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INTRODUCTION

Since 2008, the US Food and Drug Administration (FDA) has required proof of
cardiovascular (CV) safety for new glucose-lowering therapies®. This also affected the
development of inhibitors of the sodium glucose cotransporter SGLT2 and produced
large-scale clinical trials that were designed to confirm CV safety, but also provided, as
secondary outcomes, first insights on kidney outcome. Indeed, three large clinical outcome
trials in patients with T2DM and relatively well-preserved kidney function reported that

the SGLT2 inhibitors empagliflozin, dapagliflozin and canagliflozin not only reduced

the incidence of heart failure but also induced salutary effects on the kidney, including
lower hazard ratios (HRs) for major decline in estimated GFR (eGFR)2-5. Subanalyses

of these trials and systematic review and meta-analysis of multiple randomized controlled
trials with various SGLT2 inhibitors indicated that the beneficial effects may extend to
patients with T2DM and chronic kidney disease (CKD)®87, which was subsequently formally
established for canagliflozin in the CREDENCE trial®. The DAPA-CKD trial then revealed
that dapagliflozin protected the kidneys from failing relative to placebo among patients
with CKD, regardless of the presence or absence of T2DM?, while a follow up analysis
suggested that the eGFR preserving effect of dapagliflozin was somewhat greater in patients

Address: Division of Nephrology & Hypertension, Department of Medicine, University of California San Diego & VA San

Diego Healthcare System; 3350 La Jolla Village Drive (9151), San Diego, CA 92161; Phone: 001-858-552-8585 ext. 5945;
vvallon@ucsd.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure Statement

Over the past 24 months, V.V. has served as a consultant and received honoraria from Boehringer Ingelheim, Lexicon, Fibrocor,
and Retrophin, and received grant support for investigator-initiated research from Astra-Zeneca, Boehringer Ingelheim, Gilead,
Novo-Nordisk, Kyowa-Kirin, and Janssen Pharmaceutical.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

Page 2

with T2DM and higher HbA1c0. Together, the data indicate that SGLT2 inhibitors can
protect the kidney independent of kidney function and T2DM, and that T2DM and/or
hyperglycemia enhance the protective effects.

In the following the kidney physiology of SGLT?2 is briefly introduced, followed by the
discussion of potential renoprotective effects of SGLT2 inhibitors.

THE PHYSIOLOGY OF SGLT2 AND ITS EXPRESSION IN THE DIABETIC

KIDNEY

In euglycemia and with normal GFR, the proximal tubule reabsorbs almost all of the filtered
glucose (~180 grams/day) and thereby prevents glucose and thus valuable calories (~1/3 of
the body’s caloric expenditure) from being lost into the urine. The bulk of tubular glucose
uptake (>90%) is mediated by high capacity SGLT2 in the “early” proximal tubule (S1/S2
segments) (Figure 1), while the glucose that escapes SGLT2 is “mopped up” by the lower
capacity SGLT1 in the “late” proximal tubule (S2/S3 segments)[*1-13 and for review1419]
(Figure 2). Glucose exits proximal tubules passively through basolateral GLUT2 (Figure 1).

The kidneys are programmed to retain the valuable energy substrate, glucose, and

increase their glucose reabsorption capacity from ~400-450g/day to ~500-600g/day in
patients with T2DM and T1DMX4(Figures 1). Studies in humans with T2DM16-18 and
genetic rodent models of T2DM and T1DM16.19-21 jndicate an upregulation of renal

SGLT2 protein expression. Upregulation of SGLT2 expression has been linked to the

overall growth and hypertrophy of the diabetic proximal tubule??, activation of renal
sympathetic innervation?3-24 and Ang Il AT1 receptors?® as well as the transcription factor,
hepatocyte nuclear factor HNF-1a.26, which may respond to basolateral hyperglycemia
sensed through GLUT216(Figure 1). The sympathetic nervous system and HNF-1a and
HNF-3p have also been implicated in up-regulation of basolateral GLUT227:28, Moreover,
insulin phosphorylates and increases SGLT2 activity2?, and postprandial insulin release and
hyperinsulinemia due to obesity and type 2 diabetes may increase renal SGLT2 activity to
retain increased amounts of filtered glucose (Figure 1). In contrast, conditions with enhanced
proximal tubule gluconeogenesis can reduce SGLT2 expression indicating negative feedback
by cytosolic glucose30. As a consequence, renal SGLT2 expression can be unchanged or
reduced in individuals with T2DM as a consequence of enhanced gluconeogenesis (e.g., due
to metabolic acidosis or increased sympathetic tone), or due to tubular hypoxia or injuryl4
(Figure 1).

THE METABOLIC SIGNATURE OF SGLT2 INHIBITION

The logic of inhibiting SGLT2 as a therapeutic strategy in diabetes starts with the role of
SGLT2 in glucose retention and maintaining hyperglycemia (Figure 1). SGLT2 inhibitors
do not share the deleterious effects of other anti-hyperglycemic agents like an increase in
body weight or hypoglycemia risk, which may offset the benefits of improving glycemic
control3Y, SGLT2 inhibitors do not increase the incidence of hypoglycemia32 because they
stop lowering blood gucose once the filtered glucose load falls to the transport capacity of
SGLT1 (~80g/day)214. Furthermore, SGLT2 inhibitors leave metabolic counterregulation
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intact, including the upregulation of gluconeogenesis in liver32 and kidney33(Figures 1+2).
Thus, SGLT2 inhibitors can improve renal and cardiovascular outcome by preventing
deleterious blood glucose highs and lows, which together cause only small changes in
HbAlc.

SGLT2 inhibition shifts substrate utilization from carbohydrates to lipids, thereby reducing
body fat, including visceral and subcutaneous fat32(Figure 2). The released free fatty acids

are used for hepatic formation of ketone bodies, which provide additional energy substrates
for many organs, including the kidney epithelia34-36(Figures 1+2).

It appears that spilling glucose and calories into the urine, which triggers metabolic
counterregulation similar to fasting, provides unique benefits as an anti-hyperglycemic
approach, possibly because the body’s responses to environments with scarce energy
resources have been intensely tested and refined during evolution for the survival of the
organism32. The following sections discuss direct and indirect kidney protecting effects of
SGLT?2 inhibition that are, at least in part, independent of blood glucose lowering and have
the potential to protect the kidney also in the non-diabetic setting.

