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Abstract

Aim: To assess the effects of the sodium-glucose co-transporter-2 (SGLT2) inhibitor

dapagliflozin on a pre-specified panel of 13 urinary metabolites linked to mitochon-

drial metabolism in people with type 2 diabetes and elevated urine albumin levels.

Materials and methods: Urine and plasma samples were used from a double-blind,

randomized, placebo-controlled crossover trial in 31 people with type 2 diabetes,

with an albumin:creatinine ratio >100 mg/g, and who were on a stable dose of an

angiotensin-converting enzyme inhibitor or an angiotensin receptor blocker.

Dapagliflozin or placebo treatment periods each lasted 6 weeks, with a 6-week

washout period in between. Urinary and plasma metabolites were quantified by gas-

chromatography mass spectrometry, corrected for creatinine level, and then com-

bined into a single-valued urinary metabolite index. Fractional excretion of the

metabolites was calculated.

Results: All 13 urinary metabolites were detectable. After 6 weeks of dapagliflozin

therapy, nine of the 13 metabolites were significantly increased from baseline. The

urinary metabolite index increased by 42% (95% confidence interval [CI] 8.5 to 85.6;

P = .01) with placebo versus 121% (95% CI 69 to 189; P < .001) with dapaglifozin.

The placebo-adjusted effect was 56% (95% CI 11 to 118; P = .012). In plasma, seven

of the 13 metabolites were detectable, and none was modified by dapagliflozin.

Conclusions: Dapagliflozin significantly increased a panel of urinary metabolites pre-

viously linked to mitochondrial metabolism. These data support the hypothesis that

SGLT2 inhibitors improve mitochondrial function, and improvements in mitochondrial

function could be a mechanism for kidney protection. Future studies with longer

treatment duration and clinical outcomes are needed to confirm the clinical impact of

these findings.
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1 | INTRODUCTION

Diabetic kidney disease (DKD) develops in ~40% of people with dia-

betes mellitus and is the leading cause of chronic kidney disease

worldwide.1 Efforts are being made to understand the mechanisms

behind the development of DKD and to identify which mechanisms

could be beneficially modifiable with drug therapy.

Recent clinical trials have shown remarkable benefits of sodium-

glucose co-transporter-2 (SGLT2) inhibitors in reducing cardiovascular

and renal risk in people with type 2 diabetes2-6; however, the modest

improvement in glycaemic control, small decrease in body weight, and

persistent reductions in blood pressure and uric acid levels observed

in these trials do not point to a clear mechanism for this cardio-renal

protection, indicating that other mechanisms are involved.

Increasing evidence suggests that dysfunctional renal mitochon-

dria are pathological mediators of DKD.7-10 The diabetic milieu and

inherited factors that underlie abnormalities in mitochondrial function

are now considered to drive the development and progression of

DKD synergistically.11 The kidneys are mitochondrially rich, and at

rest are the second-highest consumers of molecular oxygen in the

body.12 Mitochondrial dysfunction leads to a decrease in ATP produc-

tion, alterations in cellular functions and structure, and the loss of

renal function.13 The ability of mitochondria to sense and respond to

changes in nutrient availability and energy demand by maintaining

mitochondrial homeostasis is critical to the proper functioning of the

kidney.13

A previous study in people with DKD identified a robust met-

abolomics signature that was consistent with reduction in mitochon-

drial function.7 This metabolic signature, consisting of 13 metabolites,

was found to be significantly and consistently reduced in people with

DKD compared to healthy controls. Supporting this hypothesis are

orthogonal approaches which have confirmed that there is dramatic

alteration of mitochondrial content and mitochondrial biogenesis in

the diabetic kidney.7-9

Improving mitochondrial homeostasis and function has the poten-

tial to restore renal function. Experimental studies have suggested

improvements in mitochondrial damage from SGLT2 inhibition.14 In

the context of these previous studies, we assessed the effects of the

SGLT2 inhibitor dapagliflozin on a pre-specified panel of 13 urinary

metabolites known to reflect mitochondrial function in people with

diabetes and elevated albuminuria, in order to further understand the

possible renoprotective mechanisms of SGLT2 inhibition.

2 | MATERIALS AND METHODS

2.1 | Study design and patients

This was a post hoc analysis of a completed clinical trial. The study

design and primary outcomes have been described previously.15 In

short, a prospective, randomized, double-blind, placebo-controlled

crossover single-centre clinical trial was conducted to determine the

albuminuria-reducing effects of the SGLT2 inhibitor dapagliflozin.

