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Introduction: Sodium-glucose cotransporter 2 inhibitors (SGLT2i) have emerged as novel therapeutics to

treat diabetic kidney disease (DKD). Although the beneficial effects of SGLT2i have been demonstrated,

their target mechanisms on kidney function are unknown. The current study aimed to elucidate these

mechanisms by studying SGLT2i-induced changes in the urinary proteome of persons with type 2 diabetes

(T2D) and DKD.

Methods: A total of 40 participants with T2D were enrolled in a double-blinded randomized cross-over trial

at the Steno Diabetes Center Copenhagen, Denmark. They were treated with 10 mg of dapagliflozin for 12

weeks. Thirty-two participants with complete urinary proteomics measures before and after the trial were

included. All participants received renin-angiotensin system blockade and had albuminuria, (urine

albumin-to-creatinine ratio [UACR] $30 mg/g). A type 1 diabetes (T1D) cohort consisting of healthy con-

trols and persons with DKD was included for validation. Urinary proteome changes were analyzed using

Wilcoxon signed-rank test. Functional enrichment analysis was conducted to discover affected biological

processes.

Results: Dapagliflozin treatment significantly (Padjusted < 0.05) affected 36 urinary peptide fragments

derived from 19 proteins. Eighteen proteins were correspondingly reflected in the validation cohort. A

multifold change in peptide abundance was observed in many proteins (A1BG, urinary albumin [ALB],

Caldesmon 1, COLCRNN, heat shock protein 90-b [HSP90AB1], IGLL5, peptidase inhibitor 16 [PI16],

prostaglandin-H2-D-isomerase [PTGDS], SERPINA1). These also included urinary biomarkers of kidney

fibrosis and function (type I and III collagens and albumin). Biological processes relating to inflammation,

wound healing, and kidney fibrosis were enriched.

Conclusion: The current study discovers the urinary proteome impacted by the SGLT2i, thereby providing

new potential target sites and pathways, especially relating to wound healing and inflammation.
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D
KD is among the most common diabetic compli-
cations affecting approximately 40% of persons

with T2D.1 Traditionally, DKD is treated with renin-
angiotensin-system blockade.2 However, more
recently, SGLT2 inhibition has been added to the
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standard-of-care because multiple studies have reported
beneficial effects of SGLT2i on the risk of cardiovascular
events, progression to end-stage kidney disease, and
death from chronic kidney disease (CKD).3-7 SGLT2i
blocks the reabsorption of sodium and glucose in the
proximal renal tubules, which according to the current
understanding leads to changes in the tubuloglomerular
feedback system.8,9 However, molecular mechanisms
underlying SGLT2i treatment effects in DKD are
currently incompletely understood but presumed to be
associated with multiple pathophysiological distur-
bances in DKD.10
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Urinary proteomics has emerged as a method to
explore patho-mechanisms of different kidney-related
diseases and to develop disease risk classifiers such as
CKD273,11-13 because 70% of the urinary proteome is
derived from the kidney.14 Several studies have shown
renoprotective effects of SGLT2i, including ours
demonstrating that SGLT2i has a significant impact on
the kidney disease risk classifier, CKD273.15 These data
argued for an in-depth investigation of SGLT2i on the
urinary proteome to explore potential molecular
mechanisms of the drug. The current study aims to
analyze the effects of SGLT2i on the urinary proteome
of patients with DKD and to link the observed changes
in the urinary proteins to biological processes with
central roles in the development of DKD. This is done
by investigating the effect of the SGLT2i, dapagliflozin
on urinary proteomics in a previously published
placebo-controlled, double-blinded, randomized cross-
over trial.16

The objectives of the current study are as follows: to
(i) identify individual urinary peptides significantly
affected by SGLT2i treatment, (ii) compare the SGLT2i-
induced changes in urinary proteome to the differences
observed between the urinary proteome from healthy
controls and DKD cases in an independent T1D cohort,
and (iii) map the observed changes in the urinary
proteome to biological processes and molecular
functions.
METHODS

The study is a randomized, placebo-controlled, double-
blinded crossover trial carried out to investigate the
changes dapagliflozin causes on the urinary peptidome
(NCT02914691) as the primary outcome. The full study
population has been previously described.15,16 A total
of 40 participants with T2D with DKD recruited at
Steno Diabetes Center Copenhagen, Denmark, were
randomized in a 1:1 ratio. All participants had albu-
minuria (UACR >30 mg/g in at least 2 out of 3 morning
spot urine samples). Participants received 10 mg of
dapagliflozin orally for 12 weeks during the active
medication period. No washout period was used in the
study when the 2 sequence groups crossed over. All
participants received renin-angiotensin-aldosterone
system blockade treatment throughout the study. In
Supplementary Figures S1 and S2, we show the study
design and CONSORT reporting guideline flow. The
clinical factors and urinary proteomics were obtained
at baseline (study start), and at the end of both placebo
and dapagliflozin treatment periods, producing 3 data
points for each participant, although measured
glomerular filtration rate (GFR) was not obtained at
baseline. GFR was estimated using the creatinine CKD-
Kidney International Reports (2024) 9, 334–346
Epidemiology Collaboration 2009 equation.17 Four
participants were excluded from the study due to
various reasons (death, administrative error, and side
effects: skin rash and myocardial infarction). Four
additional participants lacked urinary proteomics data
from some visit and were excluded. Thirty-two par-
ticipants were included in the final analysis as before.15

More details are presented in Supplementary Methods.
All participants gave a written consent, and the study
was approved by the Regional Ethics Committee and
the Danish Medicine Agency. The study was con-
ducted in accordance with Good Clinical Practice and
the declaration of Helsinki.