SGLT2 INHIBITION LOWERS GFR INITIALLY TO PRESERVE IT IN LONG-

TERM

As the proximal tubule in the diabetic kidney grows and reabsorbs more glucose through
SGLT2 and SGLT1, it also retains more sodium, followed by chloride and fluid. This lowers
the delivery of Na, Cl and K to the macula densa (MD), which, through the physiology

of tubuloglomerular feedback (TGF), causes single nephron GFR (SNGFR) to increase in
order to partially restore fluid and NaCl delivery to the early distal tubule and thereby urine
excretion. Hyperreabsorption of fluid in the proximal tubule also reduces the tubular back
pressure in Bowman space (Pgqw) thereby further increasing filtration pressure and SNGFR.
These mechanisms form the basis for the tubular hypothesis of glomerular hyperfiltration in
the diabetic kidney?2:37,

Accordingly, inhibition of SGLT2 lowers proximal tubule hyperreabsorption in the diabetic
kidney, enhances tubular back pressure and the delivery of Na, Cl and K to the MD, and

via TGF reduces glomerular hyperfiltration (Figures 2). This concept has been established
by micropuncture studies in hyperfiltering diabetic rats3"-39. Moreover, pharmacologic or
genetic inhibition of SGLT2 reduced glomerular hyperfiltration in diabetic micel9:20:40 and
the GFR lowering effect was independent of effects on blood glucose20-37:39,

The GFR lowering effect of short-term SGLT2 inhibition was confirmed in humans

with TIDM and T2DM*L. Most importantly, clinical studies have established a biphasic
GFR response to SGLT2 inhibition: the initial GFR reduction is followed by long-term
GFR preservation*8:42-44 Moreover, after discontinuation of treatment, eGFR increased
to baseline in the SGLT2 inhibitor groups*42. The short-term GFR lowering effect8:45:46,
the long-term GFR preservation® as well as the reversibility after discontinuation of the
SGLT2 inhibitor#® was confirmed in patients with T2DM and CKD level 2/3. Thus, the
early rise in plasma creatinine in response to an SGLT2 inhibitor reflects a “functional
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and reversible” reduction in GFR, rather than kidney injury. In accordance, dapagliflozin
treatment decreased urinary levels of markers of glomerular and tubular injury in T2DM
patients?”48. Moreover, meta-analyses of clinical studies concluded that SGLT2 inhibition
induces small increases in serum creatinine but reduces the incidence of acute kidney injury
(AK|)49’50.

DOES SGLT2 INHIBITION LOWER GLOMERULAR CAPILLARY PRESSURE?

When MD cells sense an increase in luminal NaCl, the resulting TGF-induced ATP release
promotes local formation of adenosine, which primarily constricts the afferent arteriole
via adenosine A1l receptors®! but can also dilate the efferent arteriole via adenosine A2
receptors®2-24(Figure 2). Both effects are expected to lower glomerular capillary pressure
(Pgc). Studies in mice with TADM confirmed adenosine Al receptor-mediated afferent
arteriolar vasoconstriction in response to empagliflozin>®(Figure 2). Micropuncture of
glomerular capillaries in rats with TIDM established that the SGLT2 inhibitor ipragliflozin
indeed reduced Pgc38; notably, the changes in Pgc and GFR were not strictly correlated.
This finding cannot be explained by a sole effect on the afferent arteriole, but implied that
SGLT?2 inhibition constricted the afferent arteriole and also dilated the efferent arteriole38,
and is consistent with the asymmetry of afferent and efferent arteriolar TGF responses

and their consequences on GFR and Pgc3896-58, As a consequence, SGLT2 inhibition

can induce a robust reduction in Pgc even when GFR decreases only slightly and vice
versa38, This may have implications in advanced CKD (GFR<30 ml/(min x 1.73m2)),
where the initial GFR drop in response to SGLT2 inhibition can be small, but the kidney
protective effect is preserved®9, possibly due to a robust effect on the efferent arteriole and
predominant reduction in Pg38.

It was recently discovered that the MD senses an increased glucose delivery via luminal
SGLT1, which then activates nitric oxide synthase 1 (NOS1), and the resulting increase

in NO formation blunts the afferent arteriolar vasoconstrictor effect of TGF and thereby
contributes to diabetic hyperfiltration®:60, Thus, the increase in MD glucose delivery in
response to an SGLT2 inhibitor can activate the MD-SGLT1-NOS1 pathway and attenuate
the initial GFR reduction (for details and discussion see?240), Considering the close
proximity of the MD to both afferent and efferent arteriole, it is also possible that the
MD-SGLT1-NOS1 pathway dilates the efferent arteriole, potentially in settings with low
endogenous efferent NO tone.

HOW CAN LOWERING GFR AND PGC PROTECT THE KIDNEY IN LONG-

TERM?

By reducing GFR and P (and increasing Pggy), SGLT2 inhibition reduces the physical
stress on glomerular capillaries and diminishes the glomerular filtration of tubulo-toxic
factors (e.g., albumin, growth hormones, advance glycation end products). The interaction
of these factors with the tubular system requires energy and promotes hypoxia, impairs
autophagy, and triggers renal oxidative stress, inflammation and fibrosis, and thereby the
development and progression of diabetic kidney disease?2:61(Figure 2).

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.
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The preservation of cortical oxygenation appears to be critical to preserve kidney function
in patients with CKD®2. GFR is the primary determinant of renal NaCl reabsorption and,
thus, of renal transport work and oxygen consumption. According to the tubular hypothesis
of diabetic kidney disease, lowering single nephron glomerular hyperfiltration and thereby
the oxygen-consuming transport work has the potential to preserve the integrity of the
remaining nephrons and overall kidney function in the long-term22(Figure 2). This has been
proposed for blockers of angiotensin Il and now for SGLT2 inhibitors, and the clinical

trials provided evidence that the two strategies are additive and apply to patients with

initial GFRs of at least 30 mI/min/1.73 m? of body-surface area?2. Mathematical modeling
predicted that SGLT2 inhibition in the diabetic kidney reduces oxygen consumption in

the proximal convoluted tubule and renal cortex, in part by lowering GFR®3:64, SGLT2
inhibition attenuated the cortical tubular expression of hypoxia-induced factor HIF-1a. in

a murine model of T2DM®3, and the predicted increase in cortical O, pressure has been
observed in a diabetic rat model using the SGLT inhibitor phlorizin®® and with dapagliflozin
in albuminuric patients with TIDM67.

SGLT?2 inhibitors lower cortical O, consumption as a consequence of direct SGLT?2
inhibition and the lowering of GFR83.64.68 byt may also do so as a consequence of a
functional coupling of SGLT2 to other transporters in the early proximal tubule (Figure
1&2). This has been proposed for the Na-H-exchanger NHE3, such that pharmacological
blockade of SGLT?2 partially inhibits NHE3 activity33:69-72, Vice versa, tubular knockdown
of NHE3 reduces SGLT2 expression3C. The effect of an SGLT2 inhibitor on NHE3 may
involve the scaffolding protein MAP1773, phosphorylation of NHE333:70.72.74 hyt also
lower insulin levels (Figure 1&2). Hyperinsulinemia is known to co-stimulates SGLT2,
NHE3 and URAT1 in the proximal tubulel*(Figure 1). This may facilitate glomerulo-tubular
balance during post-prandial increases in GFR and insulin; but also lead to renal NaCl and
urate retention in obesity and T2DM4 (Figures 1+2). Co-inhibition of NHE3 by SGLT2
inhibitors would enhance the natriuretic effect and lower the O, demand also in the non-
diabetic setting33.70.75,