Thirty-three participants with type 2 diabetes aged between 18 and

75 years were enrolled from an outpatient clinic. To be eligible, partic-

ipants needed to have a first morning void albumin:creatinine ratio

(UACR) ≥100 mg/g and <3500 mg/g (11.3 and 395.5 mg/mmol), an

estimated glomerular filatration rate (eGFR) ≥45 mL/min/1.73 m2, a

glycated haemoglobin (HbA1c) level between 7.2 and 11.3% (55 and

100 mmol/mol), and were required to be on a maximum tolerated sta-

ble dose of an angiotensin-converting enzyme inhibitor or angiotensin

receptor blocker for >4 weeks. Exclusion criteria were systolic/diastolic

blood pressure >180/110 mmHg, cardiovascular event during the past

6 months, and current use of pioglitazone, glucagon-like peptide-1 ana-

logues, dipeptidyl peptidase-4 inhibitors or SGLT2 inhibitors. Partici-

pants were randomly assigned to two consecutive treatment periods of

6 weeks, in which they received dapagliflozin 10 mg per day or placebo.

The primary outcome was change in 24-hour urinary albumin excretion

rate (UAE). The study was approved by the Medical Ethics Committee

of the University Medical Centre Groningen, the Netherlands. The

study was registered with the Netherlands Trial Register (NTR 4439)

and complied with the Declaration of Helsinki and Good Clinical Prac-

tice Guidelines. All participants provided written informed consent

before any specific study procedure commenced.

2.2 | Measurements

Blood and urine samples were obtained at baseline, in the beginning

and at the end of the two treatment periods, as well as at the end of

the washout period. These urine and plasma samples were stored at

−80�C. Blood and urine samples from 31 participants were available

for this study.

Urine and plasma samples were treated with pentafluorobenzyl

hydroxylamine to oxidate ketoacids prior to lyophilization overnight.

Subsequently, the organic acids were extracted by liquid chromatog-

raphy on silica (42% 2-methyl-2-butanol in chloroform). Solvent was

evaporated and the dry residue was silylated with 300 μL of Trisil-

N,O-bis (trimethylsilyl) trifluoroacetamide, and finally 1 μL of the rec-

onstituted derivatized sample was injected into a 30 m × 0.32 mm

column (Agilent DB-5; Agilent Technologies, Santa Clara, California) in

an Agilent 5890 gas chromatogram, followed by elution using a

4�C/min gradient of 70�C to 300�C. Electron impact mass spectrome-

try using an Agilent 5973 mass selective detector was used to detect

the metabolites. Each analyte was identified from the spectrum and

the confirmed ratio of qualifying and quantifying ions. The integrated

current from the quantifying ion was used to estimate concentration

using standard curves with four to six calibration points. Peak areas

were normalized to internal standards (4-nitrophenol or 2-oxocaproate

added to samples prior to derivatization). Metabolites with results

below the lower detection limit in more than two-thirds of all partici-

pants were excluded from further analysis in the present study. Frac-

tional excretion of the metabolites was calculated using the following

equation:

([Urine_metabolite*serum creatinine]/[Plasma_metabolite*urine

creatinine]) *100%.
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A combined average index of the metabolites was previously

developed to produce a single-valued index, henceforth referred to as

the Metabolomics Signature of Diabetic Kidney Disease (MSDKD)

index.7 To compute the MSDKD index per sample, the concentration

of each of the metabolites was first normalized by subtracting its

mean over the whole dataset (ie, for all time points and treatment

groups), then dividing that value by its standard deviation (SD; also

over the whole dataset), and then taking the average of the normal-

ized metabolite concentrations.

2.3 | Statistical analyses

Analyses were performed using SAS version 9.3. Baseline characteristics

with normal distribution were reported as mean and SD, characteristics

with skewed distribution were reported as median and 1st and 3rd quar-

tile, and categorical variables were reported as number and percentage.

UACR and metabolite concentrations were log transformed for analyses

to account for their skewed distribution. P values were two-tailed and

values <.05 were taken to indicate statistical significance. For individual

metabolites, significance was assessed with the Benjamini–Hochberg

critical value for a false discovery rate of 10% (P < .005).

