT2, might be the driving force 
that enhances proximal tubular synthesis of TGFβ and 
thereby promotes tubular hypertrophy (Fig. 4). In line 
with this hypothesis, administration of metformin to 
rats with STZ-​induced diabetes prevented the upregu-
lation of renal GLUT1 protein expression177; moreover, 
administration of the AMPK activators metformin 
and 5-​aminoimidazole-4-​carboxamide ribonucleotide 
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kinase (AMPK) owing to excess energy substrate. Hyperglycaemia also 
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activation of mechanistic target of rapamycin complex 1 (mTORC1) can 
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promotes cell proliferation. Induction of transforming growth factor β (TGFβ) 
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 
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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.9, Wiley-​VCH.
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(AICAR) inhibited renal hypertrophy without affecting 
hyperglycaemia178.

Alterations in energy metabolism might also con-
tribute 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 atrophy179. This metabolic switch 
is reportedly reversed following successful tubular recov-
ery, but persists and becomes progressively more severe 
in tubule cells that fail to redifferentiate179. Upregulation 
of HIF1α in the tubules of non-​diabetic mice enhanced 
renal Glut1 mRNA expression, was associated with a 
reduction in oxygen consumption and increased gly
colysis180 (Fig. 4). Further studies are needed to test the 
hypothesis that proximal tubular hypoxia in the dia-
betic kidney increases basolateral GLUT1-​mediated 
facilitative uptake of glucose, which is then used for gly-
colysis and linked to tubular growth or pro-​fibrotic path-
ways. Notably, a prominent role of GLUT1 in diabetic 
glomerulosclerosis has also been proposed181.

Tubular growth: effect on hyperreabsorption
An increase in proximal tubular length and diame-
ter enhances tubule reabsorptive capacity. Difluoro
methylornithine (DFMO, an ODC inhibitor), had no 
effect on kidney weight or GFR in non-​diabetic rats, 
but attenuated kidney growth46,182 and reduced kidney 
weight and glomerular hyperfiltration proportionally 
in rats with STZ-​induced diabetes46. Moreover, renal 
micropuncture studies showed that DFMO eliminated 
the primary increase in proximal tubular reabsorp-
tion in rats with STZ-​induced diabetes46. 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 tubu-
lar epithelial cells, which lowers intracellular sodium 
concentrations and thereby provides the driving force 
for sodium uptake across the apical membrane. In fact, 
inhibition of PKCβ reduces diabetic hyperfiltration183, 
which might reflect the above-​described role of this 
factor in both diabetic tubular growth184 and activation 
of Na+/K+-​ATPase — and thereby in sodium transport 
in proximal tubules185. 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 knock-
down of NHE3 in the tubular system was associated with 
reduced kidney weight and GFR89.

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 weight186, whereas 
a high NaCl diet induced renal vasoconstriction187. An 
inverse relationship between dietary NaCl and GFR is 
counterintuitive, given that GFR determines the tubu-
lar 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 T1DM189.

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 pheno-
type of the proximal tubule, which enhances the sensitiv-
ity 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 feed-
back then adjusts GFR to stabilize the delivery of sodium 
and chloride to the early distal tubule28,36,190. The salt par-
adox occurs independently of renal innervation191 or 
type 1 AngII receptor activation186. Inhibition of tubular 
growth by ODC, however, abolishes the salt paradox190, 
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 spe-
cifically, 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 salt28.

The salt paradox raises the question of whether a 
low-​salt diet might increase the vulnerability of the dia-
betic kidney to chronic damage as a result of the asso-
ciated increase in GFR and augmented kidney growth 
(Fig. 1). Two prospective studies have assessed the asso-
ciation 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 monoton-
ically 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 range193. Moreover, the cumulative 
incidence of ESRD was monotonically inversely asso-
ciated 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 developing ESRD193. 
These two studies question the view that a low salt intake 
is similarly beneficial for patients with T1DM and 
T2DM, and indicate the need for intervention studies.
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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 model-
ling predicts that sodium transport increases by 50%, 
and sodium transport-​dependent oxygen consumption 
(active QO2) increases by 100%, in the diabetic rat kidney 
from non-​diabetic levels, primarily as a consequence of 
glomerular hyperfiltration132. The proximal tubule seg-
ments in the renal cortex actively reabsorb most of the glo-
merular filtrate and therefore show the largest increases 
in QO2 in response to increases in GFR130,132. In accord-
ance with these findings, oxygen tension (PO2) in the  
renal cortex was reduced in a rat model of T1DM131.