SGLTZ2 INHIBITORS ACTIVATE METABOLIC COUNTERREGULATION
SIMILAR TO FASTING AND REDUCE PROXIMAL TUBULE GLUCO-TOXICITY

By losing glucose into the urine and activating metabolic responses similar to fasting,
SGLT?2 inhibitors may provide unique benefits32. An emerging hypothesis links this to
improved autophagy in the kidney and other organs!®76-79 (Figures 1&2). Empagliflozin
reduced the renal accumulation of p62 in Akita mice, providing the first evidence that
SGLT?2 inhibition may improve autophagy in the diabetic kidneyl9(Figure 1). According

to the theory, SGLT2 inhibitors reduce blood glucose and insulin levels, lower the

cellular glucose availability, and stimulate a starvation-like response, which is induced
independent of basal hyperglycemia. The response includes SIRT1/AMPK activation and
inhibition of the AKT/mTOR1 pathway, thereby counteracting the primary pathophysiology
of the proximal tubule in diabetes and overnutrition18:35.77.79.80 and inducing autophagy,
which promotes cellular defense and pro-survival mechanisms. Autophagy improves energy

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.
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metabolism and fuel supply and reduces oxidative stress, cytotoxicity and inflammation
(Figure 1).

Preliminary studies in TLDM Akita mice and patients with T2DM, showed that diabetes
increased the urinary ratio of lactate to pyruvate, potentially indicating a metabolic shift
from mitochondrial oxidation to more glycolysis, an effect reversed by SGLT? inhibition8?.
In patients with T2DM and albuminuria, dapagliflozin increased urinary metabolites

linked to mitochondrial metabolism, potentially indicating that dapagliflozin improves
mitochondrial function in the diabetic kidney®2. In accordance, ScRNA-seq of proximal
tubules in db/db mice indicated that while RAS blockade is more anti-inflammatory/
anti-fibrotic, SGLT2 inhibition affected more genes related to mitochondrial function83,
Moreover, the SGLT2 inhibitor ipragliflozin reversed the tubular and mitochondrial damage
caused by high-fat diet in mice, independent of blood glucose levels8. Studies in non-
diabetic mice provided evidence that SGLT2 inhibition causes distinct effects on kidney
metabolism reflecting responses to partial NHE3 inhibition as well as urinary loss of glucose
and NacCl; this included upregulation in renal gluconeogenesis and using tubular secretion of
the tricarboxylic acid (TCA) cycle intermediate, alpa-ketoglutarate, to communicate to the
distal nephron the need for compensatory NaCl reabsorption33.

SGLT2 inhibitors increase urate excretion and lower plasma urate levels; this response is
related to the rise in tubular or urinary glucose delivery®5-87. Studies in gene targeted mouse
models indicated a role for the luminal urate transporter URAT1 in the acute uricosuric
effect of canagliflozin8®, which may involve lowering of insulin levels86:88 or other coupling
mechanisms between SGLT2 and URAT1 (Figures 1&2).

SGLTZ2 INHIBITION CAUSES MORE EQUAL DISTRIBUTION OF RENAL
TRANSPORT WORK AND MAY MIMIC SYSTEMIC HYPOXIA AT THE RENAL
OXYGEN SENSOR

The early proximal tubule is responsible for a large fraction of glomerular filtrate
reabsorption and thus oxygen consumption63.64, SGLT2 inhibition shifts some of the
glucose, NaCl and fluid reabsorption downstream, and thereby more equally distributes
the transport burden along the tubular and collecting duct system, which may help to
preserve tubular function in the long-term. The shift in transport to the S3 segment and
thick ascending limb in the renal outer medulla, however, may reduce the O, availability
in this region83.64.66(Figure 2). The increase in urinary adenosine excretion in patients
with TIDM®® and T2DM®C in response to SGLT2 inhibition likely reflects an increase in
transport work in downstream segments, which enhances ATP consumption and adenosine
formation and release in an effort to balance medullary O, consumption and supply®3. The
increase in downstream transport work in response to SGLT2 inhibition is also limited

by the reduction in blood glucose and/or GFR83:64(Figure 2). Moreover, we proposed that
the transport shift induced by SGLT2 inhibition simulates systemic hypoxia at the oxygen
sensor in the deep cortex and outer medulla of the kidney, where it stimulates HIF-1a and
HIF-2a.%8. Gene knockout and pharmacological inhibition of SGLT2 increased the renal
mRNA expression of hemoxygenase 11920, a tissue protective gene induced by HIF-1a.

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.
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Upon hypoxia exposure of cells in vitro, HIF-1a and HIF-2a increase Sirtl gene expression,
which stabilizes HIF-2a signaling and EPO gene expression®L. Thus, co-stimulation of
HIF-1a and HIF-2a in response to SGLT2 inhibition may explain the observed increase

in erythropoietin expression33 and plasma levels®293, Together with the diuretic effect, the
latter may contribute to the observed modest increase in hematocrit and hemoglobin in
response to SGLT2 inhibition®4, which can improve the oxygenation of renal outer medulla
and cortex and facilitate oxygen delivery to other organs (Figure 2). Mediation analyses
identified the rise in hematocrit was a key determinant of renal and cardiovascular benefits
of SGLT2 inhibition®4-96, Modelling studies predict that the transport shift to the outer
medulla and the natriuretic and diuretic effect of SGLT2 inhibition is in part preserved

in CKD due to a high glucose load on the single nephron level (facilitated by lesser

blood glucose lowering effect), which induces paracellular sodium secretion in the proximal
tubule®8, This may contribute to the preserved protective effects of SGLT2 inhibitors in
patients with CKD.

PERSPECTIVES

Much needs to be learned about the mechanisms involved in kidney protection by

SGLT2 inhibitors. The sympathetic nervous system (SNS) plays a deleterious role in the
pathogenesis of CKD and is activated by classic diuretics, and this activation is absent with
SGLT?2 inhibitors in human and animal studies but the mechanism remain unclear®’-102,
There is also a need to better understand the consequences of SGLT2 inhibition on macula
densa glucose delivery, their effects on glomerular hemodynamics through the efferent
arteriole, and how pathophysiological conditions affect these responses. We need to further
unravel the metabolic responses on the cellular level of the early proximal tubule as well as
the consequences in downstream segments, including the stimulation of erythropoietin. All
this information will be helpful to learn more about the patient populations that benefit from
the treatment with SGLT2 inhibitors.

Financial support and sponsorship

V.V. is supported by NIH grants R0O1DK112042, RO1HL 142814, RF1AG061296, the UAB/UCSD O’Brien Center
of Acute Kidney Injury NIH-P30DK079337, and the Department of Veterans Affairs

References

1. US Food and Drug Administration. Guidance for industry: diabetes mellitus
— evaluating cardiovascular risk in new antidiabetic therapies to treat type
2 diabetes. http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatorylnformation/
Guidances/ucm071627.pdf. Published 2008. Updated December 2008. Accessed March 26, 2019.