Validation Cohort 1 (PROTON): Type 1 DKD

Versus Healthy Controls

To confirm whether the beneficial effects of dapagli-
flozin observed through changes in the urinary prote-
ome (discovery study) also reflects differences in
urinary proteome of individuals with and without
DKD, an independent cohort (DKD vs. healthy controls)
from Denmark was used (NCT03509454). The cohort
consisted of 50 healthy nondiabetic controls and 110
participants with T1D and DKD, of whom 60 had
macroalbuminuria (UACR $300 mg/g) and 50 had
microalbuminuria (UACR 30–300 mg/g) as described
previously.18,19 See Supplementary References.

Validation Cohort 2 (PROVALID): T2D Persons

Treated With SGLT2i

We further investigated urinary proteome changes in
88 participants from the PROVALID study, an obser-
vational study of persons with T2D treated at the pri-
mary level of healthcare.20 Complete urinary peptidome
data was available for 88 persons before and after
SGLT2i treatment.21

Urinary Proteomics

The urinary proteomics comprised sample preparation
and capillary electrophoresis coupled with mass spec-
trometry (CE-MS/MS or LC-MS/MS), data processing,
and peptide sequencing as described previously.15

Details are in the Supplementary Methods. See
Supplementary References.

Statistical Analyses

We examined dapagliflozin treatment induced urinary
peptide changes as primary post hoc analyses, and
changes in clinical factors as secondary post hoc ana-
lyses, between the treatment and placebo arms. The
end point versus end point comparisons (visits 2 and 3
in Supplementary Figure S1) were modeled using linear
mixed-effects models with treatment, sequence, and
period as fixed effects and using patient-specific
random intercepts packages lmerTest (v. 3.1.3), lme4
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Table 1. Characteristics of participating studies at baseline

Variable
Discovery study

(n [ 32)

PROTON: Independent cohort

Healthy controls
(n [ 50)

DKD cases
(n [ 110)

Age 63.1 (8.3) 58.6 (12.5) 61.0 (9.8)

Gender (male, %) 87.5 56.0 59.1

Diabetes duration (years) 15.9 (4.7) 0 45.2 (13.1)

Weight (kg) 105.4 (20.2) 74.0 (13.0) 78.6 (17.6)

Body mass index (kg/m2) 33.7 (5.4) 24.4 (3.2) 26.4 (4.5)

HbA1c (mmol/mol) 72.8 (14.1) 35.7 (2.7) 62.3 (10.7)

HbA1c (%) 8.8 (1.2) 5.4 (0.2) 7.8 (1.0)

UACR (mg/g) 153.8 (94.2–328.9) 3.6 (2.6–4.6) 42.9 (11.0–195.8)

Office systolic BP (mm Hg) 141.1 (15.3) 125.5 (15.2) 135.5 (19.6)

Office diastolic BP
(mm Hg)

82.9 (10.2) 76.7 (9.7) 72.7 (9.3)

Ambulatory systolic BP
(mm Hg)

146.5 (11.7) 133.1 (12.4) 139.2 (13.0)

Ambulatory diastolic BP
(mm Hg)

82.9 (7.9) 79.7 (6.6) 76.3 (6.3)

Serum creatinine (mmol/l) 80.0 (22.3) 75.0 (15.1) 105.1 (49.3)

eGFR (ml/min per 1.73 m2,
CKD-EPI)

85.5 (19.1) 88.7 (13.7) 68.5 (25.6)

LDL cholesterol (mmol/l) 1.6 (0.7) 3.2 (0.8) 2.1 (0.7)

ALAT (U/l) 40.3 (15.6) 31.1 (6.7) 35.6 (9.9)

Macroalbuminuria (%) 34.4 0 54.5

ALAT, alanine aminotransferase; BMI, body mass index; BP, blood pressure; CKD-EPI,
chronic kidney disease-epidemiology collaboration; eGFR, estimated glomerular filtra-
tion rate; HbA1c, glycated hemoglobin; LDL, low-density lipoprotein; UACR, urine
albumin-to-creatinine ratio.
Characteristics from the DapKid study and the PROTON study, which was used as the
independent cohort in the current study. Continuous, normally distributed variables are
reported as mean and SD, whereas nonnormally distributed variables are reported as
median and interquartile range. The full study population of the DapKid study (n ¼ 36)
has been described previously.14 Geometric mean of 3 morning visits.
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(v. 1.1.25), and nlme (v. 3.1.140). Only the end points
from placebo and dapagliflozin treatment periods were
considered in the models. Restricted maximum likeli-
hood was employed in the maximum likelihood esti-
mation. The 95% confidence intervals were obtained
using Kenward-Rogers approximation of degrees of
freedom. Nonnormally distributed variables were log-
transformed. Lastly, the models with significant re-
sults were subjected to a 3-step adjustment procedure,
first for age and gender, second for glycated hemo-
globin and 24-hour ambulatory systolic blood pressure,
and third for UACR and estimated GFR, as described
previously.16 The baseline values from the first visit in
Supplementary Figure S1 were used in the 3-step
adjustment.

