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Summary
Sodium-glucose co-transporter 2 (SGLT2) inhibitors, initially developed as a novel class of anti-hyperglycaemic
drugs, have been shown to significantly improve metabolic indicators and protect the kidneys and heart of patients
with or without type 2 diabetes mellitus. The possible mechanisms mediating these unexpected cardiorenal
benefits are being extensively investigated because they cannot solely be attributed to improvements in glycaemic
control. Notably, emerging data indicate that metabolic reprogramming is involved in the progression of cardiorenal
metabolic diseases. SGLT2 inhibitors reprogram systemic metabolism to a fasting-like metabolic paradigm, involv-
ing the metabolic switch from carbohydrates to other energetic substrates and regulation of the related nutrient-
sensing pathways, which might explain some of their cardiorenal protective effects. In this review, we will focus on
the current understanding of cardiorenal protection by SGLT2 inhibitors, specifically its relevance to metabolic
reprogramming.
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Introduction
Diabetes mellitus (DM) is a global health burden that
has reached alarming levels worldwide. The estimated
prevalence of DM in 2019 was 9¢3% (463 million peo-
ple) worldwide and is expected to rise to 10¢2% (578 mil-
lion) by 2030 and 10¢9% (700 million) by 2045.1 Type 2
diabetes mellitus (T2DM) is the most common age-
related metabolic disorder, affecting approximately 25%
of people over the age of 65 years worldwide.2 Patients
with T2DM are likely to be accompanied by one or more
of the other manifestations of metabolic syndrome,
such as overweight, obesity, hypertension, and dyslipi-
demia.3 These metabolic abnormalities occurring with
T2DM are associated with a high prevalence of chronic
kidney disease (CKD), cardiovascular disease (CVD),
and heart failure (HF), leading to high mortality and
increased healthcare costs.3,4

T2DM is characterized by a progressive deterioration
of b-cell function frequently on the basis of insulin
resistance.5 Traditional anti-diabetic drugs, either
enhance or directly replace the role of insulin, could
reduce blood glucose by promoting glucose into the cell,
which then transfers to glycogen, fat, and protein.6,7
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Recently, a new generation of anti-hyperglycaemic
agents, sodium-glucose co-transporter 2 (SGLT2) inhib-
itors, on the other hand, reduce blood glucose by pro-
moting urinary glucose excretion, have been proven to
exert striking effects on improving cardiorenal out-
comes in patients with or without T2DM and in patients
with HF with preserved or reduced ejection fraction in
numerous large-scale clinical trials.8�18

A number of mechanistic hypotheses have been pro-
posed to explain the benefits of SGLT2 inhibitors, such
as the tubular hypothesis,19 the sodium hypothesis,20

and the ‘thrifty substrate’ hypothesis.21 Recently, the
organ protection mechanism by SGLT2 inhibitors was
proposed as aestivation-like water-conserving responses
enabling physiological adaptation to energy and water
shortage, which improves the lifespan of vital organs.22

It is becoming increasingly clear that the mechanisms
underlining the cardiorenal benefits of SGLT2 inhibi-
tors cannot be attributed solely to glycaemic control.

Metabolic reprogramming referred to a phenome-
non of cancer cells metabolically adapting to changes in
unfavourable environments to meet the requirements
for survival and proliferation, which has been described
as one of the hallmarks of cancer.23 However, emerging
evidence suggests that metabolic reprogramming is also
involved in CVD and kidney diseases, which may con-
tribute to disease progression and affect the outcome
and prognosis of patients.24�26 Notably, SGLT2 inhibi-
tors were reported to induce a fasting-like metabolic par-
adigm involving the metabolic switch from
1

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.104215&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wangbinhewei@126.com
mailto:liubc64@163.com
https://doi.org/10.1016/j.ebiom.2022.104215
https://doi.org/10.1016/j.ebiom.2022.104215


Review

2

carbohydrates to other energetic substrates and regulate
the nutrient-sensing pathways, which may partially
explain the unexpected cardiorenal protective effects of
SGLT2 inhibitors.27

In this review, we will summarise the normal energy
metabolism in the heart and the kidney and the meta-
bolic reprogramming involved in HF and diabetic kid-
ney disease (DKD). Different from previous reviews, we
will focus on the beneficial effects of SGLT2 inhibitors
on metabolic reprogramming in cardiorenal diseases,
involving the induction of a fasting-like metabolic para-
digm and a nutrient deprivation transcriptional para-
digm. We integrated recent advances in clinical trials
and experimental studies, and linked the cardiorenal
protective effects of SGLT2 inhibitors to metabolic
reprogramming and nutrient sensing pathways, hoping
to provide a broader range of ideas and perspectives for
future research on these promising drugs.

SGLT2 inhibitors—mechanisms of action
SGLTs belong to the mammalian solute carrier family
SLC5, which encompasses 12 members expressed in dif-
ferent tissues, responsible for the active, sodium-driven
transport process of sugars, anions, vitamins, and short-
chain fatty acids (FAs).28 SGLT2 is a high-capacity, low-
affinity co-transporter located in the renal proximal
tubule S1 and S2 segments, responsible for the reab-
sorption of >90% of the filtered glucose. SGLT1, on the
other hand, is a low-capacity and high-affinity glucose
transporter located in the S3 segment, which contrib-
utes to the reabsorption of the remaining glucose. Glu-
cose reabsorption via SGLTs on the apical membrane of
the proximal tubule is a secondary active transport pro-
cess that depends on the driving force generated by
basolateral Na+/K+-ATPase. Glucose is then transported
via the GLUTs on the basolateral membrane to enter
the bloodstream.29,30

SGLT2 inhibitors significantly inhibit the reabsorp-
tion of glucose and sodium in the proximal tubule, result-
ing in increased urinary glucose excretion and a mild
osmotic diuresis.31 The potential mechanisms underlying
the cardiorenal benefits of SGLT2 inhibitors are multifac-
eted, involving (1) promoting diuresis/natriuresis, reduc-
ing blood pressure, and ameliorating cardiac load, which
may occur partially through inhibiting sodium-hydrogen
exchanger 3 and sympathetic tone;32,33 (2) reducing the
proximal reabsorption of sodium and glucose, normaliz-
ing tubuloglomerular feedback and lowering hyperfiltra-
tion;19 (3) mimicking systemic hypoxia and stimulating
erythropoiesis, which may ameliorate organ oxygen deliv-
ery;34 (4) inhibiting SGLT1;35 (5) anti-inflammation,
reducing oxidative stress and apoptosis, and increasing
autophagy;36 (6) improving cardiac energy metabolism
and reducing pathological remodeling;21 (7) increasing
circulating pro-angiogenic progenitor cells, which may
contribute to enhanced vascular health.37
Clinical evidence of SGLT2 inhibitors on
metabolism and cardiorenal protection
A network meta-analysis of 38 clinical trials showed
that, compared with placebo, SGLT2 inhibitors reduced
glycated haemoglobin levels by 0¢6�0¢9 %, fasting
plasma glucose levels by 1¢1�1¢9 mmol/L, body weight
by 1¢6�2¢5 kg, systolic blood pressure levels by 2¢8�4¢9
mmHg, and diastolic blood pressure levels by 1¢5�2¢
0 mm Hg, and slightly increased high-density lipopro-
tein cholesterol levels by 0¢05�0¢07 mmol/L in adult
patients with T2DM.38