The primary outcome for this study, the effect of dapagliflozin com-

pared to placebo on urinary metabolite index, was determined with a

mixed effects repeated measures analysis. The model included sequence,

period, treatment and participant as factors, and baseline metabolite of

interest as a covariate. All metabolites were log transformed before the

data were entered into the repeated measures model. Pearson's correla-

tion coefficient was used to calculate the correlations between eGFR,

24-hour UAE and the metabolites at baseline, during dapagliflozin treat-

ment, and at the end of the dapagliflozin treatment period.

3 | RESULTS

The baseline characteristics of the 31 participants with available urine

and plasma samples are reported in Table 1. Adherence to study

medication was excellent, with 97% of all doses being taken.

Dapagliflozin decreased 24-hour UAE by 42.5% (95% confidence

interval [CI] 29.9 to 52.9%; P < .01) and eGFR by 5.2 mL/min/1.73 m2

(2.5 to 7.8 mL/min/1.73 m2; P < .01). The decrease in eGFR occurred

within the first weeks of dapagliflozin therapy. Six weeks after

dapagliflozin discontinuation, the mean (SD) eGFR was

71 (19) mL/min/1.73 m2, indicating that the fall in eGFR was revers-

ible after treatment discontinuation. Compared with placebo, change

in erythropoietin from baseline during dapagliflozin was 9.7% (95% CI

–14.3 to 40.4; P = .45), change in haemoglobin was 0.09 (95% CI –

0.12 to 0.31; P = .93), and change in haematocrit was 0.01 (95% CI

0.004 to 0.02; P = .04).

3.1 | Effect of dapagliflozin on individual metabolites

Baseline values of the metabolites are reported in Table 2. In urine, all

13 of the metabolites were detected. After 6 weeks of placebo ther-

apy, only one of the 13 urinary metabolites was significantly

increased, whereas after 6 weeks of dapagliflozin therapy, 9 of the

13 urinary metabolites were significantly increased (Table 2). Com-

pared with placebo, statistically significant increases during

dapagliflozin treatment were observed for 2-methyl acetoacetate

(69% increase [95% CI 7 to 165]; P = .025), 3-hydroxy propionate

(87% increase [95% CI 20 to 193]; P = .008), and 3-methyl crotonyl

glycine (64% increase [95% CI 7 to 151]; P = .024 [Figure 2]).

In plasma, seven of the 13 metabolites were detected. There were

no statistically significant effects of dapagliflozin on the plasma

metabolites compared to placebo (Table 2). Furthermore, no effect on

the fractional excretion of the metabolites was observed.

3.2 | Effect of dapagliflozin on MSDKD index

After 6 weeks of dapagliflozin therapy, a significant difference in the

urinary metabolite index was observed between placebo and

dapagliflozin (Figure 1A). The urinary metabolite index increased by

42% (95% CI 8.5 to 85.6; P = .01) with placebo compared to 121%

(95% CI 69 to 189; P < .001) with dapagliflozin, resulting in a 56%

increase in the MSDKD index (95% CI 11 to 118; P = .012) compared

to placebo (Figure 1B).

3.3 | Effect of dapagliflozin on ketone bodies

Dapagliflozin significantly increased both urine 3-hydroxybutyrate

and urine acetoacetic acid after 6 weeks of therapy (Table 2). Com-

pared to placebo, urinary 3-hydroxybutyrate increased by 41% (95%

CI –6.5 to 112.9; P = .097). Urinary acetoacetic acid increased by 87%

(95% CI 16.8 to 201.2; P = .011) relative to placebo.

3.4 | Correlations between changes in the urinary
metabolite index and changes in clinical variables

Changes in the urinary metabolite index during dapagliflozin treat-

ment did not correlate with changes in HbA1c (r = 0.21; P = .28),

TABLE 1 Baseline characteristics (n = 31)

Characteristic

Age, years 62 (8.1)

Women/men, n 7/24

Systolic blood pressure, mmHg 143 (14.5)

Diastolic blood pressure, mmHg 77 (6.0)

Weight, kg 96 (21.2)

Body mass index, kg/m2 31 (5.4)

HbA1c, mmol/mol 56 (8.5)

Estimated GFR, mL/min/1.73 m2 72 (22)

Median (25th to 75th percentile) 24-hour UAE‡,

mg/24-h

521 (191–997)

Note: Data are mean (SD), unless otherwise indicated.