Wilcoxon signed-rank test with Benjamini-
Hochberg (BH)-adjustment as the multiple testing
correction method, was employed to analyze changes in
the urinary peptide fragment abundance, and its
applicability to nonnormal data.22 End points, only
from placebo and dapagliflozin treatment periods were
used. Mann-Whitney U test followed by BH-
adjustment was used to examine whether the affected
peptides differed significantly between healthy con-
trols and DKD cases in the independent cohort (PRO-
TON). The directionality of dapagliflozin-induced
changes in the discovery study was compared to the
difference in the urinary abundances of these peptide
fragments in the independent cohort, that is, if the
urinary abundance of a peptide fragment decreased
because of dapagliflozin treatment and healthy controls
had significantly lower urinary abundances of the same
peptide fragment compared to the DKD cases, it is
likely that such change represents a beneficial effect on
the urinary proteome. All statistical analyses were
conducted using Python 3,23 and statistical program R
(v. 3.6.1)15,24 with RStudio, (RStudio, PBC, Boston, MA,
USA).

Functional Gene and Pathway Enrichment

Functional gene enrichment analyses were performed
using the Search Tool for the Retrieval of Interacting
Genes/Proteins (v. 11, Cytoscape plug-in stringApp v.
1.6.0) and ClueGO (v. 2.5.7.) together with CluePedia
(v. 1.5.7) plug-ins on Cytoscape (v. 3.8.2.).25-28 For the
functional enrichment analyses, lower confidence
level was used, because all peptides affected by
dapagliflozin at P < 0.05 using the raw, BH-
unadjusted P-values were included. The Search Tool
for the Retrieval of Interacting Genes/Proteins was
used to visualize the physical and functional in-
teractions of the proteins affected by dapagliflozin.
Detailed description is in the Supplementary Methods.
See Supplementary References.
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RESULTS

Study Characteristics and Changes in Clinical

Factors

The discovery study was a randomized, double blind,
placebo-controlled, cross-over study comprising a total of
32 participants with T2D where 10 mg of dapagliflozin
were compared to matching placebo16 with complete in-
formation on urinary proteomics profiling (before and
after treatment). The studyparticipants had amean (�SD)
age of 63.1 (8.3) years, diabetes duration of 15.9 (4.7)
years, and glycated hemoglobin 72.8 (14.1) mmol/mol (8.8
[1.2] %). Of the participants, 34.4% had micro-
albuminuria and 87.5% were men. Participant baseline
clinical characteristics are available in Table 1. The
detailed study design and the changes in some clinical
factors have been published.15,16 In brief, 7 of the 10
investigated clinical factorswere significantly affected by
dapagliflozin treatment with decreases in blood pressure,
weight, measured GFR, glycated hemoglobin, and UACR
(Supplementary Tables S1, S2, and S3). Adverse events
are presented in Supplementary Table S4.

Changes in Urinary Proteome (Discovery Study)

A total of 626 peptide fragments from 138 proteins
were left for analysis when fragments with at most
Kidney International Reports (2024) 9, 334–346
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50% missingness were included. The Wilcoxon
signed-rank test yielded significant changes in 36 in-
dividual peptides originating from 19 proteins
(Table 2 and Supplementary Table S5). Dapagliflozin
significantly decreased the urinary abundance of 23
peptides, whereas the remaining 13 peptides increased
(PBH-adjusted < 0.05; Table 2 and Supplementary
Table S5). Especially, collagen-derived (type I and
III) fragments significantly increased, whereas pep-
tides derived from albumin, a-1-antitrypsin (SER-
PINA1), and a-1B-glycoprotein decreased. In
Supplementary Table S6, we show sequences for the
significantly affected peptides.

Sensitivity Analysis (Albuminuria Lowering

Independent Proteins)

Fourteen out of 19 identified proteins remained signifi-
cant (P < 0.05) in the sensitivity analysis where in-
dividuals with >30% decline in albuminuria (n ¼ 18,
post-SGLT2i treatment), were excluded (Supplementary
Table S7).

Validation Study 1 (T1D With DKD vs. Healthy

Controls)

The SGLT2i-induced changes in urinary proteome were
compared to the differences in urinary proteome be-
tween healthy controls (n ¼ 50) and DKD cases
(n ¼ 110) with T1D in an independent cohort (PRO-
TON).18 The comparison against the independent
cohort is visualized in Figure 1 showing the base 2 log-
transformed fold change induced by dapagliflozin
along the base 2 log-transformed fold difference be-
tween healthy controls and DKD cases in PROTON. The
fold difference was calculated in the independent
cohort by dividing the mean urinary abundance of the
peptide fragments from the healthy controls by the
mean abundance of the same peptide fragments from
the DKD cases. When the peptide fragments were
analyzed in PROTON, 26 of the 36 peptides were found
significantly different between the healthy controls
and DKD cases (Supplementary Table S8).