In terms of improving cardiovascular outcomes, a
meta-analysis including three large cardiovascular out-
come trials and 34,322 patients with T2DM demon-
strated that SGLT2 inhibitors reduced the risk of
major adverse cardiovascular events by 11%, with bene-
fits only observed in patients with atherosclerotic CVD
(ASCVD). In addition, SGLT2 inhibitors robustly
reduced cardiovascular death or hospitalisation for HF
by 23%, with similar benefits in patients with and with-
out ASCVD.39 Even in patients without T2DM, SGLT2
inhibitors were reported to significantly reduce the
combined risk of worsening HF or cardiovascular
death in patients with HF and a reduced ejection frac-
tion (HFrEF).12,13 More encouragingly, in patients with
T2DM and recent worsening HF, initiation of SGLT2
inhibitor soon after an episode of HF was also found to
markedly reduce the total number of deaths from car-
diovascular causes and hospitalisations for HF.14,15

Recently, the Empagliflozin Outcome Trial in Patients
with Chronic Heart Failure with Preserved Ejection
Fraction (EMPEROR-PRESERVED) demonstrated that
empagliflozin reduced the combined risk of cardiovas-
cular death or hospitalisation for HF in patients with
HF and a preserved ejection fraction (HFpEF), regard-
less of the presence or absence of diabetes.16 Another
randomised controlled trial (RCT), the Dapagliflozin
Evaluation to Improve the Lives of Patients With Pre-
served Ejection Fraction Heart Failure (DELIVER,
NCT03619213) trial, is currently ongoing, further con-
firming the cardiovascular benefits of SGLT2 inhibi-
tors in patients with HFpEF.40

In terms of renal outcome trials, SGLT2 inhibitors
were demonstrated to reduce the relative risk of kidney-
related outcomes in patients with T2DM.17 Moreover,
the Dapagliflozin and Prevention of Adverse Outcomes
in Chronic Kidney Disease (DAPA-CKD) trial was ter-
minated early because of its clear ‘overwhelming effect’
on reducing the risk of kidney-related outcomes, regard-
less of the presence or absence of T2DM.18 The Study of
Heart and Kidney Protection With Empagliflozin
(EMPA-KIDNEY, NCT03594110) is ongoing to test
whether empagliflozin can improve cardiorenal out-
comes in a broader range of patients with CKD, includ-
ing overt albuminuria and eGFRs as low as 20 mL per
min per 1¢73 m2.41 The cardiorenal benefits of SGLT2
www.thelancet.com Vol 83 Month , 2022
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inhibitors in major clinical trials are summarised in
Table 1.

Energy metabolism of the normal heart and
metabolism reprogramming in the failing heart

Energy metabolism of the normal heart
The heart is termed as a ‘metabolic omnivore’, which is
capable of metabolising FAs, carbohydrates (glucose and
lactate), ketone bodies, and amino acids in a supply-
dependent manner in order to ensure the replenishment
of ATP for the contractile demand.42 In the adult heart,
mitochondria occupy over one-third of the cardiomyocyte
volume and mitochondrial oxidative phosphorylation
contributes to over 95% of ATP production, with glycoly-
sis providing the remaining 5%.43 Under normoxic con-
ditions, FA oxidation (FAO) serves as the chief energy
source, providing approximately 40% to 60% of the total
ATP, followed by carbohydrates metabolism (20�40%),
with only modest utilisation (10%�15%) of ketone bodies
or branched-chain amino acids (BCAAs).44�46

FAs are transported into the cardiomyocytes partly
via FA translocase cluster of differentiation 36 (CD36)
and plasma membrane FA binding protein (FABP), and
are then esterified to fatty acyl-CoA by fatty acyl-CoA
synthetase (FACS).43 Over 80% of fatty acyl-CoA is then
transferred to mitochondria with the aid of carnitine,
and the unused FAs are mainly stored as triglycerides.
Carnitine palmitoyl transferase 1 (CPT-1) is the rate-lim-
iting enzyme in this process.47 After that, fatty acyl-CoA
undergoes b-oxidation, generating acetyl-CoA, which
enters the tricarboxylic acid (TCA) cycle and produces
nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2) for oxidative phosphory-
lation (OXPHOS) and ATP production.44 FAO is highly
regulated via different mechanisms, such as the sub-
strate availability, intermediate metabolites (e.g.
malonyl CoA can induce CPT-1 inhibition), posttransla-
tional modification of key enzymes, and transcriptional
regulation of FAO-related genes, which contributes to
ensuring the high energy demand for cardiac work.24,44

Glucose is another important fuel in the heart,
mainly taken up by the cardiomyocyte GLUT4, followed
by GLUT1. After entering myocardial cells, glucose is
phosphorylated by hexokinase to form glucose-6-phos-
phate (G-6-P) and is then converted to pyruvate, produc-
ing ATP from glycolysis in the cytoplasm and aerobic
oxidation in the mitochondria.48 The pyruvate gener-
ated from glycolysis can be converted to lactate via lac-
tate dehydrogenase (LDH). Lactate can also be taken up
by cardiomyocytes via the lactate exporter monocarboxy-
late transporter 1 (MCT1) and then converted into pyru-
vate to enter the mitochondria via the mitochondrial
pyruvate carrier (MPC), which serves as an energy sub-
strate for the heart.49

Ketone bodies are produced in the liver and are uti-
lised in extrahepatic tissues. b-Hydroxybutyrate
www.thelancet.com Vol 83 Month , 2022
(b-OHB) is the predominant ketone body utilised in the
heart and is taken up by cardiomyocytes via SLC16A1.
b-OHB is then converted to acetoacetate via b-hydroxy-
butyrate dehydrogenase 1 (BDH1) and activated by the
succinyl-CoA:3-oxoacid CoA transferase (SCOT) to form
acetoacetyl CoA. Acetoacetyl-CoA undergoes a thiolysis
process to form acetyl-CoA and then enters the TCA
cycle to produce ATP for cardiac contraction.45

BCAAs (leucine, valine, and isoleucine) are also
readily used as fuel in non-hepatocytes. The initial step
in BCAAs metabolism is the transamination to form
branched-chain a-ketoacids (BCKAs) via branched-
chain aminotransferases (BCATs). Then, BCKAs
undergo irreversible oxidative decarboxylation via the
branched-chain a-ketoacid dehydrogenase (BCKDH)
complex to form acetyl-CoA or succinyl-CoA, which
then enter the TCA cycle to produce ATP.46 The
energy metabolism in the normal heart is shown in
Figure 1a.