2. Wiviott SD, Raz I, Bonaca MP, et al. Dapagliflozin and Cardiovascular Outcomes in Type 2
Diabetes. N Engl J Med. 2019;380(4):347-357. [PubMed: 30415602]

3. Zinman B, Wanner C, Lachin JM, et al. Empagliflozin, Cardiovascular Outcomes, and Mortality in
Type 2 Diabetes. N Engl J Med. 2015;373:2117-2128. [PubMed: 26378978]

4. Wanner C, Inzucchi SE, Lachin JM, et al. Empagliflozin and Progression of Kidney Disease in Type
2 Diabetes. N Engl J Med. 2016;375(4):323-334. [PubMed: 27299675]

5. Neal B, Perkovic V, Mahaffey KW, et al. Canagliflozin and Cardiovascular and Renal Events in
Type 2 Diabetes. N Engl J Med. 2017;377:644-657. [PubMed: 28605608]

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.


http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm071627.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm071627.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 8

. Mosenzon O, Wiviott SD, Cahn A, et al. Effects of dapagliflozin on development and progression

of kidney disease in patients with type 2 diabetes: an analysis from the DECLARE-TIMI 58
randomised trial. Lancet Diabetes Endocrinol. 2019;7(8):606—617. [PubMed: 31196815]

. Toyama T, Neuen BL, Jun M, et al. Effect of SGLT2 inhibitors on cardiovascular, renal and safety

outcomes in patients with type 2 diabetes mellitus and chronic kidney disease: A systematic review
and meta-analysis. Diabetes Obes Metab. 2019;21(5):1237-1250. [PubMed: 30697905]

. Perkovic V, Jardine MJ, Neal B, et al. Canagliflozin and Renal Outcomes in Type 2 Diabetes and

Nephropathy. N Engl J Med. 2019;380:2295-2306. [PubMed: 30990260]

. Heerspink HJL, Stefansson BV, Correa-Rotter R, et al. Dapagliflozin in Patients with Chronic

Kidney Disease. N Engl J Med. 2020;383(15):1436—1446. [PubMed: 32970396]

Heerspink HJL, Jongs N, Chertow GM, et al. Effect of dapagliflozin on the rate of decline

in kidney function in patients with chronic kidney disease with and without type 2 diabetes:

a prespecified analysis from the DAPA-CKD trial. Lancet Diabetes Endocrinol. 2021;9(11):743-
754. [PubMed: 34619108]

Vallon V, Platt KA, Cunard R, et al. SGLT2 mediates glucose reabsorption in the early proximal
tubule. J Am Soc Nephrol. 2011;22:104-112. [PubMed: 20616166]

Rieg T, Masuda T, Gerasimova M, et al. Increase in SGLT1-mediated transport explains renal
glucose reabsorption during genetic and pharmacological SGLT2 inhibition in euglycemia. Am J
Physiol Renal Physiol. 2014;306(2):F188-F193. [PubMed: 24226519]

Gorboulev V, Schurmann A, Vallon V, et al. Na(+)-D-glucose cotransporter SGLT1 is pivotal for
intestinal glucose absorption and glucose-dependent incretin secretion. Diabetes. 2012;61(1):187—
196. [PubMed: 22124465]

Vallon V Glucose transporters in the kidney in health and disease. Pflugers Arch.
2020;472(9):1345-1370. [PubMed: 32144488]

Wright EM, Loo DD, Hirayama BA. Biology of human sodium glucose transporters. Physiol Rev.
2011;91(2):733-794. [PubMed: 21527736]

Umino H, Hasegawa K, Minakuchi H, et al. High Basolateral Glucose Increases Sodium-Glucose
Cotransporter 2 and Reduces Sirtuin-1 in Renal Tubules through Glucose Transporter-2 Detection.
Sci Rep. 2018;8(1):6791. [PubMed: 29717156]

Rahmoune H, Thompson PW, Ward JM, Smith CD, Hong G, Brown J. Glucose transporters in
human renal proximal tubular cells isolated from the urine of patients with non-insulin-dependent
diabetes. Diabetes. 2005;54(12):3427-3434. [PubMed: 16306358]

Wang XX, Levi J, Luo Y, et al. SGLT2 Expression is increased in Human Diabetic Nephropathy:
SGLT?2 Inhibition Decreases Renal Lipid Accumulation, Inflammation and the Development of
Nephropathy in Diabetic Mice. J Biol Chem. 2017;292:5335-5348. [PubMed: 28196866]

Vallon V, Gerasimova M, Rose MA, et al. SGLT2 inhibitor empagliflozin reduces renal growth
and albuminuria in proportion to hyperglycemia and prevents glomerular hyperfiltration in diabetic
Akita mice. Am J Physiol Renal Physiol. 2014;306(2):F194-F204. [PubMed: 24226524]

Vallon V, Rose M, Gerasimova M, et al. Knockout of Na-glucose transporter SGLT2 attenuates
hyperglycemia and glomerular hyperfiltration but not kidney growth or injury in diabetes mellitus.
Am J Physiol Renal Physiol. 2013;304(2):F156—-F167. [PubMed: 23152292]

Wen L, Zhang Z, Peng R, et al. Whole transcriptome analysis of diabetic nephropathy in the

db/db mouse model of type 2 diabetes. J Cell Biochem. 2019;120(10):17520-17533. [PubMed:
31106482]

Vallon V, Thomson SC. The tubular hypothesis of nephron filtration and diabetic kidney disease.
Nat Rev Nephrol. 2020;16(6):317-336. [PubMed: 32152499]

Katsurada K, Nandi SS, Sharma NM, Patel KP. Enhanced Expression and Function of Renal
SGLT2 (Sodium-Glucose Cotransporter 2) in Heart Failure: Role of Renal Nerves. Circ Heart Fail.
2021;14(12):e008365. [PubMed: 34789005]

de Oliveira TL, Lincevicius GS, Shimoura CG, et al. Effects of renal denervation on
cardiovascular, metabolic and renal functions in streptozotocin-induced diabetic rats. Life Sci.
2021;278:119534. [PubMed: 33933461]

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 9

Osorio H, Bautista R, Rios A, Franco M, Santamaria J, Escalante B. Effect of treatment with
losartan on salt sensitivity and SGLT2 expression in hypertensive diabetic rats. Diabetes Res Clin
Pract. 2009;86(3):e46—e49. [PubMed: 19800706]

Freitas HS, Anhe GF, Melo KF, et al. Na(+) -glucose transporter-2 messenger ribonucleic acid
expression in kidney of diabetic rats correlates with glycemic levels: involvement of hepatocyte
nuclear factor-lalpha expression and activity. Endocrinology. 2008;149(2):717-724. [PubMed:
17962340]

Freitas HS, Schaan BD, David-Silva A, et al. SLC2A2 gene expression in kidney of diabetic rats is
regulated by HNF-1alpha and HNF-3beta. Mol Cell Endocrinol. 2009;305(1-2):63-70. [PubMed:
19433262]

Chhabra KH, Morgan DA, Tooke BP, Adams JM, Rahmouni K, Low MJ. Reduced renal
sympathetic nerve activity contributes to elevated glycosuria and improved glucose tolerance

in hypothalamus-specific Pomc knockout mice. Mol Metab. 2017;6(10):1274-1285. [PubMed:
29031726]