Of the peptide fragments, 31 of the 36 changed in
the expected direction, suggesting a beneficial effect of
SGLT2i; and 24 of these 31 peptide fragments were
found to be significantly different between healthy
controls and DKD cases in the independent cohort
PROTON. The remaining 5 peptide fragments which
changed in the opposite direction were derived from
polymeric immunoglobulin receptor, prostaglandin-H2
D-isomerase, a-2-HS-glycoprotein, and a1 chain of
type III collagen (2 fragments).

Validation Study 2 (T2D Treated With SGLT2i)

PROVALID participants with T2D who received
SGLT2i treatment were used as an additional
Kidney International Reports (2024) 9, 334–346
validation cohort. Peptides representing 7 of 19
proteins were available for validation in this study.
Most peptides ($75%) from each protein confirmed
similar directionality of effects as in the discovery
study. At least 1 peptide from 6 of 7 proteins (ALB,
SERPINA1, COL1A1, COL3A1, COL1A2, and PTGDS)
differed significantly (P < 0.05) after SGLT2i treat-
ment supporting the discovery results (Table 3 and
Supplementary Table S7). Overall, peptides for ALB,
PTGDS, and SERPINA1 decreased, whereas those for
collagens (COL1A1, COL3A1, COL1A2) and polymeric
immunoglobulin receptor increased after SGLT2i
treatment in the PROVALID T2D cohort reconfirming
our primary findings (Supplementary Table S9).

Functional Enrichment Analysis

The results from the functional enrichment analyses are
visualized in Figures 2 and 3. One hundred twenty
peptide fragments derived from 53 proteins were
considered (Supplementary Table S10).

The protein-protein interaction network created
using the Search Tool for the Retrieval of Interacting
Genes/Proteins database is visualized in Figure 2. The
network shows high interactivity between 9 unique
collagen-related proteins, whereas many of the
dapagliflozin-affected proteins seem to have either
functional or physical interactions. Especially,
apolipoprotein C-III, a-2HS-glycoprotein, albumin,
SERPINA1, and a-1B-glycoprotein have high inter-
activity with several other proteins affected by
dapagliflozin.

The results from functional enrichment analysis
conducted using ClueGO are shown in Figure 3, which
shows the significantly enriched biological processes
and cellular components and the proteins that associ-
ated to these terms. The produced network shows that
the affected urinary proteins are involved in biological
processes such as inflammatory response, coagulation,
wound healing, and fibrinolysis, and serve as cellular
components in for example high-density lipoprotein
particles and collagen-containing extracellular matrix
(ECM). The most significant group of enriched biolog-
ical processes was related to wound healing
(Supplementary Figures S3 and S4). The urinary
collagen proteins were connected to ECM, whereas
proteins such as SERPINA1 and alpha-2HS-
glycoprotein were linked to inflammatory response
related processes. High-density lipoprotein-related
processes and components were associated with 2
different apolipoproteins (APOA4 and APOC3) as well
as serum amyloid 1 and 2 (SAA1 and 2). Wound
healing-related processes (e.g., coagulation and fibri-
nolysis) were especially linked to fibrinogen alpha and
beta chains, KRT1, and annexin A1.
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Table 2. The table shows the mean values of individual urinary peptide fragment abundance after placebo (n ¼ 32) and dapagliflozin (n ¼ 32) treatment periods, and the mean urinary levels of
these peptide fragments in the independent cohort from healthy controls (n ¼ 50) and DKD cases (n ¼ 110). In addition, mass (in Daltons) and migration time (minutes) are given for each peptide
fragment, as well as the log-2 transformed fold change induced by dapagliflozin and fold difference calculated between healthy controls and DKD cases in the validation cohort. The reported
P-values were adjusted for multiple testing using the Benjamini-Hochberg method
Human
UniProt ID

Peptide
sequence ID Mass (Da) CE-time (min) Gene Symbol Protein Placebo (mean)

Dapagliflozin
(mean)

Dapagliflozin ind.
change

BH-adj.
P-value DKD (mean)

Healthy
(mean)

DKD ind.
change

P04217 11163 2181.205 20.616 A1BG a-1B-glycoprotein 257.834 19.502 �3.725 0.019 46.823 0 þ
12127 2423.331 21.122 A1BG a-1B-glycoprotein 3617.333 758.044 �2.254 0.027 2137.423 2.469 9.758

12950 2310.242 20.925 A1BG a-1B-glycoprotein 1196.521 306.267 �1.966 0.031 1781.37 4.207 8.726

13296 2493.302 19.608 A1BG a-1B-glycoprotein 1052.219 33.214 �4.984 0.031 379.197 0 þ
P02765 8180 1792.936 21.267 AHSG a-2-HS-glycoprotein 355.884 1001.749 1.493 0.042 213.442 0 þ
P02768 12518 1715.99 21.054 ALB Serum albumin 54307.868 803.218 �6.078 0.012 3134.85 28.44 6.784

12970 1829.053 21.335 ALB Serum albumin 91459.779 959.985 �6.573 0.012 2663.851 25.193 6.724

13562 2540.269 19.687 ALB Serum albumin 108201.088 236.708 �8.828 0.012 7876.335 24.974 8.301

14191 2752.422 19.881 ALB Serum albumin 326527.011 1566.885 �7.703 0.014 92739.29 423.45 7.775

14790 1460.802 22.911 ALB Serum albumin 14059.243 507.84 �4.792 0.015 2015.093 7.35 8.099