Abbreviations: GFR, glomerular filtration rate; HbA1c, glycated

haemoglobin; UAE, urinary albumin excretion rate.
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eGFR (r = −0.16; P = .42), albuminuria (r = 0.18; P = .37), haematocrit

(r = .03; P = .86), or haemoglobin (r = .01; P = .94); however, changes

in the urinary metabolite index during dapagliflozin treatment signifi-

cantly correlated with changes in erythropoietin (r = .48; P = .01),

changes in urine 3-hydroxybutyrate (r = .47; P = .011) and urine ace-

toacetic acid (r = .37; P = .05). Changes in urine 3-hydroxybutyrate

and urine acetoacetic acid correlated with changes in erythropoietin

(r = .45, P = .02 and r = .30, P = .04, respectively).

4 | DISCUSSION

In the present study we assessed the effects of dapagliflozin on

metabolites previously linked to mitochondrial function in participants

with type 2 diabetes and albuminuria. Dapagliflozin increased nine out

of 13 urinary metabolites, resulting in an overall significant increase in

the urinary metabolite index compared with placebo. Dapagliflozin did

not change any of the detected plasma metabolites, nor were there

any effects on fractional excretion of the metabolites, indicating that

the effects on urine metabolites were kidney-specific and not a result

of alterations in glomerular filtration. We hypothesize that SGLT2

inhibitors may improve mitochondrial function in the kidney.

Hard outcome trials with empagliflozin, canagliflozin and

dapagliflozin consistently report remarkable reductions in cardiovas-

cular and renal risk in people with type 2 diabetes.2-6 The mechanisms

behind this risk reduction, however, are still not completely

understood.

One hypothesis to explain this organ protection is that alternative

cellular fuel selection away from glucose improves the transduction of

oxygen consumption into work efficiency at the mitochondrial level.16

TABLE 2 Baseline metabolite values and mean percent changes from baseline after 6 wk treatment with placebo or dapagliflozin

Baseline Placebo Dapagliflozin

(1st, 3rd quartile) Mean % change (95% CI) P Mean % change (95% CI) P

Urine

2-methyl acetoacetate 0.8 (0.2, 1.8) 28.9 (−11.1 to 86.7) .17 117.5 (50.0 to 215) <.001

2-ethyl 3-OH propionate 4.3 (2.4, 8.0) 22.5 (−2.2 to 53.5) .07 55.5 (24.1 to 94.8) <.001

3-hydroxy isovalerate 0.5 (0.3, 0.7) 33.7 (3.2 to 73.3) .03 48.1 (14.2 to 91.9) .005

Aconitic acid 0.2 (0.1, 0.3) 55.0 (16.2 to 107) .004 90.9 (43.1 to 154.6) <.001

Citric acid 9.4 (6.5, 13.1) 110 (4.3 to 324) .04 285.4 (91.1 to 677) <.001

Glycolic acid 5.1 (2.9, 7.6) 20.6 (1.4 to 43.5) .03 7.7 (−9.4 to 28.1) .38

3-hydroxy propionate 8.5 (3.9, 14.0) 41.4 (1.0 to 97.9) .04 165.2 (89.5 to 272) <.001

3-methyl adipic acid 10.0 (5.5, 17.7) 28.8 (−0.2 to 66.3) .05 53.8 (19.1 to 98.5) .002

3-methyl crotonyl glycine 136.9 (13.7, 346.8) 12.1 (−20.7 to 58.2) .50 83.9 (30.2 to 160) .001

3-hydroxy isobutyrate 39.8 (29.4, 51.7) 31.2 (7.7 to 59.8) .01 63.2 (33.9 to 98.8) <.001

Homovanillic acid 1.0 (0.7, 1.1) −1.3 (−17.6 to 18.2) .88 −0.3 (−16.7 to 19.4) .98

Tiglyglycine 0.7 (0.1, 2.3) 10.2 (−16.9 to 46.1) .48 31.4 (−0.8 to 74.2) .06

Uracil 1.5 (1.1, 2.4) 3.1 (−24.4 to 40.7) .84 20.1 (−12.0 to 63.8) .24

Plasma

2-methyl acetoacetate 2.0 (1.4, 2.6) −13.2 (−44.5 to 35.9) .52 35.1 (−13.7 to 111) .18

2-ethyl 3-OH propionate 0.4 (0.3, 0.5) 17.9 (−5.3 to 46.8) .13 23.4 (−0.9 to 53.6) .06

3-hydroxy isovalerate 0.1 (0.03, 0.1) 5.8 (−10.6 to 25.3) .50 3.6 (−12.5 to 22.7) .67