Ghezzi C, Wright EM. Regulation of the human Na+ dependent glucose cotransporter hNSGLT2.
Am J Physiol Cell Physiol. 2012;303:C348-C354. [PubMed: 22673616]

Onishi A, Fu 'Y, Darshi M, et al. Effect of renal tubule-specific knockdown of the Na(+)/H(+)
exchanger NHE3 in Akita diabetic mice. Am J Physiol Renal Physiol. 2019;317:F419-F434.
[PubMed: 31166707]

Khunti K, Davies M, Majeed A, Thorsted BL, Wolden ML, Paul SK. Hypoglycemia and risk of
cardiovascular disease and all-cause mortality in insulin-treated people with type 1 and type 2
diabetes: a cohort study. Diabetes Care. 2015;38(2):316-322. [PubMed: 25492401]

Vallon V, Thomson SC. Targeting renal glucose reabsorption to treat hyperglycaemia: the
pleiotropic effects of SGLT2 inhibition. Diabetologia. 2017;60(2):215-225. [PubMed: 27878313]
Onishi A, Fu Y, Patel R, et al. A role for tubular Na(+)/H(+) exchanger NHES3 in the natriuretic
effect of the SGLT2 inhibitor empagliflozin. Am J Physiol Renal Physiol. 2020;319(4):F712—
F728. [PubMed: 32893663]

Qiu H, Novikov A, Vallon V. Ketosis and diabetic ketoacidosis in response to SGLT2 inhibitors:
Basic mechanisms and therapeutic perspectives. Diabetes Metab Res Rev. 2017;33:5.

Tomita I, Kume S, Sugahara S, et al. SGLT2 Inhibition Mediates Protection from Diabetic Kidney
Disease by Promoting Ketone Body-Induced mTORC1 Inhibition. Cell Metab. 2020.

Ferrannini E, Mark M, Mayoux E. CV Protection in the EMPA-REG OUTCOME Trial: A “Thrifty
Substrate” Hypothesis. Diabetes Care. 2016;39(7):1108-1114. [PubMed: 27289126]

Vallon V, Richter K, Blantz RC, Thomson S, Osswald H. Glomerular hyperfiltration in
experimental diabetes mellitus: potential role of tubular reabsorption. J Am Soc Nephrol.
1999;10(12):2569-2576. [PubMed: 10589696]

Thomson SC, Vallon V. Effects of SGLT2 Inhibitor and Dietary NaCl on Glomerular
Hemodynamics Assessed by Micropuncture in Diabetic Rats. Am J Physiol Renal Physiol.
2021;320:F761-F777. [PubMed: 33645318]

Thomson SC, Rieg T, Miracle C, et al. Acute and chronic effects of SGLT2 blockade on
glomerular and tubular function in the early diabetic rat. Am J Physiol Regul Integr Comp Physiol.
2012;302(1):R75-R83. [PubMed: 21940401]

Song P, Huang W, Onishi A, et al. Knockout of Na-glucose-cotransporter SGLT1 mitigates
diabetes-induced upregulation of nitric oxide synthase-1 in macula densa and glomerular
hyperfiltration. Am J Physiol Renal Physiol. 2019;317:F207-F217. [PubMed: 31091127]

Vallon V, Verma S. Effects of SGLT2 Inhibitors on Kidney and Cardiovascular Function. Annu Rev
Physiol. 2021;83:503-528. [PubMed: 33197224]

Perkovic V, Jardine M, Vijapurkar U, Meininger G. Renal effects of canagliflozin in type 2 diabetes
mellitus. Curr Med Res Opin. 2015;31(12):2219-2231. [PubMed: 26494163]

Heerspink HJ, Desai M, Jardine M, Balis D, Meininger G, Perkovic V. Canagliflozin Slows
Progression of Renal Function Decline Independently of Glycemic Effects. J Am Soc Nephrol.
2018;28:368-375.

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 10

Kohan DE, Fioretto P, Johnsson K, Parikh S, Ptaszynska A, Ying L. The effect of dapagliflozin
on renal function in patients with type 2 diabetes. J Nephrol. 2016;29(3):391-400. [PubMed:
26894924]

Yale JF, Bakris G, Cariou B, et al. Efficacy and safety of canagliflozin in subjects with type
2 diabetes and chronic kidney disease. Diabetes Obes Metab. 2013;15(5):463-473. [PubMed:
23464594]

Barnett AH, Mithal A, Manassie J, et al. Efficacy and safety of empagliflozin added to existing
antidiabetes treatment in patients with type 2 diabetes and chronic kidney disease: a randomised,
double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 2014;2(5):369-384. [PubMed:
24795251]

Dekkers CCJ, Petrykiv S, Laverman GD, Cherney DZ, Gansevoort RT, Heerspink HJL. Effects

of the SGLT-2 inhibitor dapagliflozin on glomerular and tubular injury markers. Diabetes Obes
Metab. 2018;20(8):1988-1993. [PubMed: 29573529]

Satirapoj B, Korkiatpitak P, Supasyndh O. Effect of sodium-glucose cotransporter 2 inhibitor on
proximal tubular function and injury in patients with type 2 diabetes: a randomized controlled trial.
Clin Kidney J. 2019;12(3):326-332. [PubMed: 31198224]

Gilbert RE, Thorpe KE. Acute kidney injury with sodium-glucose co-transporter-2 inhibitors:
A meta-analysis of cardiovascular outcome trials. Diabetes Obes Metab. 2019;21(8):1996—-2000.
[PubMed: 31050116]

Neuen BL, Young T, Heerspink HJL, et al. SGLT2 inhibitors for the prevention of kidney failure in
patients with type 2 diabetes: a systematic review and meta-analysis. Lancet Diabetes Endocrinol.
2019;7(11):845-854. [PubMed: 31495651]

Vallon V, Unwin R, Inscho EW, Leipziger J, Kishore BK. Extracellular Nucleotides and P2
Receptors in Renal Function. Physiol Rev. 2020;100(1):211-269. [PubMed: 31437091]

Ren Y, Garvin JL, Carretero OA. Efferent arteriole tubuloglomerular feedback in the renal nephron.
Kidney Int. 2001;59(1):222-229. [PubMed: 11135074]

Vallon V, Muhlbauer B, Osswald H. Adenosine and kidney function. Physiol Rev. 2006;86(3):901—
940. [PubMed: 16816141]

Ren Y, Garvin JL, Liu R, Carretero OA. Possible mechanism of efferent arteriole (Ef-Art)
tubuloglomerular feedback. Kidney Int. 2007;71(9):861-866. [PubMed: 17342182]

Kidokoro K, Cherney DZI, Bozovic A, et al. Evaluation of Glomerular Hemodynamic Function
by Empagliflozin in Diabetic Mice Using In Vivo Imaging. Circulation. 2019;140(4):303-315.
[PubMed: 30773020]

Thomson S, Vallon V, Blantz RC. Asymmetry of tubuloglomerular feedback effector mechanism
with respect to ambient tubular flow. Am J Physiol. 1996;271(6 Pt 2):F1123-F1130. [PubMed:
8997385]

