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We investigated the potential association between ketonuria during treatment with sodium-glucose cotransporter-2 (SGLT2) inhibi-
tors and its renoprotective effect in patients with type 2 diabetes. We included 192 patients who had received SGLT2 inhibitors for
more than 6 months. After propensity score matching, 52 patients each were allocated into groups with or without ketonuria, respec-
tively. The estimated glomerular filtration rate exhibited a significant improvement only in subjects with ketonuria (without ketonu-
ria: mean difference, —0.02 mL/min/1.73 m* [95% confidence interval (CI), —3.87 to 3.83 mL/min/1.73 m’] vs. with ketonuria: mean
difference, 6.81 mL/min/1.73 m* [95% CI, 3.16 to 10.46 mL/min/1.73 m?]; P<0.001). Improvement in estimated glomerular filtra-
tion rate at 6 months was associated with female sex and lower baseline body weight, blood pressure, and triglyceride levels in pa-
tients with ketonuria. In conclusion, the presence of ketonuria was associated with the renoprotective effect of SGLT2 inhibitors, and
female sex and the absence of metabolic syndrome components may serve as additional indicators of these medications’ substantial
renoprotective effects in individuals with ketonuria.
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INTRODUCTION

Diabetes is the leading cause of end-stage renal-disease, account-
ing for 40% to 50% of patients requiring renal replacement ther-
apy [1,2]. Among anti-diabetic medications, sodium-glucose co-
transporter-2 (SGLT?2) inhibitors are the drug of choice to attenu-

ate the progression of chronic kidney disease, including diabetic
kidney disease (DKD) [3,4]. However, there is a lack of reliable
indicators for the therapeutic efficacy of SGLT?2 inhibitors in pa-
tients with DKD.

In both clinical studies and real-world situations, low-grade
ketonemia has been observed after SGLT2 inhibitor treatment
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[5]. Ketone bodies, which serve as an important energy source,
are produced in the liver when glucose is scarce, such as during
fasting, after alcohol intake, and following prolonged exercise
[6,7]. Studies have suggested that ketone bodies, mainly
B-hydroxybutyrate, may function as signaling metabolites that
mitigate cellular senescence and injury [6,8,9]. However, the
relevance of ketone bodies in monitoring and predicting the re-
sponse to therapy with SGLT?2 inhibitors remains incompletely
understood.

This study aimed to investigate the potential association be-
tween the presence of ketonuria and the renoprotective effects
of SGLT2 inhibitors in patients with type 2 diabetes.

METHODS

Data sources and patients

Electronic medical records housed in the Clinical Data Ware-
house of Seoul National University Bundang Hospital (SNUBH)
were used. The study was approved by the SNUBH Institutional
Review Board (IRB No. B-2208-775-105) and written informed
consent by the patients was waived due to a retrospective nature
of our study. A total of 192 patients older than 18 years of age
with type 2 diabetes who had been treated with SGLT2 inhibi-
tors for more than 6 months were collected from January 2014 to
January 2022. These patients were required to have consecutive
urinalyses from the initiation of SGLT2 inhibitor treatment to the
6-month follow-up. Patients with a baseline hemoglobin Alc
(HbAlc) below 6.5% (48 mmol/mol), an HbAlc of 10% (86
mmol/mol) or higher, and a baseline estimated glomerular filtra-
tion rate (¢GFR) below 45 mL/min/1.73 m* were excluded. Ad-
ditionally, patients with history of organ transplantation or che-
motherapy, those lost to follow-up, and those living in nursing
hospitals were excluded.

Study design

Patients were classified into two groups: those with and without
ketonuria. The group with ketonuria included subjects who had
no previous history of ketonuria prior to starting SGLT2 inhibi-
tor treatment and those who developed ketonuria coinciding
with the treatment period. Only these patients were selected for
inclusion in the study. Patients who had ketonuria before begin-
ning SGLT2 inhibitor therapy were excluded. Additionally,
those who developed ketonuria during the treatment period but
did not have persistent ketonuria throughout were also excluded
(Supplemental Fig. S1). Ketone bodies were detected using the
sodium nitroprusside reaction (UC-3500, Sysmex Corporation,

www.e-enm.org

Kobe, Japan).

Clinical and biochemical data were collected for analysis
from the initial period and at 6 months following the initiation
of SGLT2 inhibitor treatment. The degree of improvement in
eGFR after 6 months and 1 year of SGLT2 inhibitor treatment
was evaluated and compared with baseline values.