Metabolism reprogramming in heart failure
In the failing heart, energy metabolism is perturbed,
and metabolic flexibility is impaired, along with the
impairment in mitochondrial function and oxidative
metabolism, leading to an ‘energy-starved’ state.44,45,50

Myocardial energy substrate shifts from FAs towards
carbohydrates (especially glycolysis) to adapt to reduced
oxygen and energy demands, which is consistent with
the re-induction of a fetal-like metabolic mode.51

Increased glycolysis is consistent with the increased
expression of GLUT1 to accelerate glucose uptake, but it
is insufficient to compensate for the energy deficit.44 In
addition, the uncoupling between glycolysis and glucose
oxidation leads to the accumulation of glycolytic inter-
mediates. Among these, G-6-P, which was recently
found to be controlled by phosphoglucose isomerase
activity, could serve as an activator of the mechanistic
target of rapamycin (mTOR) complex 1 (mTORC1) and
also feed into accessory pathways, such as the hexos-
amine biosynthetic pathway and pentose phosphate
pathway, exacerbating myocardial pathological
remodelling.52,53

Moreover, recent studies indicate that the myocar-
dium increasingly relies on ketone bodies as an alterna-
tive fuel in advanced HF.54,55 Using a method of
metabolomics, Murashige et al.56 found that patients
with HFrEF had nearly tripled consumption of ketone
bodies (16¢4% versus 6¢4%) and doubled consumption
of lactate (5¢0% versus 2¢8%), with reduced FAO from
85¢9% to 71¢4%. Given that the phosphorus/oxygen
(P/O) ratio of ketones (2¢50) is higher than palmitate
(2¢33), this shift in substrate preference may represent
an adaptive mechanism in HFrEF. In contrast to
HFrEF, a recent study developed a mouse model of
HFpEF and found a reduction in the oxidation of
b-OHB, indicating that the utilisation of ketone bodies
may not contribute to its benefits for HFpEF.
3



Clinical Trials EMPA-REG
OUTCOME8

CANVAS
Program9

DECLAR-
TIMI 5810

VERTIS
CV11

DAPA-
HF12

EMPEROR-
Reduced13

SOLOIST-
WHF14

EMPEROR-
Preserved16

SCORED15 CREDENCE17 DAPA-
CKD18

Intervention Empagliflozin
10 or 25 mg
vs. placebo

Canagliflozin
300 or
100 mg
vs. placebo

Dapagliflozin
10 mg
vs. placebo

Ertugliflozin
5 or
15 mg
vs. placebo

Dapagliflozin
10 mg vs.
placebo

Empagliflozin
10 mg
vs. placebo

Sotagliflozin
200�400mg
vs. placebo

Empagliflozin
10 mg
vs. placebo

Sotagliflozin
200�400mg
vs. placebo

Canagliflozin
100 mg
vs. placebo

Dapagliflozin
10 mg
vs. placebo

Population (n) 7020 10,142 17,160 8246 4744 3730 1222 5988 10,584 4401 4304
Follow-up (year) 3¢1 3¢6 4¢2 3¢5 2 0¢7 0¢75 2¢18 1¢33 2¢6 2¢4
T2DM (%) 100 100 100 100 42 49¢8 100 49 100 100 67¢5
ASCVD* or HFrEFy

or HFpEFz
> 99% with
ASCVD*

72¢7% with
ASCVD*

40¢6% with
ASCVD*

100% with
ASCVD*

100% with
HFrEFy

100% with
HFrEFy

100% with
recent
worsening HF

100% with
HFpEFz

19¢9%
with
HFrEFy

50¢4%
with
ASCVD*

37¢4%
with
ASCVD*

eGFR (mL per
min per 1¢73m2)

�30 �30 �60 �30 �30 �20 �30 �20 25�60 30�89 25�75

Primary outcome
(HR, 95%CI)

MACEx: 0¢86
(0¢74�0¢99)

MACEx: 0¢86
(0¢75�0¢97)

MACEx: 0¢93
(0¢84�1¢03)

MACEx: 0¢97
(0¢85�1¢11)

Worsening
HF or
cardiovascular
death:
0¢74
(0¢65�0¢85)

Cardiovascular
death or
hospitalization
for worsening
HF: 0¢75
(0¢65�0¢86)

The total
number of
cardiovascular
deaths and
hospitalizations
and urgent
visits for
HF: 0¢67
(0¢52�0¢85)

A composite of
cardiovascular
death or
hospitalization
for HF: 0¢79
(0¢69�0¢90)

The total
number of
cardiovascular
deaths and
hospitalizations
and urgent
visits for
HF: 0¢74
(0¢63�0¢88)

ESRD, a
doubling of
the Scr
level, or
renal or
cardiovascular
death: 0¢70
(0¢59�0¢82)

A sustained
decline in
the eGFR�50%,
ESRD, or renal
or cardiovascular
death: 0¢61
(0¢51� 0¢72)

Cardiovascular
death
(HR, 95%CI)

0¢62
(0¢49�0¢77)

0¢87
(0¢72�1¢06)

0¢98
(0¢82�1¢17)

0¢92
(0¢77�1¢11)

0¢82
(0¢69�0¢98)

0¢92
(0¢75�1¢12)

0¢84
(0¢58�1¢22)

0¢91
(0¢76�1¢09)

0¢90
(0¢73�1¢12)

0¢78
(0¢61�1¢00)

0¢81
(0¢58�1¢12)

All-cause mortality
(HR, 95%CI)

0¢68
(0¢57�0¢82)

0¢87
(0¢74�1¢01)

0¢93
(0¢82�1¢04)

0¢93
(0¢80�1¢08)

0¢83
(0¢71�0¢97)

0¢92
(0¢77�1¢10)

0¢82
(0¢59�1¢14)

1¢00
(0¢87�1¢15)

0¢99
(0¢83�1¢18)

0¢83
(0¢68�1¢02)