Blantz RC, Vallon V. Tubuloglomerular feedback responses of the downstream efferent resistance:
unmasking a role for adenosine? Kidney Int. 2007;71(9):837-839. [PubMed: 17457327]
Schnermann J, Briggs JP. Single nephron comparison of the effect of loop of Henle flow on
filtration rate and pressure in control and angiotensin Il-infused rats. Miner Electrolyte Metab.
1989;15(3):103-107. [PubMed: 2725431]

Bakris G, Oshima M, Mahaffey KW, et al. Effects of Canagliflozin in Patients with Baseline eGFR
<30 ml/min per 1.73 m(2): Subgroup Analysis of the Randomized CREDENCE Trial. Clin J Am
Soc Nephrol. 2020;15(12):1705-1714. [PubMed: 33214158]

Zhang J, Wei J, Jiang S, et al. Macula densa SGLT1-NOS1-TGF pathway -- a new mechanism

for glomerular hyperfiltration during hyperglycemia. J Am Soc Nephrol. 2019;30(4):578-593.
[PubMed: 30867247]

Vallon V, Komers R. Pathophysiology of the diabetic kidney. Compr Physiol. 2011;1:1175-1232.
[PubMed: 23733640]

Pruijm M, Milani B, Pivin E, et al. Reduced cortical oxygenation predicts a progressive decline

of renal function in patients with chronic kidney disease. Kidney Int. 2018;93:932-940. [PubMed:
29325997]

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Page 11

Layton AT, Vallon V, Edwards A. Modeling oxygen consumption in the proximal tubule: effects of
NHE and SGLT2 inhibition. Am J Physiol Renal Physiol. 2015;308(12):F1343-F1357. [PubMed:
25855513]

Layton AT, Vallon V, Edwards A. Predicted Consequences of Diabetes and SGLT Inhibition

on Transport and Oxygen Consumption along a Rat Nephron. Am J Physiol Renal Physiol.
2016;310:F1269-F1283. [PubMed: 26764207]

Bessho R, Takiyama Y, Takiyama T, et al. Hypoxia-inducible factor-1alpha is the therapeutic target
of the SGLT2 inhibitor for diabetic nephropathy. Sci Rep. 2019;9(1):14754. [PubMed: 31611596]

Neill O, Fasching A, Pihl L, Patinha D, Franzen S, Palm F. Acute SGLT inhibition normalizes
oxygen tension in the renal cortex but causes hypoxia in the renal medulla in anaesthetized control
and diabetic rats. Am J Physiol Renal Physiol. 2015;309:F227—-F234. [PubMed: 26041448]

Laursen JC, Sondergaard-Heinrich N, de Melo JML, et al. Acute effects of dapagliflozin on

renal oxygenation and perfusion in type 1 diabetes with albuminuria: A randomised, double-blind,
placebo-controlled crossover trial. EClinicalMedicine. 2021;37:100895. [PubMed: 34386735]
Layton AT, Vallon V. SGLT2 inhibition in a kidney with reduced nephron number: modeling and
analysis of solute transport and metabolism. Am J Physiol Renal Physiol. 2018;314:F969-F984.
[PubMed: 29361669]

Pessoa TD, Campos LC, Carraro-Lacroix L, Girardi AC, Malnic G. Functional Role of Glucose
Metabolism, Osmotic Stress, and Sodium-Glucose Cotransporter Isoform-Mediated Transport

on Na+/H+ Exchanger Isoform 3 Activity in the Renal Proximal Tubule. J Am Soc Nephrol.
2014;25(25):2028-2039. [PubMed: 24652792]

Borges-Junior FA, Silva Dos Santos D, Benetti A, et al. Empagliflozin Inhibits Proximal Tubule
NHES3 Activity, Preserves GFR, and Restores Euvolemia in Nondiabetic Rats with Induced Heart
Failure. J Am Soc Nephrol. 2021;32:1616-1629.

Huang W, Patel R, Onishi A, et al. Tubular NHE3 is a determinant of the acute natriuretic and
chronic blood pressure lowering effect of the SGLT2 inhibitor empagliflozin. FASEB J. 2018;32,
Supplement No 1:620.617.

Fu Y, Gerasimova M, Mayoux E, Masuda T, Vallon V. SGLT2 inhibitor empagliflozin increases
renal NHE3 phosphorylation in diabetic Akita mice: possible implications for the prevention of
glomerular hyperfiltration. Diabetes. 2014;63 (supplement 1):A132.

Coady MJ, EI TA, Santer R, et al. MAP17 Is a Necessary Activator of Renal Na+/Glucose
Cotransporter SGLT2. J Am Soc Nephrol. 2017;28:85-93. [PubMed: 27288013]

Masuda T, Watanabe Y, Fukuda K, et al. Unmasking a sustained negative effect of SGLT2
inhibition on body fluid volume in the rat. Am J Physiol Renal Physiol. 2018;315:F653-F664.
[PubMed: 29790389]

Layton AT, Laghmani K, Vallon V, Edwards A. Solute transport and oxygen consumption along the
nephrons: effects of Na+ transport inhibitors. Am J Physiol Renal Physiol. 2016;311(6):F1217—
F1229. [PubMed: 27707706]

Fukushima K, Kitamura S, Tsuji K, Wada J. Sodium-Glucose Cotransporter 2 Inhibitors Work as a
“Regulator” of Autophagic Activity in Overnutrition Diseases. Front Pharmacol. 2021;12:761842.
[PubMed: 34744742]

Fukushima K, Kitamura S, Tsuji K, Sang Y, Wada J. Sodium Glucose Co-Transporter 2 Inhibitor
Ameliorates Autophagic Flux Impairment on Renal Proximal Tubular Cells in Obesity Mice. Int J
Mol Sci. 2020;21(11).

Packer M SGLT2 Inhibitors Produce Cardiorenal Benefits by Promoting Adaptive Cellular
Reprogramming to Induce a State of Fasting Mimicry: A Paradigm Shift in Understanding Their
Mechanism of Action. Diabetes Care. 2020;43(3):508-511. [PubMed: 32079684]

Lee YH, Kim SH, Kang JM, et al. Empagliflozin attenuates diabetic tubulopathy by improving
mitochondrial fragmentation and autophagy. Am J Physiol Renal Physiol. 2019;317(4):F767—
F780. [PubMed: 31390268]

Vallon V The proximal tubule in the pathophysiology of the diabetic kidney. Am J Physiol Regul
Integr Comp Physiol. 2011;300(5):R1009-R1022. [PubMed: 21228342]

Darshi M, Onishi A, Kim JJ, et al. Metabolic reprogramming in diabetic kidney disease can be
restored via SGLT2 inhibition. J Am Soc Nephrol. 2017;439:439 (Abstract).

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vallon

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 12

Mulder S, Heerspink HJL, Darshi M, et al. Effects of dapagliflozin on urinary metabolites in
people with type 2 diabetes. Diabetes Obes Metab. 2019.