Aconitic acid 1.0 (0.4, 1.6) 2.2 (−23.9 to 142) .31 31.6 (−2.0 to 76.7) .07

Citric acid 155.0 (60.5, 249.6) −9.8 (−38.1 to 31.3) .58 36.2 (−6.5 to 98.3) .10

Glycolic acid 170.1 (27.9, 312.2) 17.1 (−37.3 to 118.7) .61 28.2 (−31.3 to 139) .42

3-hydroxy propionate 1.1 (0.4, 1.6) 80.7 (−17.0 to 293) .13 68.5 (−22.6 to 267) .18

Ketone bodies

Urine 3-hydroxybutyrate 3.6 (2.1, 3.2) 40.9 (9.8 to 80.7) .009 98.8 (55.2 to 154.6) <.001

Urine acetoacetic acid 7.4 (2.3, 7.0) 25.4 (−9.9 to 74.6) .17 135.2 (68.8 to 227.6) <.001

Plasma 3-hydroxybutyrate 1.1 (0.4, 1.3) 4.5 (−28.3 to 52.4) .81 32.1 (−9.4 to 92.7) .14

Plasma acetoacetic ac.id 5.2 (2.2, 7.0) 8.5 (−21.2 to 49.3) .60 36.7 (−0.7 to 88.1) .06

Note: For baseline values, data are reported as median (1st and 3rd quartile). Changes after 6 wk of placebo or dapagliflozin are reported as the mean

change (%) in 24-h excretion of the individual metabolite, derived by 100*(exp[least squares mean change]-1). The same transformation was applied to the

95% confidence limits. P values <0.005 were considered significant, with the Benjamini–Hochberg critical value for a false discovery rate of 10% (P value <

(i/m)Q; i = rank, m = 25, Q = 0.10).
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Because SGLT2 blockade induces a continuous glucose loss, a physio-

logical adaptive response occurs to counter the continuous glucose

drain.17 These compensatory mechanisms include an increase in

endogenous glucose production, partly through an increase in gluca-

gon and a decrease in insulin levels. A decrease in insulin levels during

SGLT2 inhibition has been hypothesized to increase ketone bodies in

the kidney.17 β-hydroxybutyrate produces ATP, that is, energy, more

efficiently than glucose, leading to a sustained improvement in renal

oxygenation.18 In addition, the haemoconcentration that typically

follows SGLT2 inhibition enhances tissue oxygenation, thereby esta-

blishing a powerful synergy with the metabolic substrate shift. These

mechanisms would cooperate with other SGLT2 inhibition-induced

changes (enhanced diuresis and reduced blood pressure),19 which may

contribute to renoprotection with SGLT2 inhibition. Indeed, circulat-

ing ketone bodies may also have anti-inflammatory beneficial effects,

which can complement the “substrate-shift” hypothesis.20 This shift in

fuel selection from glucose to ketone bodies may lead to improved

mitochondrial function. We observed significant increases in urinary
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F IGURE 2 Mean change (%) in individual urinary metabolites during 6 weeks placebo and dapagliflozin treatment. A, 2-methyl
acetoacetate. B, 2-ethyl 3-OH propionate. C, 3-hydroxy isovalerate. D, Aconitic acid. E, Citric acid. F, Glycolic acid. G, 3-hydroxy propionate.
H, 3-methyl adipic acid. I, 3-methyl crotonyl glycine. J, 3-hydroxy isobutyrate. K, Homovanillic acid. L, Tiglylglycine. M, Uracil

F IGURE 1 A, Effects of dapagliflozin
on the urinary metabolite index after
6 weeks of treatment with placebo or
6 weeks of treatment with
dapagliflozin. B, Mean change (%) in
urinary metabolites during 6 weeks
placebo and dapagliflozin treatment.
MSDKD, metabolomics signature of
diabetic kidney disease
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metabolite concentrations and urinary 3-hydroxybutyrate and ace-

toacetic acid after 6 weeks of dapagliflozin treatment. Changes in

these ketone bodies were significantly correlated with changes in the

MSDKD index, supporting the link between ketone bodies and mito-

chondrial function during dapagliflozin treatment; however, we did

not observe correlation between changes in urinary metabolites or

ketones with changes in eGFR or albuminuria, suggesting that the

change in metabolites is not attributable to a concurrent improvement

in GFR. A previous study investigating these metabolites in a phase II

trial of the endothelin A receptor blocker atrasentan over a 12-week

period indicated that changes in these urine metabolites did indeed

correlate with improvement in renal function.21

Another hypothesis regarding the mechanism of the

renoprotection provided by SGLT2 inhibitors is decreased renal work-

load. SGLT2 expression in the proximal tubule is increased in people

with type 2 diabetes. As a result, more glucose and sodium are

reabsorbed, which increases the oxygen demand of tubular cells.19

The proximal tubules account for the largest amount of oxygen con-

sumption in the kidney and contain a high density of mitochondria.