0¢69
(0¢53�0¢88)

Hospitalization
for HF
(HR, 95%CI)

0¢65
(0¢50�0¢85)

0¢67
(0¢52�0¢87)

0¢73
(0¢61�0¢88)

0¢70
(0¢54�0¢90)

0¢70
(0¢59�0¢83)

0¢69
(0¢59�0¢81)

/ 0¢71
(0¢60� 0¢83)

0¢67
(0¢55�0¢82)

0¢61
(0¢47�0¢80)

/

Renal outcomes
(HR, 95%CI)

/ Progression of
albuminuria:
0¢73 (0¢67�0¢79);
Sustained
40% reduction
in eGFR, RRT,
or renal death:
0¢60 (0¢47�0¢77)

� 40% decrease in
eGFR to< 60 mL
per min per 1¢73m2,
ESRD, or renal death:
0¢53 (0¢43�0¢66)

Death from
renal causes,
RRT, or doubling
of the Scr level:
0¢81 (0¢63�1¢04)

A sustained
decline in
the eGFR
� 50% or
ESRD, or renal
death: 0¢
71 (0¢44�1¢16)

Mean slope
of change in
eGFR per year:
�0¢55 vs
�2¢28 mL
per min per
1¢73m2 (P<0¢01)

Mean change in
eGFR: �0¢16
(�1¢30� 0¢98)

Mean slope of
change in
eGFR per
year: �1¢25
vs �2¢62 mL
per min
per 1¢73m2

(P<0¢01)

A sustained
decline in
the eGFR
�50%, from
baseline or
sustained
eGFR<15 mL
per min
per 1¢73m2

for �30 days, RRT

ESRD, a
doubling of
the Scr level,
or renal
death:
0¢66 (0¢53�0¢81)

Decline in
eGFR�50%,
ESRD, or renal
death: 0¢56
(0¢45�0¢68)

Table 1: Large-scale clinical trials of SGLT2 inhibitors for the incidence of adverse cardiorenal outcomes.
ASCVD*: atherosclerotic cardiovascular disease, involving the coronary, cerebrovascular, or peripheral arterial systems; HFrEFy: heart failure with reduced ejection fraction (New York Heart Association class II�IV and an

LVEF�40%); HFpEFz: heart failure with a preserved ejection fraction (New York Heart Association class II�IV and an LVEF>40%); MACEx: major adverse cardiovascular events, representing a composite of death from cardiovas-

cular causes, nonfatal myocardial infarction, or nonfatal stroke. Abbreviations: EMPA-REG OUTCOME: the Empagliflozin Cardiovascular Outcome Event Trial in T2DM Patients; CANVAS Program: the Canagliflozin Cardiovascu-

lar Assessment Study Program; DECLARE-TIMI 58: the Dapagliflozin Effect on Cardiovascular Events-Thrombosis in Myocardial Infarction 58; VERTIS CV: the Evaluation of Ertugliflozin Efficacy and Safety Cardiovascular

Outcomes Trial; DAPA-HF: the Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure Trial; EMPEROR-Reduced: the Empagliflozin Outcome Trial in Patients with Chronic Heart Failure with Reduced Ejection Frac-

tion; SOLOIST-WHF: the Effect of Sotagliflozin on Cardiovascular Events in Patients with Type 2 Diabetes Post Worsening Heart Failure Trial; EMPEROR-PRESERVED: the Empagliflozin Outcome Trial in Patients with Chronic

Heart Failure with Preserved Ejection Fraction; SCORED: the Effect of Sotagliflozin on Cardiovascular and Renal Events in Patients with Type 2 Diabetes and Moderate Renal Impairment Who Are at Cardiovascular Risk Trial;

CREDENCE: the Canagliflozin and Renal Events in Diabetes and Established Nephropathy Clinical Evaluation Trial; DAPA-CKD: the Dapagliflozin and Prevention of Adverse Outcomes in Chronic Kidney Disease Trial; SGLT2:

sodium-glucose co-transporter 2; T2DM: type 2 diabetes mellitus; HF: heart failure; eGFR: estimated glomerular filtration rate; HR: hazard ration; CI: confidence interval; RRT: renal-replacement therapy; ESRD: end-stage renal dis-

ease; CKD: chronic kidney disease; Scr: serum creatinine.
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Interestingly, they found that mitochondrial hyperacety-
lation and inflammation are key drivers in the patho-
genesis of HFpEF, which could be improved by
increasing b-OHB level.57 Future studies are needed to
explore the exact role of ketone bodies in HFpEF and
their potential mechanisms.

Furthermore, elevated circulating and cardiac
BCAAs were also found in HF, along with diminished
cardiac BCAA catabolism.58 Utilising coronary artery
ligation-induced murine myocardial infarction (MI)
models, Wang et al.59 found that impaired cardiac
BCAA catabolism acted as a direct contributor to post-
MI cardiac dysfunction and remodelling, which might
partially be through the activation of the mTOR signal-
ling. Moreover, enhancing BCAA catabolism using BT2
(3,6-dichlorobenzo[b] thiophene-2-carboxylic acid), an
inhibitor of BCKDH kinase, was demonstrated to improve
cardiac systolic contractility and diastolic mechanics in a
mouse model of HF, indicating that targeting BCAA catab-
olism could be a novel and potentially efficacious treatment
for HF.60 In humans with established HF, impaired
BCAA oxidation was also found to be associated with car-
diac insulin resistance.61 How changes in BCAA metabo-
lism alter HF remains incompletely understood, and the
significance of BCAAs in the pathogenesis of HF requires
further study.

Additionally, in the failing heart, the oxidative
metabolism in mitochondria is hindered, leading to a
state of intracellular nutrient surplus, which is
reported to suppress the nutrient deprivation sensors,
including silent information regulator 1 (SIRT1) and
adenosine monophosphate-activated protein kinase
(AMPK).62,63 SIRT1, a nicotinamide adenine dinucle-
otide-dependent deacetylase, acts as a master switch
that controls the gluconeogenic/glycolysis pathways
and lipid metabolism, as well as mitochondria quality
maintenance through its action on downstream sub-
strates.64 Activation of AMPK increases the rate of
catabolic metabolism and decreases the rate of ana-
bolic metabolism to promote ATP production, partly
by inhibiting mTORC1.65 Peroxisome proliferator-
activated receptor-gamma co-activator 1a (PGC-1a), a
master transcriptional regulator of lipid metabolism
and mitochondria function, could be activated by
upstream SIRT1 through deacetylation or AMPK
through phosphorylation.66 The effects of PGC-1a
contain many aspects,67 such as (1) promoting mito-
chondria biogenesis and mitochondrial DNA replica-
tion, (2) optimising mitochondrial dynamics, (3)
defending against oxidative stress by activating
SIRT3, and (4) stimulating FAO through peroxisome
proliferator-activated receptors (PPARs) and retinoid
X receptors (RXRs). Under HF conditions, PGC-1a
expression is repressed, which correlates with mito-
chondrial dysfunction, increased oxidative stress, and
reduced FAO. Energy metabolism in the HF is shown
in Figure 1b.
www.thelancet.com Vol 83 Month , 2022
Energy metabolism of the kidney and
metabolism reprogramming in diabetic kidney
disease