Statistical analysis

The patients who initially were positive and negative for ketonu-
ria were matched using propensity score matching for the fol-
lowing variables: sex, age, duration of diabetes, baseline HbAlc,
and baseline eGFR. Propensity score matching was performed
using 1:1 nearest neighbor matching with a caliper width of
0.15, utilizing the “Matchlt” package version 4.1.2 (R Founda-
tion for Statistical Computing, Vienna, Austria). Data are pre-
sented as mean=standard deviation or as number and percent-
age. Continuous variables were analyzed using the Student ¢ test,
while categorical data were evaluated using the chi-square test
and Fisher exact test. The change in each parameter was calcu-
lated as the value at the 6-month period minus the value at base-
line. Linear regression analysis was conducted for the individual
biomarkers believed to be associated with the change in eGFR.
Statistical analyses were performed using R software version
3.6.1. All comparisons were two-sided, and a P value of less
than 0.05 was considered statistically significant.

RESULTS

Study population

We initially identified a total of 192 patients: 107 who were
negative for ketonuria and 85 who were positive for ketonuria.
The patients with ketonuria were predominantly male, younger,
and had a shorter duration of diabetes compared to those with-
out ketonuria (Table 1). The baseline body weight and eGFR
were higher, while HbA1c was lower in patients with ketonuria.
There were no differences in the use of concomitant diabetic
medications, renin-angiotensin-aldosterone system (RAAS)
blockade, or the presence of diabetes complications between the
two groups. After propensity score matching, 52 subjects from
each group—ketonuria-negative and ketonuria-positive, were
matched. The baseline characteristics were similar between the
matched groups.

Prespecified outcomes
Statistically significant improvements in glycemic control were
observed in both ketonuria-negative and ketonuria-positive pa-
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Table 1. Baseline Clinical Characteristics of Patients with or without Ketonuria before and after Propensity Score Matching
Before matching After matching
Characteristic o ic . i . ; . ;
K('(t:?ir(;‘;)( ) K(,t((;n:u;?)(ﬂ SMD P value KLE(::[;I;)( ) KLE?]T;;a)(+) SMD P value

Male sex 50 (46.7) 58 (68.2) 0.446 0.005 32(61.5) 34 (65.4) 0.080 0.839
Age, yr 56.9+£9.3 473+£11.7 0.913 <0.001 51.9+84 52.4+9.6 0.055 0.781
Diabetes duration, yr 10.9£7.0 8.317.0 0.373 0.011 8.716.2 92+73 0.068 0.729
Body weight, kg 72241127 77.9+£14.7 0.414 0.009 77.0+£13.1 749+£13.0 0.165 0.449
BMI, kg/m? 27.1+£3.8 27.5+£4.0 0.122 0.439 27.8£3.6 269+3.7 0.228 0.296
SBP, mm Hg 131.7£13.4 133.4+£15.9 0.117 0.442 131.6+£13.0 132.5+16.7 0.059 0.780
DBP, mm Hg 76.819.1 80.4+12.3 0.328 0.037 77.8+£10.2 78.7+£12.4 0.085 0.688
FPG, mg/dL 172.9+48.1 178.6+58.7 0.106 0.460 167.9+£47.8 182.9+£50.4 0.306 0.122
HbAlc, % 8.7+13 8.2%1.0 0.394 0.007 84+1.1 84+1.1 0.005 0.979
C-peptide, ng/mL 3.0£1.9 3.1£1.9 0.045 0.785 3.1+£23 3.1+£1.7 0.002 0.993
BUN, mg/dL 145+3.8 13.9+£4.0 0.149 0.303 13.9+3.6 14.3+4.5 0.114 0.561
Creatinine, mg/dL 0.77£0.19 0.77£0.17 0.011 0.938 0.79+£0.18 0.78+0.18 0.077 0.697
¢GFR, mL/min/1.73 m* 94.7£21.6 105.4+£23.7 0.476 0.001 96.7£19.8 100.5+£23.2 0.176 0.372
Uric acid, mg/dL 53+13 52+13 0.077 0.598 55£1.2 52+12 0.236 0.232
AST, IU/L 30.7+16.4 35.5426.7 0.214 0.153 30.9+13.6 31.6+£21.2 0.036 0.856
ALT, IU/L 34.7£22.0 442+39.9 0.296 0.050 39.4+24.7 36.2+27.2 0.121 0.537
Total cholesterol, mg/dL 164.4+35.6 169.8+49.1 0.125 0.403 166.0+36.1 166.6+50.9 0.014 0.945
TG, mg/dL 160.9+98.5 160.6+143.1 0.003 0.986 165.8+£101.7 161.9+150.2 0.030 0.879
HDL-cholesterol, mg/dL 47.6£10.0 479+122 0.025 0.862 47.1£9.7 482+12.2 0.102 0.606
LDL-cholesterol, mg/dL 92.3+£26.8 99.4+35.7 0.228 0.133 92.2+29.0 95.1£37.1 0.088 0.657
ACR =30 mg/g 28 (31.1) 16 (22.2) 0.202 0.277 15(31.2) 8(17.8) 0.317 0.206
Hypertension 59(55.1) 26 (30.6) 0.512 0.001 27 (51.9) 14 (26.9) 0.529 0.016
Dyslipidemia 70 (65.4) 44 (51.8) 0.280 0.077 31(59.6) 25(48.1) 0.233 0.325
Concomitant medications