Wu J, Sun Z, Yang S, et al. Profiling of kidney transcriptome at the single-cell level reveals a
distinct response of proximal tubular cells to SGLT2 inhibitor and angiotensin receptor blocker
treatment in diabetic mice. Mol Ther. 2021.

Takagi S, Li J, Takagaki Y, et al. Ipragliflozin improves mitochondrial abnormalities in renal
tubules induced by a high-fat diet. J Diabetes Investig. 2018;9(5):1025-1032.

Lytvyn Y, Skrtic M, Yang GK, Yip PM, Perkins BA, Cherney DZ. Glycosuria-mediated urinary
uric acid excretion in patients with uncomplicated type 1 diabetes mellitus. Am J Physiol Renal
Physiol. 2015;308(2):F77-F83. [PubMed: 25377916]

Novikov A, Fu Y, Huang W, et al. SGLT2 inhibition and renal urate excretion: role of luminal
glucose, GLUT9, and URAT1. Am J Physiol Renal Physiol. 2019;316(1):F173-F185. [PubMed:
30427222]

Chino Y, Samukawa Y, Sakai S, et al. SGLT2 inhibitor lowers serum uric acid through alteration
of uric acid transport activity in renal tubule by increased glycosuria. Biopharm Drug Dispos.
2014;35(7):391-404. [PubMed: 25044127]

Toyoki D, Shibata S, Kuribayashi-Okuma E, et al. Insulin stimulates uric acid reabsorption via
regulating urate transporter 1 and ATP-binding cassette subfamily G member 2. Am J Physiol
Renal Physiol. 2017;313(3):F826-F834. [PubMed: 28679589]

Rajasekeran H, Lytvyn Y, Bozovic A, et al. Urinary adenosine excretion in type 1 diabetes. AmJ
Physiol Renal Physiol. 2017;313(2):F184-F191. [PubMed: 28381459]

van Bommel EJM, Muskiet MHA, van Baar MJB, et al. The renal hemodynamic effects of

the SGLT2 inhibitor dapagliflozin are caused by post-glomerular vasodilatation rather than pre-
glomerular vasoconstriction in metformin-treated patients with type 2 diabetes in the randomized,
double-blind RED trial. Kidney Int. 2020;97(1):202-212. [PubMed: 31791665]

Chen R, Dioum EM, Hogg RT, Gerard RD, Garcia JA. Hypoxia increases sirtuin 1 expression in a
hypoxia-inducible factor-dependent manner. J Biol Chem. 2011;286(16):13869-13878. [PubMed:
21345792]

Mazer CD, Hare GMT, Connelly PW, et al. Effect of Empagliflozin on Erythropoietin Levels, Iron
Stores and Red Blood Cell Morphology in Patients with Type 2 Diabetes and Coronary Artery
Disease. Circulation. 2019.

Ghanim H, Abuaysheh S, Hejna J, et al. Dapagliflozin Suppresses Hepcidin And Increases
Erythropoiesis. J Clin Endocrinol Metab. 2020;105(4).

Inzucchi SE, Zinman B, Fitchett D, et al. How Does Empagliflozin Reduce Cardiovascular
Mortality? Insights From a Mediation Analysis of the EMPA-REG OUTCOME Trial. Diabetes
Care. 2018;41(2):356-363. [PubMed: 29203583]

Li J, Neal B, Perkovic V, et al. Mediators of the effects of canagliflozin on kidney protection in
patients with type 2 diabetes. Kidney Int. 2020;98(3):769-777. [PubMed: 32470492]

Li J, Woodward M, Perkovic V, et al. Mediators of the Effects of Canagliflozin on Heart Failure in
Patients With Type 2 Diabetes. JACC Heart Fail. 2020;8(1):57-66. [PubMed: 31676303]

Verma S Are the Cardiorenal Benefits of SGLT2 Inhibitors Due to Inhibition of the Sympathetic
Nervous System? JACC Basic Transl Sci. 2020;5(2):180-182. [PubMed: 32142070]

Wan N, Fujisawa Y, Kobara H, et al. Effects of an SGLT2 inhibitor on the salt sensitivity of blood
pressure and sympathetic nerve activity in a nondiabetic rat model of chronic kidney disease.
Hypertens Res. 2020;43(6):492-499. [PubMed: 32060381]

Matthews VB, Elliot RH, Rudnicka C, Hricova J, Herat L, Schlaich MP. Role of the

sympathetic nervous system in regulation of the sodium glucose cotransporter 2. J Hypertens.
2017;35(10):2059-2068. [PubMed: 28598954]

100. Chiba Y, Yamada T, Tsukita S, et al. Dapagliflozin, a Sodium-Glucose Co-Transporter 2

Inhibitor, Acutely Reduces Energy Expenditure in BAT via Neural Signals in Mice. PLoS One.
2016;11(3):0150756. [PubMed: 26963613]

101. Herat LY, Magno AL, Rudnicka C, et al. SGLT2 Inhibitor-Induced Sympathoinhibition: A Novel

Mechanism for Cardiorenal Protection. JACC Basic Transl Sci. 2020;5(2):169-179. [PubMed:
32140623]

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vallon Page 13

102. Jordan J, Tank J, Heusser K, et al. The effect of empagliflozin on muscle sympathetic nerve
activity in patients with type 11 diabetes mellitus. J Am Soc Hypertens. 2017;11(9):604-612.
[PubMed: 28757109]

103. Vallon V, Nakagawa T. Renal Tubular Handling of Glucose and Fructose in Health and Disease.
Compr Physiol. 2021;12(1):2995-3044. [PubMed: 34964123]

Heart Fail Clin. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Vallon

Page 14

Key Points:

At onset of therapy, SGLT2 inhibitors lower glomerular capillary pressure and
filtration rate, which reduces the physical stress on the filtration barrier, the
exposure of the tubular system to albumin and nephrotoxic compounds, and
the oxygen demand for reabsorbing the filtered load

The metabolic adaptation to urinary glucose loss resembles a fasting response
and includes enhanced lipolysis and hepatic formation of ketone bodies,
which serve as additional fuel for the kidney

SGLT2 inhibitors reduce gluco-toxicity in the early proximal tubule
associated with improved mitochondrial function and autophagy, which helps
preserve tubular transport integrity and function and, thereby, GFR in the
long-term

SGLT?2 inhibitors better distribute transport work along the nephron, which
may mimic systemic hypoxia at the kidney oxygen sensors in the deeper
cortex and outer medulla, thereby stimulating erythropoiesis, which, together
with their diuretic effect, enhances hematocrit and improves oxygen delivery
to kidneys and other organs
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SYNOPSIS

SGLT?2 inhibitors can protect the kidneys of patients with and without type 2 diabetes
from failing. This includes blood glucose dependent and independent mechanisms.
SGLT2 inhibitors lower glomerular pressure and filtration, thereby reducing the physical
stress on the filtration barrier and the oxygen demand for tubular reabsorption. This
improves cortical oxygenation, which, together with lesser tubular gluco-toxicity and
improved mitochondrial function and autophagy, can reduce pro-inflammatory and pro-
fibrotic signaling and preserve tubular function and GFR in long-term. By shifting
transport downstream, SGLT2 inhibitors may mimic systemic hypoxia and stimulate
erythropoiesis, which improves oxygen delivery to the kidney and other organs.
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Clinical Care points

. Patients must be counseled to monitor their blood pressure and diabetic
patients also their blood glucose when initiating SGLT2 inhibitors.