Reducing the hyperfiltration and therefore the 
oxygen-​consuming transport work of single nephrons 
has the potential to preserve the integrity of the remain-
ing nephrons and overall kidney function in the long 
term (Fig. 1). Such a strategy has been proposed to under-
lie 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 clini-
cal trials and showed beneficial effects of SGLT2 inhib-
itors 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 
patients108,111,116. Mathematical modelling predicted that 
inhibition of SGLT2 in the diabetic kidney reduces oxy-
gen consumption in the proximal convoluted tubule and 
renal cortex, in large part by lowering GFR130,132. The pre-
dicted increase in cortical O2 pressure has been observed 
in diabetic rats treated with the non-​specific SGLT 
inhibitor phlorizin131. Preservation of renal cortical oxy-
genation might be critical for the preservation of kidney 
function in patients with CKD196, a hypothesis consistent 
with the notion that glomerular hyperfiltration primarily 
induces a burden on the proximal tubule.

Glomerular hyperfiltration can also damage the dia-
betic kidney by exposing glomerular capillaries to an 
increased hydrostatic filtration pressure and by enhanc-
ing the glomerular filtration of factors that are poten-
tially 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 con-
sequences that contribute to the development and pro-
gression of DKD: increased energy consumption, renal 
oxidative stress and cortical interstitial inflammation; 
impairment of autophagy; and stimulation of hypoxia 
and tubulointerstitial fibrosis9,76,172,176,197–199.

Consequences of tubular growth
As described above, tubular growth and hyperre-
absorption increase renal oxygen consumption. In 
addition, the molecular mechanisms involved in dia-
betic tubular growth are thought to set the stage for 
long-​term progression of DKD76, in accordance with 
the observation that kidney enlargement is linked 
to the development of DKD161–165. Tubule cells that 

develop a senescence-​like phenotype remain differen-
tiated 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 remod-
elling), changes that are independent of diabetes200. 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).

TGFβ probably has a prominent role in linking the 
tubular growth phenotype of the diabetic kidney to 
inflammation, fibrosis, scarring and impairment of 
renal function176,201. Other prominent pathways include 
growth factors (such as PDGF, IGF1 and EGF), AngII, 
oxidative stress, the JAK–STAK pathway, the TSC2–
mTOR pathway, PKCβ and epigenetic changes that 
have been implicated in renal growth and fibrosis of the 
diabetic kidney, reviewed elsewhere15,76,202 (Fig. 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 epithe-
lial 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 inhibitors62,204.

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 reabsorp-
tion of NaCl and fluid, which in turn induces glomeru-
lar 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 hyper-
filtration 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 T1DM 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 
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by enhancing the formation of NO, thereby extending 
the tubular hypothesis of nephron filtration to tubular 
segments downstream of the proximal tubule. The ther-
apeutic potential of SGLT1 inhibition and of the additive 
effects of SGLT1 and SGLT2 inhibition remains to be 
determined. The molecular signature of diabetic tubu-
lar 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 tubuloin-
terstitial injury and development of DKD. Unidentified 
genetic and environmental factors might modulate 
the tubular response to hyperglycaemia, thereby con-
tributing 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 SGLTs and tubular growth. Why there is no rel-
evant 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 devel-
opment and progression of DKD, including studies in 
patients with T2DM. Several questions remain to be 
answered, including the cellular consequences of tubu-
lar glucose uptake via apical and basolateral transporters 
and the extent to which the macula densa is involved 
in the phenotypic switch from hyperfiltration to hyper-
tension in diabetes. Mathematical modelling suggests 
that transport mechanisms downstream of the macula 
densa affect diabetic hyperfiltration24, but the thera-
peutic 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 pro-
posed deleterious molecular pathways are activated 
rapidly by elevated blood glucose levels, and why they 
eventually fail.
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