Energy metabolism of the normal kidney
After the heart, the kidney is the second-most metaboli-
cally active organ, which requires a tremendous amount
of ATP to remove waste products and reabsorb most fil-
tered water and solutes.68 The kidney displays different
metabolic programs in various regions. The renal
medulla mainly exhibits high rates of glycolysis due to
its low oxygen tension and low levels of oxidative
enzymes, whereas the renal cortex, composed of a large
population of proximal tubules, relies more heavily on
FAO and gluconeogenesis.69 More specifically, the
proximal tubule, responsible for the reabsorption of
approximately 70% of the glomerular filtered fluid and
solutes, generates ATP primarily via the aerobic metab-
olism of various substrates, including FAs, glutamine,
pyruvate, citrate, and lactate.70 In contrast, the distal
tubules rely substantially on anaerobic glycolysis to gen-
erate ATP under the low oxygen tension of the renal
medulla.71 The energy metabolism in the renal tubular
epithelial cells (TECs) is shown in Figure 2a.

Metabolism reprogramming in diabetic kidney disease
DKD is a chronic microvascular complication of DM
and one of the leading causes of end-stage renal disease
(ESRD).72 The pathophysiology of DKD is complex,
multifactorial, and heterogeneous. Metabolic network
alterations in the kidney induced by hyperglycaemia
and dyslipidaemia play crucial roles in DKD progres-
sion.73 Sas et al.74 used metabolic flux analysis and
found that the TCA cycle and glycolysis fluxes in the dia-
betic kidney cortex were higher in db/db mice than in
control mice. Moreover, increased metabolism in the
early stages of DKD was found to be associated with
mitochondrial electron transport chain dysfunction,
leading to less efficient ATP production and the pro-
gression of DKD.

With respect to renal glucose reabsorption, the proxi-
mal tubule plays a central role in the sodium-glucose
linked transport, which accounts for 60% of the
kidney’s energy consumption. Notably, proximal TECs
consume almost two-thirds of the energy used for reab-
sorption.70 In the context of diabetes, glucose reabsorp-
tion via proximal TECs is increased by hyperglycaemia
due to the up-regulation of SGLT2.75 In DKD mice, the
increased glucose uptake of proximal TECs was
reported to lead to a hyper-nutrient state and thereby
activated nutrient-sensing pathways in these cells,
which contribute to kidney dysfunction, albuminuria,
and interstitial fibrosis.76

In the diabetic kidney, the metabolic program shifts
from FAO to glycolysis.74,77 In DKD, Cai et al.77 found
that lipid accumulation was markedly elevated in the
tubulointerstitial space of microdissected human kidney
5



Figure 1. Energy metabolism in the normal heart and failing heart. (a). In the normal heart, FAs are the main substrate for cardiac
ATP production, whereas carbohydrates (glucose and lactate), ketone bodies, and BCAAs play a lesser role. (b). In the condition of
HF, myocardial substrate utilisation shifts from FAs towards carbohydrates (especially glycolysis). The uncoupling between glycolysis
and glucose oxidation, and the diminished cardiac BCAA catabolism, lead to the accumulation of glycolytic intermediates and
BCAAs (leucine), activating the mTOR signalling pathway, which contributes to insulin resistance and pathological remodelling. In
addition, the myocardium increasingly relies on ketone bodies as an alternative fuel. Nutrient deprivation sensors, including SIRT1
and AMPK, are suppressed in the condition of HF, leading to reduced FAO, impaired mitochondria biogenesis and dynamics, and
increased oxidative stress through the effects on downstream transcriptional regulators (mainly PCG-1a). Abbreviations: FFA:free
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samples. In addition, the levels of the transcriptional
regulator PPARa and key enzyme CPT-1 related to FAO
were significantly lower in patients with DKD than in
those without diabetes. Lipid accumulation due to
decreased FAO or increased FA synthesis also contrib-
utes to the development of nephropathy in the context
of metabolic diseases.78 DKD progression to renal fibro-
sis was reported to be characterised by a metabolic
switch from FAO to glycolysis and lipid accumulation,
which was associated with the increased expression of
HIF-1a, a contributor to renal tubulointerstitial
inflammation.77,79

In particular, two nutrient-sensing pathways have
been extensively investigated in the kidney: the mTOR
and AMPK signalling pathways. Both signalling path-
ways play a role in regulating energy homeostasis and
mitochondrial function.80,81 mTORC1, activated by the
availability of nutrients (mainly glucose and amino
acids), was found to be activated in proximal TECs of
the diabetic kidney, leading to kidney dysfunction, albu-
minuria, and interstitial fibrosis.76 In addition, hyperac-
tivation of mTORC1 has also been found to be strongly
related to podocyte damage in DKD by increasing cyto-
toxicity and inhibiting autophagy, indicating that inhibi-
tion of overactive mTORC1 could be a promising
therapy for both non-proteinuric and proteinuric
DKD.82 AMPK participates in the regulation of mito-
chondrial biogenesis by stimulating PGC-1a. Addition-
ally, AMPK stimulates the catabolic metabolism and
activates autophagy by inhibiting mTORC1 under condi-
tions of nutrient deprivation, which is another therapeu-
tic target for metabolic dysfunction in DKD.66 Energetic
metabolic reprogramming of TECs in the diabetic kid-
ney is shown in Figure 2b.
Cardiorenal protection of SGLT2 inhibitor based
on metabolic reprogramming