13726 2427.187 19.577 ALB Serum albumin 10952.877 144.342 �6.243 0.016 2015.244 21.418 6.556

8491 2356.166 19.568 ALB Serum albumin 3482.532 39.077 �6.48 0.019 925.61 162.918 2.506

8062 2639.32 19.823 ALB Serum albumin 2556.829 19.993 �7.002 0.027 6433.007 12.321 9.028

7463 2566.365 19.53 ALB Serum albumin 9486.713 19.01 �8.966 0.038 2867.477 4.667 9.263

5188 1777.952 21.01 ALB Serum albumin 1971.827 52.188 �5.238 0.045 35.267 0 þ
P02656 19780 4113.847 24.548 APOC3 Apolipoprotein C-III 178.772 476.177 1.413 0.016 354.975 506.002 �0.515

Q05682 7837 1753.934 21.086 CALD1 Caldesmon 2558.923 58.12 �5.461 0.035 1042.804 0 þ
P02452 17890 3416.589 31.958 COL1A1 Collagen a-1(I) chain 590.236 1123.486 0.929 0.019 960.66 1241.408 �0.377

P08123 19745 4097.863 24.655 COL1A2 Collagen a-2(I) chain 558.697 1274.198 1.189 0.02 1804.4 2939.349 �0.713

13816 2825.275 24.449 COL3A1 Collagen a-1(III) chain 9461.028 16079.857 0.765 0.011 15478.674 16458.099 �0.089

15237 2809.204 24.378 COL3A1 Collagen a-1(III) chain 418.168 1003.36 1.263 0.012 608.266 679.408 �0.152

P02461 15129 2583.168 23.633 COL3A1 Collagen a-1(III) chain 90.217 210.593 1.223 0.02 347.915 286.865 0.275

8530 1834.836 24.214 COL3A1 Collagen a-1(III) chain 490.291 824.621 0.75 0.027 1033.442 634.648 0.705

11668 2248.99 26.156 COL3A1 Collagen a-1(III) chain 10751.2 14269.938 0.408 0.031 13681.574 15627.938 �0.184

Q9UBG3 883 974.524 20.641 CRNN Cornulin 566.412 92.82 �2.609 0.027 219.596 0 þ
Q8IY81 8534 1835.712 19.874 FTSJ3 pre-rRNA processing protein 207.434 549.144 1.405 0.016 837.446 2049.9 �1.286

P08238 3285 1261.6 19.82 HSP90AB1 Heat shock protein HSP 90-b 231.893 15.187 �3.932 0.019 543.9 3.052 7.478

B9A064 15015 2790.385 20.225 IGLL5 Immunoglobulin l-like polypeptide 5 13096.651 106.472 �6.948 0.037 22574.673 122.896 7.521

P04264 9412 1934.792 19.905 KRT1 Keratin; type II cytoskeletal 1 185.944 384.677 1.049 0.027 564.75 1126.169 �1

Q6UXB8 8564 1838.932 20.941 PI16 Peptidase inhibitor 16 366.042 66.723 �2.456 0.018 724.295 0 þ
P01833 18732 3669.665 24.075 PIGR Polymeric immunoglobulin receptor 665.858 1579.226 1.246 0.014 1451.439 1045.853 0.475

P41222 8589 1842.844 24.22 PTGDS Prostaglandin-H2 D-isomerase 2263.559 148.626 �3.928 0.045 586.969 700.124 �0.252

Q8WVN6 12387 2340.175 20.63 SECTM1 Secreted and transmembrane protein 1 436.162 55.053 �2.986 0.037 234.333 17.235 3.766

P01009 9486 1943.003 24.951 SERPINA1 a-1-antitrypsin 9072.127 1854.2 �2.291 0.031 9843.728 77.306 6.992

11408 2215.132 32.94 SERPINA1 a-1-antitrypsin 4091.671 396.914 �3.366 0.038 1826.854 0 þ
Q9UPN9 10424 2067.824 20.597 TRIM33 E3 ubiquitin-protein ligase TRIM33 451.688 998.249 1.144 0.019 1329.369 2701.35 �1.029

BH, Benjamini-Hochberg; CE-time, capillary electrophoresis migration time; DKD, diabetic kidney disease.
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Figure 1. Changes induced by dapagliflozin in the type 2 diabetes discovery (DapKid) compared to the observed differences in the independent
cohort (PROTON). The figure shows the base 2 log-transformed fold change in the urinary abundance of each significantly affected peptide
fragment, compared to the base 2 log-difference observed between the healthy cases and DKD controls in the independent cohort (coined
PROTON). The urinary abundance of 31 of the 36 significantly affected peptides changed toward healthier values. The peptides marked with an
asterisk show the fragments which were not significantly different between the healthy controls and DKD cases in the independent cohort.
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DISCUSSION

We identified 19 target proteins and enriched molec-
ular pathways of SGLT2 inhibition effects investigating
urinary proteomic changes occurring before and after
dapagliflozin treatment in individuals with T2D with
Table 3. Summarized potential functions of the differentially excreted pro
peptide fragments were derived from together with the directionality of dap
The potential roles of the proteins were obtained from the referenced stu
UniProt
ID

Gene
Symbol Protein Change

Molecular
weight (Da)