The proximal tubules depend on the efficiency of oxidative phosphor-

ylation to produce ATP, which drives the active transport of glucose,

ions and nutrients.22 The ability of mitochondria to sense and respond

to changes in nutrient availability and energy demand by maintaining

mitochondrial homeostasis is critical to the proper functioning of the

proximal tubule. SGLT2 inhibition reduces sodium and glucose

reabsorption in the proximal tubule, thereby reducing the workload

for proximal tubular cells. Reduced workload may mitigate hypoxia-

induced proximal tubular damage by decreasing ATP consumption

and mitochondrial fragmentation. Alternatively, the inhibition of

excess glucose uptake via SGLT2 (by dapagliflozin) may stimulate

AMPK activation and contribute to a pathway of mitochondrial bio-

genesis. Previous studes have indicated a link between AMPK activa-

tion and the effect of SGLT2 inhibition in animal studies.23,24

Furthermore, structural changes in mitochondria have been shown to

be correlated with changes in mitochondrial energetics.25 Previous

studies in diabetes and DKD have provided evidence that reduced

AMPK activation, PGC1a reduction and mitochondrial dysfunction

play pivotal roles in the development of DKD.10 Using metabolomics

and systems biology tools, this set of 13 urinary metabolites was

found to be significantly and consistently reduced in people with

DKD compared to healthy controls.7 Specifically, these metabolites

point to a marked reduction in organic anions, the TCA cycle, and

amino acid metabolites, suggesting an overall reduction in mitochon-

drial biogenesis in the kidneys of people with diabetes and DKD.

Interestingly, the metabolites were found to be increased in urine

but not in plasma, and no changes were observed in the fractional

excretion of the metabolites, suggesting these metabolites may be

kidney-specific responses to SGLT2 inhibition. As the kidney is dense

in mitochondria, these findings support the hypothesis that SGLT2

inhibition activates mechanisms specifically in renal tissues. Moreover,

the positive correlation observed with changes in the MSDKD index

and change in erythropoietin after treatment with dapagliflozin sug-

gest that improvements in erythropoietin are associated with

improvements in mitochondrial function. A nonsignificant increase in

erythropoietin after dapagliflozin therapy was observed, and increases

in erythropoietin production may lead to better oxygenation of kidney

tissue and mitochondrial function. How these observations translate

to the long-term effect on renal function is unknown, as we could only

evaluate the acute effects of dapagliflozin on these metabolites and

erythropoietin. Further studies exploring the underlying mechanisms

of the association between erythropoietin production and mitochon-

drial function are needed.

The present study has limitations. It was performed as a post hoc

analysis of a short-term study. As such we were unable to investigate

the long-term effects of SGLT2 inhibition on these metabolites. It is

unclear whether the results would apply to the sustained effects of

dapagliflozin on renoprotection. Kidney biopsies were also not per-

formed in the present study, so direct measurement of mitochondrial

structure and content could not be performed. There were no mea-

surements of renal oxygenation or measurements of renal oxygen

consumption. Although we postulate a kidney-related effect of these

metabolites, it remains possible that these urine metabolites may not

be specific to kidney energetics as opposed to whole-body energetics.

Future studies of mitochondrial function with the in vivo renal

31-phosphorus magnetic resonance spectroscopy and ex vivo mito-

chondrial functional and morphometric assessments from tissue speci-

mens will be valuable. Our results should thus be regarded as

hypothesis-generating rather than hypothesis-testing.

In conclusion, dapagliflozin significantly increased a panel of uri-

nary mitochondrial metabolites closely connected to mitochondrial

function. These metabolites were altered in urine but not in plasma,

suggesting kidney-specific responses to SGLT2 inhibition. We hypoth-

esize that improvements in mitochondrial function by reducing excess

glucose uptake from luminal sources or decreased cellular workload

will lead to improved tissue oxygenation and provide a mechanism for

kidney protection. Future studies of longer treatment duration and

clinical outcomes are needed to further investigate these hypotheses

and confirm the clinical relevance of the present findings.
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