SGLT2 inhibitors induce a fasting-like metabolic
paradigm
Given that SGLT2 is the most important mediator of fil-
tered glucose reabsorption, selective inhibition of
SGLT2 induces glycosuria and increases the net urinary
caloric loss to approximately 200�300 kcal per day,
fatty acid; ATP: adenosine triphosphate; ADP: adenosine diphospha
protein; CoA: coenzyme A; FACS: fatty acyl-CoA synthetase; TAG: trig
b- hydroxybutyrate dehydrogenase-1; SCOT: succinyl-CoA: 3-oxoa
monophosphate-activated protein kinase; GLUT1: glucose transpor
cose-6-phosphate; PEP: phosphoenolpyruvate; PKM2: pyruvate kin
transporter 1; MPC: mitochondrial pyruvate carrier; PDH: pyruvate d
tinamide adenine dinucleotide; OXPHOS: oxidative phosphorylatio
amino acid; LIVCS: branched chain amino acid:cation symporter
branched-chain ketoacid; BCKDH: branched chain alpha-keto acid
peroxisome proliferator-activated receptor-gamma co-activator 1a;
noid X receptors; FAO: fatty acid oxidation; SIRT3: silent information
tose phosphate pathway; HBP: hexosamine biosynthetic pathway.
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despite the compensatory up-regulation of SGLT1. Calo-
rie loss mediated by SGLT2 inhibition mimics a fasting-
like metabolic paradigm, which further elicits adaptive
responses of the whole-body energy metabolism involv-
ing glucose homeostasis, hormone release, fuel selec-
tion, and energy expenditure.83

The direct metabolic effect of SGLT2 inhibitors was
shown to induce a decrease in blood glucose levels,
which elicited a decrease in insulin secretion and a rise
in glucagon, as well as a paradoxical increase in endoge-
nous glucose production (EGP).84,85 The mechanisms
underlying the increase in EPG are not completely
understood, which may be attributed to (1) the increased
glucagon levels and the glucagon-to-insulin ratio,86 (2)
the direct inhibition of SGLT2 in pancreatic a-cells to
promote glucagon secretion,87 (3) an increase in
gluconeogenesis,88,89 and (4) a neuronal loop between
the kidney and liver to stimulate hepatic glucose
production.90,91 The increase in EPG potentially coun-
teracts the glucose-lowering potency of SGLT2 inhibi-
tors, thereby reducing the risk of hypoglycaemia. Thus,
the cardiorenal protection of SGLT2 inhibitors may be
derived from the dual benefits of lowering blood sugar
levels and preventing hypoglycaemia. Along with the
reduction in insulin secretion, b-cell function and
whole-body/peripheral insulin sensitivity were signifi-
cantly improved, which may be partially due to the rap-
idly reduced glucotoxicity and chronic decrease in body
weight.84,92,93

SGLT2 inhibitiors were also found to exert indirect
kidney and heart protecting effects independent of the
direct effects of SGLT2 inhibition, at least in part. A
metabolome analysis of diabetic mice showed that ipra-
gliflozin reversed the accumulation of TCA cycle inter-
mediates and increased oxidative stress in renal cortex,
which was consistent with improvements in glomerular
damage. They found that ipragliflozin ameliorated the
accumulation of TCA cycle intermediates and oxidative
stress in the cortex, which was consistent with improve-
ments in glomerular damage. However, similar effects
induced by ipragliflozin were not found in the inner
medulla, future studies are needed to clarify the differ-
ential metabolic effects of SGLT2 inhibitors in different
regions of the kidney.94 In addition, after chronic treat-
ment with SGLT2 inhibitors, increased lipid responses,
te; CD36: cluster of differentiation 36; FABP: fatty acid binding
lyceride; b-Oxid: b-oxidation; b-OHB: b-hydroxybutyrate; BDH1:
cid CoA transferase; TCA: tricarboxylic acid; AMPK: adenosine
ter 1; GLUT4: glucose transporter 4; HK: hexokinase; G-6-P: glu-
ase; LDH: lactate dehydrogenase; MCT1 monocarboxylic acid
ehydrogenase; FADH2: flavin adenine dinucleotide; NADH: nico-
n; Q: coenzyme Q; Cytc: cytochrome c; BCAA: branched-chain
; BCAT: branched-chain amino acid aminotransferase; BCKA:
dehydrogenase; SIRT1: silent information regulator 1; PGC-1a:
PPARa: peroxisome proliferator-activated receptor a; RXR: reti-
regulator 3; mTOR: mechanistic target of rapamycin; PPP: pen-
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Figure 2. Energy metabolism in TECs of the normal kidney and the diabetic kidney. (a). TECs generate ATP primarily via aerobic
metabolism of various substrates, including FAs, glutamine, pyruvate, citrate and lactate, which are metabolised to acetyl-CoA
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involving lipolysis, lipid oxidation, and ketogenesis,
became more marked in patients with and without dia-
betes, suggesting a progressive shift in fuel utilisation
from carbohydrates to FAs and ketone bodies.95,96 Ele-
vated levels of FAs are used for the hepatic formation of
ketone bodies. Subsequently, liver-derived ketone bod-
ies, as energy-efficient substrates, are taken up by the
heart and kidney, thereby improving the performance
of the myocardium and kidney epithelia.97�99 In a
study conducted by Verma et al.,97 although increased
ketones did not enhance cardiac efficiency (cardiac
work/oxygen consumed) in db/db mice, empagliflozin
increased cardiac energy production rates owing to the
additional contribution of ketone oxidation. Even in a
non-diabetic porcine model with HF, the empagliflozin-
treated group showed a reduction in myocardial glucose
utilisation and switched towards utilisation of ketone
bodies, FAs, and BCAAs, which improved myocardial
energetics.98 In terms of the diabetic kidney, Tomita
and his colleagues also demonstrated that empagliflozin
raised endogenous ketone body levels and restored ATP
levels in non-proteinuric DKD mice and diabetic db/db
mice.99 Notably, b-OHB was found to enhance respira-
tory efficiency in isolated heart mitochondria of C57BL/
6N mice,55 and was also reported to attenuate the for-
mation of nucleotide-binding oligomerisation domain-
like receptor P3 inflammasome, which may potentiate
the effects of cardiorenal protection.57 So far, the
detailed molecular mechanisms by which SGLT2 inhib-
itors contribute to an increase in ketone body levels, and
mechanisms underlying the elevated ketone body uti-
lisation in damaged kidneys and myocardia remains
unclear. Further research is required to address this
issue.