Metformin 107 (100.0) 84 (98.8) 0.154 0.443 52 (100.0) 52(100.0)  <0.001 1.000

Sulfonylurea 48 (44.9) 34 (40.0) 0.098 0.597 18 (34.6) 25(48.1) 0.276 0.232

DPP-4 inhibitor 28 (26.2) 27 (31.8) 0.124 0.489 15 (28.8) 19 (36.5) 0.165 0.531

Insulin 21 (19.6) 9 (10.6) 0.259 0.130 9(17.3) 6(11.5) 0.214 0.577

RAAS blockade 58 (54.2) 38(44.7) 0.191 0.245 28 (53.8) 24 (46.2) 0.154 0.556
Diabetic complications

Diabetic retinopathy 23 (21.5) 9 (10.6) 0.301 0.069 11(21.2) 6(11.5) 0.262 0.289

Diabetic nephropathy 33(30.8) 17 (20.0) 0.251 0.125 16 (30.8) 9(17.3) 0.319 0.169

Diabetic polyneuropathy 14 (13.1) 8(9.4) 0.116 0.572 6(11.5) 6(11.5) <0.001 1.000
Family history

Type 2 diabetes 51 (47.7) 31(36.5) 0.228 0.158 30(57.7) 18 (34.6) 0.476 0.030
Social history

Alcohol 41(38.3) 17 (20.0) 0.411 0.010 18 (34.6) 12(23.1) 0.257 0.279

Smoking 39(36.4) 17 (20.0) 0.372 0.020 19 (36.5) 11(21.2) 0.345 0.130
Values are expressed as number (%) or mean = standard deviation. P values represent the results of the Student ¢ test or chi-square test.
SMD, standardized mean difference; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose;
HbA1c, hemoglobin Alc; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; AST, aspartate aminotransferase; ALT, alanine amino-
transferase; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; ACR, albumin-creatinine ratio; DPP-4, dipeptidyl pepti-
dase-4; RAAS, renin-angiotensin-aldosterone system.
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eGFRs at baseline. Therefore, the number of patients with albu-
minuria was insufficient to demonstrate the beneficial effects of
SGLT2 inhibitors. We observed an increase in eGFR after 6
months of treatment; however, this phenomenon may indicate
the worsening of hyperfiltration in the early stages of DKD,
suggesting that a longer-term observational study is necessary.

To the best of our knowledge, this study is the first to investi-
gate the clinical significance of ketonuria and its metabolic ef-
fects in relation to the renoprotective effect of SGLT2 inhibitors.
Preclinical studies have shown that ketone bodies prevent renal
damage in diabetic db/db mice [10], and they play a role in miti-
gating cellular senescence and injury [8]. Ketone bodies may be
required to maintain energy homeostasis in damaged kidneys.
They also have signaling activities, most notably as an endoge-
nous inhibitor of histone deacetylases, which are linked to the
regulation of lifespan and to age-related diseases [6]. Our study
contributes to the existing literature by evaluating the renopro-
tective effects of SGLT2 inhibitors in subjects with type 2 dia-
betes in relation to concurrent ketonuria. We recommend serial
measurements of ketone bodies in large-scale clinical studies to
assess their direct renoprotective effects in patients receiving
SGLT?2 inhibitors.

Nonetheless, our study has some limitations. First, as a retro-
spective observational study, it did not include senescence-asso-
ciated B-galactosidase staining or immunohistochemical data,
nor were inflammatory markers assessed. Additionally, B-hy-
droxybutyrate levels were not directly measured in plasma. In-
vestigating these parameters could provide further insight into
the potential mechanisms underlying the renoprotective effects
of SGLT?2 inhibitors in relation to ketonuria. Second, the collec-
tion of data on proteinuria was inconsistent due to the guidelines
set by the Korean national insurance coverage. For instance, pa-
tients without albuminuria did not have follow-up albuminuria
measurements within 1 year. In this real-world clinical dataset,
patients on SGLT?2 inhibitors typically had a relatively normal
eGFR, reflecting the previous indications for SGLT2 inhibitor
use. Specifically, only 22.9% of the subjects had albuminuria at
the outset. This limitation prevented us from capturing a com-
posite renal endpoint that would include renal death, initiation
of dialysis, or kidney transplant, or from tracking changes in al-
buminuria within this population. Lastly, the study did not dif-
ferentiate between the various types of SGLT?2 inhibitors used.

In conclusion, ketonuria can serve as an indicator of improve-
ment of renal function in individuals with type 2 diabetes fol-
lowing relatively short-term treatment with an SGLT2 inhibitor.
Furthermore, factors such as female sex and lower levels of

Copyright © 2024 Korean Endocrine Society

obesity, blood pressure, and triglyceride levels may be associat-
ed with a significant renoprotective effect in individuals exhibit-
ing ketonuria.
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