P04217 A1BG a-1B-glycoprotein - 54,254

P02768 ALB Serum albumin - 69,367

P02765 AHSG a-2-HS-glycoprotein þ 39,341

P02656 APOC3 Apolipoprotein C-III þ 10,852

Q05682 CALD1 Caldesmon - 93,231

P02452 COL1A1 Collagen a-1(I) chain þ 138,941

P02461 COL3A1 Collagen a-1(III) chain þ 138,564

P08123 COL1A2 Collagen a-2(I) chain þ 129,314

Q9UBG3 CRNN Cornulin - 53,533

Q8IY81 FTSJ3 pre-rRNA processing protein FTSJ3 þ 96,558

P08238 HSP90AB1 Heat shock protein HSP 90-b - 83,264 Reg

B9A064 IGLL5 Immunoglobulin l-like polypeptide 5 - 23,063

P04264 KRT1 Keratin; type II cytoskeletal 1 þ 66,039

Q6UXB8 PI16 Peptidase inhibitor 16 - 49,471

P01833 PIGR Polymeric immunoglobulin receptor þ 83,284

P41222 PTGDS Prostaglandin-H2 D-isomerase - 21,029

Q8WVN6 SECTM1 Secreted and transmembrane protein
1

- 27,039

P01009 SERPINA1 a-1-antitrypsin - 46,737

Q9UPN9 TRIM33 E3 ubiquitin-protein ligase TRIM33 þ 122,533

DKD, diabetic kidney disease; EMT, epithelial–mesenchymal transformation; GFR, glomerular fi
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DKD. We verified most of the SGLT2i-induced changes
in an independent cohort consisting of DKD cases with
T1D and healthy controls. We further reproduced the
findings in another study comprising individuals with
T2D treated with SGLT2 inhibitors.
teins. The 19 unique proteins of which the SGLT2i-affected urinary
agliflozin-induced change and their molecular weights (in Daltons).29

dies and the Human Protein Atlas30

Potential Role in DKD

Proteinuria biomarker31

Proteinuria biomarker31

Tissue development, endocytosis, inflammation,32 proteinuria biomarker31

Lipoprotein metabolism & inhibitor of lipolysis33

Actin cytoskeleton organization,34,35 regulation of mesangial cell activation36

Extracellular matrix organization31,32

Extracellular matrix organization31

Extracellular matrix organization31,32

Repair,31 positive regulation of NF-kB transcription factor activity37

Unknown

ulation of TGF-b signaling,38 immunity & inflammation,39 stress response in wound
healing40

Inflammation41

Inflammation31, coagulation,30 extracellular matrix,30 and wound healing30

Extracellular matrix organisation31

Tubular response to injury42

Inhibition of TGF-b induced EMT,43,44 GFR biomarker31

Inflammation,45 NF-kB pathway activation30

Inflammation, coagulation and proteinuria biomarker,31,32 kidney fibrosis46

Regulation of TGF-b pathway,47,48 inflammation & fibrosis47

ltration rate.
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Figure 2. STRING protein-protein interaction network. The proteins colored in light blue denote those proteins that were found to be signifi-
cantly affected by dapagliflozin using the BH-adjusted P-values and alpha level of 0.05, whereas the remaining proteins were only significant
without the BH-adjustment for FDR.
BH, Benjamini-Hochberg; FDR, False Discovery Rate; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins.

Figure 3. ClueGO Functional enrichment analysis. The results show that, especially coagulation, fibrosis, inflammatory response, and wound
healing processes linked to inflammation are significantly enriched. Multiple collagen fragments were associated with extracellular matrix.
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The functional enrichment analysis connected the
identified proteins to additional biological processes
previously linked to DKD development, namely,
wound healing, inflammation, and changes in ECM.32

Urine is an optimal biofluid for studying kidney
diseases because the changes in the urinary proteome
can inform on both functional and structural changes
taking place in the kidney.2,14,49 It is suggested that
collagen, caldesmon, E3 ubiquitin-protein ligase
[TRIM33], and PIR-derived fragments are likely to
originate from the nephron, whereas smaller proteins,
such as albumin, glycoproteins, apolipoprotein C-III,
and alpha-1-antrypsin, are potentially derived from the
plasma. This is supported by the fact that the
glomerular basement membrane filtration capacity is
dependent on protein molecular weight threshold of 70
kDa.50 The differential excretion of small plasma pro-
teins is linked to functional changes of the kidney such
as dysfunctional tubular reabsorption51,52 or increasing
leakage in glomerular filtration, whereas the changes in
excretion rates of larger kidney-derived proteins are
associated with structural changes occurring in the
kidney; for example, kidney fibrosis.53

SGLT2 inhibition might affect some urinary peptide
levels derived from abundant plasma proteins (e.g.,
albumin) through improved glomerular filtration (and
albuminuria reduction) However, many of the signifi-
cantly changed peptides (including collagens) identi-
fied in the current study were in fact increased after
SGLT2 treatment, most likely reflecting post glomerular
changes. Notably, a sensitivity analysis in the current
study controlling for albuminuria changes, showed
that most (>70%, Supplementary Table S7) urinary
proteins continued to differ significantly post SGLT2
inhibition, suggesting albuminuria independent ef-
fects. Our recent report also demonstrates that changes
in proteomics classifier of renal function (CKD273) is
independent of albuminuria changes, post SGLT2 in-
hibition.15 These findings might also support the
SGLT2 inhibition-based estimated GFR lowering effects
observed in large clinical trials, independent of albu-
minuria,54 further suggesting validation in larger
studies.