. In the absence of an alternate cause of AKI or hemodynamic instability, the
initial decline in eGFR of up to 30% after SGLT?2i initiation is expected and
likely due to nephro-protective reduction in intraglomerular pressure.

. Due to the glucosuric effect of SGLT2 inhibitors and the associated increased
risk of genital mycotic infections, patients must be counseled regarding
maintenance of genital hygiene

. To prevent diabetic ketoacidosis, hypovolemia, and hypotension, patients
must be instructed to pause taking SGLT2 inhibitors when their oral food
and water intake is reduced due to underlying illness or planned surgery.
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Figure 1: Cellular processes in the early proximal tubule linked to SGLT2 and its inhibition.
Hyperglycemia enhances filtered glucose and, via SGLTZ2, the reabsorption of glucose and

Na* (1). Diabetes can increase SGLT2 expression (2) through tubular growth, angiotensin

I1 (Ang Il), sympathetic tone (norepinephrine, NE), and HNF-1a., which may respond

to basolateral hyperglycemia sensed by GLUT2. Hyperinsulinemia and tubular growth
upregulate proximal tubular transport systems, including SGLT2, NHE3, URAT1, and Na-K-
ATPase (3). The apical transporters may be functionally coupled via scaffolding proteins,
such as MAP17 (4). The resulting proximal tubular Na* retention enhances the GFR via
tubuloglomerular feedback, which by increasing brush border torque can further increase
transporter density in the luminal membrane. Intracellular glucose may feed back on SGLT2
upregulation (5). Diabetes, in part due to acidosis or NE, can enhance gluconeogenesis

(6). Gluconeogenesis can be inhibited by tubular injury, hyperinsulinemia, and enhanced
glucose uptake via SGLT2 (6). HNF-1a and HNF-3p upregulate GLUT2 (7) and thereby
the basolateral exit of glucose and maintain hyperglycemia (8). Hypoxia due to diabetes-
induced hyperreabsorption or kidney injury can induce HIF-1a, which enhances basolateral
glucose uptake via GLUT1, induces a metabolic shift to glycolysis, and limits apical
hyperreabsorption (9). Induction of TGF-p1 and tubular growth may be particularly sensitive
to basolateral glucose uptake via GLUT1 (10). Hyperinsulinemia and excessive glucose
stimulate mTORC1 and attenuate autophagy (11). TGF-B1 enhances cyclin-dependent
kinase inhibitors p21 and p27 and together with mTORC1 activation promotes tubular
senescence, which is linked to inflammation and fibrosis. SGLT2 inhibition enhances kidney
delivery of fatty acids and ketone bodies and attenuates the deleterious effects linked to
hyperinsulinemia, excessive intracellular glucose and hyperreabsorption. SGLT2 inhibition
can enhance gluconeogenesis (e.g., by lowering hyperinsulinemia or cytosolic glucose).
Gluconeogenesis enhances removal of intermediates from TCA cycle (cataplerosis) thereby
facilitating the feeding of fatty acids and ketone bodies into the TCA cycle (anaplerosis),
and enhancing oxidative phosphorylation (OxPhos) and ATP generation (12). Abbreviations:
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GFR, glomerular filtration rate; GLUT, facilitative glucose transporter; HIF-1a., hypoxia-
inducible factor 1 alpha; HNF, hepatic nuclear factor; MAP17, 17-kDa membrane-associated
protein; NHE3, Na-H-exchanger 3; OA, organic anion; TGF-p1, transforming growth factor
B1; URAT1, urate transporter 1.

Adapted from Vallon V, Nakagawa T. Renal Tubular Handling of Glucose and Fructose in
Health and Disease. Compr Physiol. 2021;12(1):2995-3044.
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Figure 2: Kidney protective mechanisms of SGLT2 inhibition.
SGLT2 inhibition reduces the reabsorption of glucose and Na* in the early proximal tubule.

This increases the delivery of NaCl and K ([Na-CI-K]yp) and fluid (V) to the macula
densa, which lowers glomerular filtration rate (GFR) through the physiology of tubulo-
glomerular feedback (TGF)(1) and by increasing hydrostatic pressure in Bowman’s space
(Peow)(2). The TGF lowers GFR primarily by afferent arteriole constriction (via adenosine
Al receptor) but also by efferent arteriole dilation (via adenosine A2 receptor), which both
reduce glomerular capillary pressure (Pgc). Lowering Pgc & GFR (3) and hyperglycemia
(4) protects glomerular and tubular function. This includes lessening physical stress and
filtration of aloumin and other tubule-toxic compounds, tubular growth, and inflammation.
Lowering GFR reduces tubular transport work (5), thereby lowering cortical oxygen demand
(Qo2)(6) and increasing cortical oxygen availability (Pg2)(7). Tubular transport work and
toxicity are also reduced by lowering hyperglycemia and cellular SGLT2 blockade, which
is also linked to inhibition of Na-H-exchanger NHE3 (8). SGLT2 inhibition shifts glucose
reabsorption to downstream SGLT1, which limits glucosuria and hypoglycemia risk (9).
Shifting glucose and Na* reabsorption to SGLT1 and medullary thick ascending limb
(mTAL) increases Qo2 (10) and lowers Pg, in the outer medulla (OM)(7). which may
activate hypoxia-inducible factor (HIF) and enhance erythropoietin (EPO) release (11).
The resulting increase in hematocrit (Hct)(12) improves O, delivery to kidney medulla
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and cortex (13) and other organs (14). More delivery of NaCl and fluid downstream

of early proximal tubule may facilitate responsiveness to atrial natriuretic peptide (ANP)
and diuretics (15). The diuretic effect of SGLT2 inhibition further increases Hct (16) and
reduces extracellular (ECV) and interstitial (ISV) volume and blood pressure (17). These
effects are evident by compensatory upregulation of renin and vasopressin levels (18),

and can help protect the failing kidney and heart (19). The increased cortical oxygen
availability together with lesser tubular stress promotes the integrity of the tubular and
endothelial system and preserves higher tubular transport capacity and GFR in the long-
term (20). The glucosuric effect lowers therapeutic and/or endogenous insulin levels and
increases glucagon & FGF21 (21). This induces compensatory lipolysis, ketogenesis and
gluconeogenesis. SGLT2 inhibitors are uricosuric; potentially involving URAT1 inhibition
and their glucosuric and insulin-lowering effect (22). These metabolic adaptations reduce
urate levels, the hypoglycemia risk, and body and organ fat mass, which together with the
resulting mild ketosis have the potential to further protect the kidney and heart (19)(23). NO,
nitric oxide; UNaClV, urinary salt excretion; UV, urinary flow rate.

Adapted from Vallon V. Glucose transporters in the kidney in health and disease. Pflugers
Arch. 2020 Sep;472(9):1345-1370.
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