Furthermore, SGLT2 inhibition was reported to
increase the utilisation of BCAAs in the failing myocar-
dia of non-diabetic pigs, along with the increased activ-
ity of BCKDH and decreased activity of phosphorylation
of the BCKD-E1a subunit (which is inverse to BCKDH
activity), leading to a markedly improved myocardial
before entering the TCA cycle. Proximal TECs produces ATP mainly t
esis. In contrast, the distal tubules rely substantially on anaerobic
shifts from FAO to glycolysis. The levels of transcriptional regulators
lated in proximal TECs. Lipid accumulation due to decreased FAO or
The mTOR and AMPK signalling pathways play important roles in the
stasis and mitochondrial function. mTORC1 was found to be activate
function, albuminuria, and interstitial fibrosis. AMPK can participat
PGC-1a. In addition, AMPK stimulates the catabolic metabolism and
nutrient deprivation. Abbreviations: TEC: tubular epithelial cell; ATP
acid; FAO: fatty acid oxidation; FFA: free fatty acid; CD36: cluster of d
CoA synthetase; TAG: triglyceride; b-Oxid: b-oxidation; HK: hexok
PKM2: pyruvate kinase; LDH: lactate dehydrogenase; aKG: a-ketog
dehydrogenase-1; SCOT: succinyl-CoA: 3-oxoacid CoA transferase; M
nase; FADH2: flavin adenine dinucleotide; NADH: nicotinamide aden
zyme Q; Cytc: cytochrome c; mTOR: mechanistic target of rapamy
proliferator-activated receptor-gamma co-activator 1a; PPARa: pero
tors; SIRT3: silent information regulator 3.
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energetics.98 In addition, Kappel et al.100 performed an
untargeted metabolomics approach and found that
empagliflozin increased the degradation products of
BCAAs in patients with T2DM and CVD. However, the
role of BCAAs in cardiorenal protection remains
unclear, and further experimental studies are needed to
investigate the effect of SGLT2 inhibitors on BCAA
metabolism and explore the exact cardiorenal protective
mechanisms induced by BCAA catabolism.

Taken together, SGLT2 inhibitor therapy leads to
glycosuria and a net urinary energy loss, thereby elicit-
ing a fasting-like metabolic paradigm involving a reduc-
tion in glucose utilisation and a switch towards
utilisation of FAs, ketone bodies and BCAAs. The
effects of SGLT2 inhibitors on energy metabolism are
summarized in Figure 3.
SGLT2 inhibitors induce a nutrient deprivation
transcriptional paradigm

Activation of AMPK/SIRT1/PGC-1a signalling pathway. Tag-
gedPAs mentioned above, SGLT2 inhibition leads to a net calo-
ric loss, which mimics a fasting-like metabolic paradigm
and thereby induces the nutrient deprivation pathway. In a
series of experimental studies, SGLT2 inhibitors were
shown to activate the AMPK/SIRT1/PGC-1a signalling
pathway, thereby enhancing FAO, gluconeogenesis, and
ketogenesis, which mimics a fasting-like metabolic state
and remarkably improves the state of energy
deficiency.101�105 More importantly, the activation of
AMPK/SIRT1/PGC-1a induced by SGLT2 inhibition was
also found to improve mitochondrial dysfunction, thereby
attenuating oxidative stress, endoplasmic reticulum (ER)
stress, inflammation and apoptosis.103�110

Additionally, the AMPK/SIRT1/PGC-1a pathway
activated by SGLT2 inhibition may exert other pleiotro-
pic cardioprotective effects. The nutrient-sensing path-
way induced by SGLT2 inhibition enhances autophagy
in both the heart and kidneys. Autophagy-mediated
hrough FAO and also participate in the process of gluconeogen-
glycolysis to generate ATP. (b). In DKD, the metabolic program
and key enzymes related to FAO were significantly down-regu-
increased FA synthesis contributes to the development of DKD.
progression of DKD, involving the regulation of energy homeo-
d in proximal TECs of the diabetic kidney, leading to kidney dys-
e in the regulation of mitochondrial biogenesis by stimulating
activates autophagy by inhibiting mTORC1 under conditions of
: adenosine triphosphate; CoA: coenzyme A; TCA: tricarboxylic
ifferentiation 36; ADP: adenosine diphosphate; FACS: fatty acyl-
inase; G-6-P: glucose-6-phosphate; PEP: phosphoenolpyruvate;
lutarate; b-OHB: b-hydroxybutyrate; BDH1: b- hydroxybutyrate
PC: mitochondrial pyruvate carrier; PDH: pyruvate dehydroge-
ine dinucleotide; OXPHOS: oxidative phosphorylation; Q: coen-
cin; SIRT1: silent information regulator 1; PGC-1a: peroxisome
xisome proliferator-activated receptor a; RXR: retinoid X recep-
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Figure 3. Effects of SGLT2 inhibitors on energy metabolism. SGLT2 inhibitor therapy leads to glycosuria and a net urinary energy
loss, along with a decreased insulin level and increased glucagon level, as well as GLP-1. Despite the reduction in insulin secretion,
b-cell function and the whole body/peripheral tissue insulin sensitivity improved. Increased glucagon levels and decreased insulin-
to-glucagon ratio lead to the elevation of EPG, which may be partly derived from the increased gluconeogenesis in the liver and the
kidney. Glucose utilisation is downregulated, while increased lipid responses, involving lipolysis, lipid oxidation, and ketogenesis,
markedly increased after SGLT2 inhibitor treatment. The elevated levels of ketone bodies can serve as an additional energy sub-
strate, thus improving the performance of the heart and the kidney. Catabolism of protein might also be involved in the metabolic
adaptation process when treated with SGLT2 inhibitors. BCAAs comes from skeletal muscle or diet protein and will be further uti-
lised in myocardial and renal cells to meet the needs of energy metabolism. Increased protein catabolism, as well as increased lipol-
ysis, finally lead to the loss of body weight, including lean body mass and fat mass, contributing to the improvement of b-cell
function and insulin sensitivity. Abbreviations: SGLT2: sodium-glucose co-transporter 2; GLP-1: glucagon-like peptide-1; TCA: tricar-
boxylic acid cycle; mTORC1: mechanistic target of rapamycin complex 1; FFA: free fatty acid; EPG: endogenous glucose production;
LV: left ventricular; BCAA: branched-chain amino acid.
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recycling of cellular components may explain the
restored ATP production and reduced oxidative stress
and ER stress.109,111,112 Additionally, activation of the
AMPK/SIRT1/PGC-1a pathway was reported to
modulate the closely linked hypoxia-inducible factor
(HIF) pathway in DM-related renal injury.113 How-
ever, the effect of SGLT2 inhibitors on the HIF
pathway in the heart remains unclear. Given that
the increase in haematocrit after SGLT2 inhibitor
treatment has been postulated to account for »50%
of the cardiovascular benefit of major adverse car-
diovascular events in the EMPA-REG OUTCOME
trial, the cardioprotection induced by SGLT2 inhibi-
tors may be partially due to their erythropoietic
effects.114 Further studies are needed to elucidate
the effects and molecular mechanisms of SGLT2
inhibition on the HIF pathway, in order to better
clarify the cardiorenal protective mechanisms of
SGLT2 inhibitors.
Inhibition of the mTOR signalling pathway. mTOR is
a serine/threonine-kinase complex. There are two dis-
tinct mTOR complexes: mTORC1 and mTORC2.
mTORC1 is considered a nutrient sensor responsible
for stimulating anabolic metabolism for cell growth and
proliferation and inhibits autophagy.80 Overactivation
of mTORC1 was reported to lead to LV dysfunction and
adverse cardiac remodeling,115,116 as well as kidney dys-
function, albuminuria, and interstitial fibrosis.76 In a
series of experimental studies, SGLT2 inhibitors were
reported to inhibit the mTOR signalling pathway and
thereby maintain redox homeostasis, upregulate
autophagy, and suppress inflammation, which may par-
tially explain the cardiorenal protective mechanisms
induced by SGLT2 inhibition.76,117�121