Albuminuria is a common marker of DKD, and our
results showed that dapagliflozin significantly
decreased the abundance of 10 urinary peptide frag-
ments derived from ALB. These reflect changes in ALB
excretion further linked to changes in glomerular
filtration and dysfunctional tubular reabsorption. Un-
like ALB, increased levels of urinary collagens have
been linked to kidney fibrosis in DKD.11,32,55 Seven
individual peptide fragments derived from type I and
III collagen, were significantly increased by dapagli-
flozin treatment. Type I collagen has been suggested to
Kidney International Reports (2024) 9, 334–346
play a role in tubulointerstitial fibrosis with accumu-
lation in arterial walls under pathological conditions
whereas type III collagen is overexpressed in the
tubulointerstitial space in fibrosis.56 Consequently, the
reported increases in urinary collagens might reflect
increased turnover of collagen derived peptides in the
kidney, suggesting a beneficial effect of SGLT2i on
kidney fibrosis. The functional enrichment analysis
yielded similar results, because it linked the differen-
tially excreted urinary collagens to ECM, which is
known to be a target of kidney fibrosis.56 The protein-
protein interaction network in the current study shows
high interactivity of 9 unique collagen fragments,
suggesting their involvement in response to SGLT2i
treatment.

Changes in urinary abundance of other peptides
derived from proteins linked to kidney fibrosis were
observed. Caldesmon 1 has been connected to actin
cytoskeleton organization and regulation of mesangial
cell activation, with upregulation particularly in
T1D.34–36 Actin cytoskeleton has been suggested to
represent an important target for hyperglycemia-
induced damage, which in mesangial cells has been
suggested to lead to increased glomerular pressure state
and vasodilatation of afferent arteriole, contributing to
hyperfiltration.34 Caldesmon 1 protein was also linked
to 3 individual type I and III collagens in the protein-
protein interaction network. The results showed a
significant decrease in urinary levels of 1 fragment
from this protein, and this change was confirmed in the
PROTON cohort, indicating that this protein may play
a role in kidney fibrosis, together with the SGLT2i
affected collagens.

Dapagliflozin induced significant changes in urinary
abundance of multiple peptides linked to TGF-b
signaling, which is overactivated in fibrosis.56-58 The
urinary abundance of fragments from PI16, HSP90AB1,
TRIM33, and PTGDS changed significantly. PI16 has
been shown to be involved in profibrotic TGF-b
signaling, whereas HSP90B1 and TRIM33 have been
linked to the regulation of TGF-b signaling.38,43,47,48

HSP90AB1 also plays a role in tissue repair and has
important stress response functions in wound healing,
especially in hypoxic conditions.40 Similarly, PTGDS
has been argued to play a role in TGF-b-induced
epithelial-to-mesenchymal transition.44 PTGDS-based
peptides decreased after SGLT2i treatment in both
T2D cohorts in the current study, although the levels
were largely indifferent between patients with DKD
and healthy controls within PROTON. The potentially
beneficial nature of the changes in TRIM33, HSP90AB1,
and PI16-related urinary peptide fragment abundance
was suggested by the differences observed in PRO-
TON, because healthy controls had significantly higher
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levels of urinary TRIM33 fragments and lower levels of
urinary HSP90AB1 and PI16 fragments than the DKD
cases. Chronic hyperglycemia has been argued to
stimulate multiple pathogenic pathways via increased
reactive oxygen species generation, leading to TGF-b
overexpression2 that decreases ECM degradation and
stimulates production of ECM proteins (e.g., type I and
IV collagens).59 The significant changes observed in
proteins linked to TGF-b signaling thus suggest a
beneficial effect of SGLT2i on this pathway.

Hyperglycemia-induced overproduction of mito-
chondrial reactive oxygen species and the over-
activation of pathogenic pathways has also been
suggested to underlie inflammation in DKD.60 Kidney
inflammation has been linked to elevated levels of NF-
kB, which increases proinflammatory gene expres-
sion.61 Dapagliflozin impacted the urinary abundance
of several proteins suggested to play a role in inflam-
matory signaling, such as cornulin (CRNN), secreted
and transmembrane protein 1 (SECTM1), SERPINA1,
and immunoglobulin l-like polypeptide 5 (IGLL5). The
results from the functional enrichment analysis also
associated alpha-2HS-glycoprotein and SERPINA1 with
inflammatory response-related processes. Generally,
these proteins have been linked to NF-kB
pathway.37,45,62,63 SECTM has 5 potential binding sites
for NF-kB, whereas CRNN has been connected to pos-
itive regulation of NF-kB activity.37,45,63 Multiple
studies have shown urinary levels of SERPINA1 to be
elevated in CKD,11,31,32,64 which is in concordance with
our findings in individuals with DKD. Our study
confirms this, whereby healthy controls had lower
urinary levels of the same SERPINA1 fragments
whereas dapagliflozin reduced SERPINA1 levels in
both T2D cohorts.