Moreover, using a DKD mouse model, Tomita et
al.99 reported that ATP production in proximal TECs
shifted from lipolysis to ketolysis, and empagliflozin
treatment restored renal ATP levels and improved
www.thelancet.com Vol 83 Month , 2022



Figure 4. Cardiorenal protection of SGLT2 inhibitor based on metabolic reprogramming. SGLT2 inhibition leads to marked glycos-
uria and a net caloric loss, which mimics a fasting-like metabolic response. The energy substrates shift from carbohydrates to FAs
and ketone bodies, which restore ATP levels to exert cardiorenal protective effects. SGLT2 inhibitors induce a nutrient deprivation
transcriptional paradigm via acting on nutrient-sensing pathways. SGLT2 inhibitors activate the AMPK/SIRT1/PGC-1a pathway,
enhancing FAO and ketogenesis, which improve the energy state of the heart and kidney. In addition, the activated AMPK/SIRT1/
PGC-1a pathway exerts other protective effects, including improving mitochondrial biogenesis and dynamics, enhancing autoph-
agy, and attenuating oxidative stress. SGLT2 inhibitors inhibit the mTOR pathway and thereby improve insulin resistance, cardiac
hypertrophy, fibrosis, and oxidative stress. In addition, inhibition of mTORC1 prevents tubular and podocyte damage, partially via
the effects of increased ketone bodies on mTORC1. Abbreviations: SGLT2: sodium-glucose co-transporter 2; FA: fatty acids; LV: left
ventricular; mTOR: mechanistic target of rapamycin; mTORC1: mechanistic target of rapamycin complex 1; SIRT1: silent information
regulator 1; PGC-1a: peroxisome proliferator-activated receptor-gamma co-activator 1a; SIRT3: silent information regulator 3; HIF:
hypoxia-inducible factor; CPT-1: carnitine palmitoyl transferase-1; b-Oxid: b-oxidation; ATP: adenosine triphosphate; ETC: electron
transfer chain; DNA: deoxyribonucleic acid; IR: insulin resistance; ER: endoplasmic reticulum.
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kidney injury. Elevated ketone bodies were further dem-
onstrated to attenuate mTORC1-associated tubular epi-
thelial cell damage in non-proteinuric DKD mice and
podocyte damage in diabetic mice, which provided a
novel link between SGLT2 inhibition, ketone bodies,
mTOR signalling, and renoprotection. So far, the
detailed molecular mechanisms by which SGLT2 inhib-
itors contribute to the increase in ketone body levels, as
well as the mechanisms underlying the elevated ketone
body utilisation in damaged kidneys remain unclear.
Further research is required to answer these questions.

In summary, metabolic reprogramming plays an
important role in disease progression of HF and DKD.
SGLT2 inhibitors trigger metabolic readjustments in
the context of HF and DKD, which may partially explain
the mechanisms of their cardiorenal protective effects.
SGLT2 inhibition leads to marked glycosuria and a net
caloric loss, which mimics a fasting-like metabolic
response. The energy substrates shift from carbohy-
drates to FAs and ketone bodies, which restore ATP
www.thelancet.com Vol 83 Month , 2022
levels. In addition, SGLT2 inhibitors induce a nutrient
deprivation transcriptional paradigm via acting on nutri-
ent-sensing pathways, involving the AMPK/SIRT1/
PGC-1a pathway and the mTOR pathway, leading to the
improvements of mitochondrial function, insulin resis-
tance, inflammation, oxidative stress, and the enhance-
ment of autophagy, contributing to cardiorenal
protection. The mechanisms of action of SGLT2 inhibi-
tors in cardiorenal protection based on metabolic
reprogramming are shown in Figure 4.
Conclusion
The striking cardiorenal protective effects of SGLT2
inhibitors have encouraged us to elucidate their poten-
tial mechanisms beyond hyperglycaemia control.
Recent studies on their broad influence on glucose,
lipid, and protein metabolism have provided a novel
vision for understanding the beneficial cardiorenal
effects of this drug class. Interestingly, SGLT2
11
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inhibitors could induce a fasting-like metabolic para-
digm involving the metabolic switch from carbohy-
drates to lipid utilisation and ketogenesis, which
activates nutrient deprivation pathways and contributes
to maintaining energy homeostasis. These metabolic
improvements may partially explain the cardiorenal pro-
tective effects of SGLT2 inhibitors. Further studies are
needed to elucidate the ambiguous questions regarding
metabolic changes and obtain a complete view of the
effects of SGLT2 inhibition on metabolism and its
mechanisms.

Outstanding questiones
1. The cardiorenal benefits of SGLT2 inhibitors in

patients with HFpEF or more advanced CKD
(eGFRs as low as 20 per min per 1¢73 m2) are still
incompletely understood and should be investigated
in future large-scale RCTs.

2. What are the potential benefits of shifting fuel uti-
lisation pathways, especially the exact role of ketone
bodies in patients with HF?

3. The mechanisms that lead to an increase in EGP
following SGLT2 inhibition remain poorly under-
stood. Future studies elucidating the exact mecha-
nisms will contribute to our understanding of
glucose homeostasis after SGLT2 inhibition.

4. The role of BCAA remains unclear. Further experi-
mental studies are needed to investigate the effect
of SGLT2 inhibitors on BCAA catabolism and
explore the exact cardiorenal protective mechanisms
induced by BCAA catabolism.
Search strategy and selection criteria
Data for this review were identified by searches of
PubMed and references from relevant articles using the
search terms ‘SGLT2 inhibitor’, ‘metabolism’,
‘metabolic reprogramming’, ‘heart failure’, ‘diabetes
mellitus’, ‘DKD’, and ‘diabetic kidney disease’. Only
articles published in English up to 31 March 2022 were
included.
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