Lastly, functional enrichment analysis showed sig-
nificant enrichment of high-density lipoprotein-related
terms, which has a known role in CKD.65,66 Dapagli-
flozin significantly increased urinary abundance of 1
apolipoprotein C-III (APOC3)-derived fragment, and
similar distribution was observed between healthy
cases and DKD controls in PROTON. Serum APOC3
levels are elevated in DKD, hypertriglyceridemia, and
coronary heart disease.33,67-69 Moreover, APOC3 may
stimulate inflammatory responses, such as PKC-a,
leading to increased expression of NF-kB.69 Assuming
increased urinary abundance of APOC3 reflects
increased turnover of the same protein, the observed
increase might reflect a beneficial effect of SGLT2i on
lipoprotein metabolism.

Similar studies investigating the effect of SGLT2i on
the full urinary proteome in patients with DKD with
T2D have not been conducted previously. Cherney
et al.70 studied the effect of the SGLT2i, empagliflozin
342
on the urinary proteome of 40 participants with un-
complicated T1D, focusing only on the subset of uri-
nary peptides used to calculate the CKD273 score.70 The
authors reported changes in urinary peptide fragments
from SERPINA1, neurosecretory protein VGF, KRT1,
TRIM33, and various collagen proteins. Current study
results showed that dapagliflozin similarly induced
changes on urinary collagens, KRT1, and TRIM33
fragments. Cherney et al.70 reported that empagliflozin
significantly increased the urinary abundance of a
short peptide fragment of SERPINA1, whereas we
found that dapagliflozin significantly decreased urinary
level of 2 peptide fragments from SERPINA1.70 The
small overlap in the results of the 2 studies might be
caused by multiple reasons. Cherney et al.70 did not
study the effect of SGLT2i on the full urinary proteome
and used participants with uncomplicated T1D. How-
ever, because both studies found similar effects of
SGLT2i on KRT1 and TRIM33, the role of these pro-
teins in DKD development and SGLT2i action should be
further investigated. Higher levels of urinary SER-
PINA1 and SERPING1 peptides with inflammatory ac-
tivity have been reported in individuals with DKD,71

where the former targets elastase and other proteases
whereas the latter inhibits the complement cascade
proteins with known association with circulating
IGFBP172 levels that further affect DKD pathogenesis.73

Few studies link the observed changes in urinary
peptidome to affected biological processes. For
example, Van et al.32 investigated the potential roles of
differentially excreted proteins by dividing DKD
development into 3 stages basis estimated GFR and
albuminuria measurements and running functional
enrichment analysis using DKD stage specific proteins.
The enriched biological processes in all investigated
stages of DKD were related to immune system regula-
tion, coagulation, ECM metabolism, tissue and blood
vessel development, and endothelial cell proliferation,
that is, processes typically associated with wound
healing.32 Interestingly, the dapagliflozin-affected
proteins in the current study were linked to similar
biological processes, thereby playing a central role in
DKD development.10 The current study highlights the
benefits of a network-based approach in studying the
urinary proteome, because studying the changes in
individual proteins neglects the involvement of a
network of proteins in disease development.32 How-
ever, further studies using multiple data-sources (e.g.,
gene expression, genetics, and metabolomics) are
needed to uncover the molecular mechanisms under-
lying the reported changes, especially inflammatory
and fibrotic processes. Although the current study
shows that the SGLT2 inhibition effect-associated uri-
nary proteins are significantly differing in individuals
Kidney International Reports (2024) 9, 334–346
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with DKD compared to healthy controls, further
studies examining the potential of these urinary pro-
teins to distinguish interindividual drug response
(albuminuria lowering vs. no albuminuria lowering)
prior to SGLT2i treatment within the diabetic popula-
tion would be interesting and require larger studies.

There are various limitations and strengths to this
study. The discovery study consisted mostly of male
participants and was relatively small. It did not include
a washout period when the 2 sequence groups crossed
over; however, the sequence effect was statistically
insignificant in all models looking at changes in clinical
factors because of treatment (Supplementary Table S3).
Further, the UACR already normalizes within 2 to 4
weeks with no carryover effect as discussed previ-
ously.15 The DKD cases in PROTON had T1D whereas
the discovery study included participants with T2D.
The differences in T1D and T2D should be kept in
mind when analyzing the results because persons with
T2D typically have more confounding factors contrib-
uting to DKD (e.g., hypertension, obesity, and smok-
ing) and are diagnosed with diabetes at a later age.2

However, because most of the observed changes in
the urinary proteome of discovery study were
confirmed by the T1D independent cohort, in addition
to the T2D PROVALID study, it can be argued that the
SGLT2i therapy targeted biological processes relevant
in both T1D and T2D. The functional enrichment
analysis used BH-unadjusted P-values, and these re-
sults should be carefully interpreted. The lower con-
fidence level was justified by the nature of enrichment
analysis, which is not typically informative when using
a low number of proteins or genes. The current study
design is unique because it leverages the randomized
trial coupled urine proteomics-based discovery and
observational validation studies to identify molecular
effect pathways of SGLT2i therapy in DKD. Future
studies should examine the long-term effect of SGLT2i
on identified urinary proteins with more participants,
potentially stratified by DKD progression. The newly
mapped SGLT2i effect proteins are a key step toward
developing improved and tailored treatment options as
per the precision medicine in diabetes initiative.74
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