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ABSTRACT

Introduction: Large-scale clinical trials of
sodium-glucose cotransporter 2 inhibitors
(SGLT2i) demonstrate proteinuria-reducing
effects in diabetic kidney disease, even after
treatment with renin–angiotensin inhibitors.
The precise mechanism for this favorable effect

remains unclear. This prospective open-label
single-arm study investigated factors associated
with a reduction in proteinuria after SGLT2i
administration.
Methods: Patients with type 2 diabetes (T2DM)
who had glycated hemoglobin (HbA1c) levels
C 6.5% despite dietary and/or oral hypo-
glycemic monotherapy were recruited and
administered the recommended daily dose of
SGLT2i for 4 months. Dual primary outcomes
were changes in the urine albumin-to-crea-
tinine ratio (uACR) and urine liver-type fatty
acid-binding protein (L-FABP)-to-creatinine
ratio (uL-FABPCR) at month 4 from baseline.
Changes in kidney injury, inflammation, and
oxidative stress biomarkers were investigated as
secondary endpoints to examine the effects of
this treatment on the kidney. The correlation
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between renal outcomes and clinical indicators,
including circulating tumor necrosis factor
receptors (TNFR) 1 and 2, was evaluated using
univariate and multivariate analyses.
Results: Participants (n = 123) had a mean age
of 64.1 years (SD 13.4), with 50.4% being male.
The median BMI was 25.8 kg/m2 (interquartile
range (IQR) 23.1–28.9), and the median HbA1c
level was 7.3% (IQR 6.9–8.3). After SGLT2i
administration, the uACR declined from
19.2 mg/gCr (IQR 7.1–48.7) to 13.3 mg/gCr
(IQR 7.5–31.6), whereas the uL-FABPCR was not
influenced. In univariate analysis, the change in
log-transformed uACR due to SGLT2i adminis-
tration showed a positive correlation with the
change in serum TNFR1 level (R = 0.244,
p\0.01). Multivariate regression analysis,
including confounding factors, showed that the
changes in serum TNFR1 level were indepen-
dently associated with the changes in the log-
transformed uACR (independent
t = 2.102, p\0.05).
Conclusion: After the 4-month SGLT2i admin-
istration, decreased albuminuria level was asso-
ciated with decreased serum TNFR level in
patients with T2DM.
Trial Registration Number: UMIN000031947.

PLAIN LANGUAGE SUMMARY

Previous studies have demonstrated the syner-
gistic proteinuria-reducing effect of sodium-
glucose cotransporter 2 inhibitors (SGLT2i) in
combination therapy with renin–angiotensin
system blockers; however, the underlying
mechanisms of this effect are poorly under-
stood. This study was based on our hypothesis
that the proteinuria-reducing effect is associated

with the anti-inflammatory effects of SGLT2i
beyond the effect on glycemic control. In total,
123 patients with type 2 diabetes mellitus
(T2DM) were administered the recommended
daily dose of SGLT2i for 4 months. Dual pri-
mary outcomes were changes in the urine
albumin-to-creatinine ratio (uACR) and urine
liver-type fatty acid-binding protein (L-FABP)-
to-creatinine ratio (uL-FABPCR) as markers of
glomerular and proximal tubular damage at
4 months from the baseline. Secondary out-
comes included changes in kidney injury
biomarkers, inflammation, and oxidative stress
to examine the effects of treatment on the kid-
neys. The correlation between renal outcomes
and clinical indicators, including circulating
tumor necrosis factor receptors (TNFR) 1 and 2,
was evaluated using univariate and multivariate
analyses. We found that administration of
SGLT2i decreased the urine albumin-to-crea-
tinine ratio but did not affect the urine liver-
type fatty acid-binding protein-to-creatinine
ratio. Further, SGLT2i may exert a proteinuria-
reducing effect dependent on the anti-inflam-
matory effect in patients with T2DM. The
inflammation-reducing and renoprotective
mechanisms of SGLT2i remain to be fully clar-
ified, but this study provides novel evidence
regarding the mechanism. The study findings
can help in developing anti-inflammatory
agents for metabolic diseases.

Keywords: Albuminuria; Diabetic kidney
disease; Inflammation; Sodium-glucose
cotransporter 2 inhibitors; Tumor necrosis
factor receptor; Type 2 diabetes
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Key Summary Points

Why carry out this study?

Sodium-glucose cotransporter 2 inhibitors
(SGLT2i) demonstrate a synergistic
proteinuria-reducing effect in
combination therapy with
renin–angiotensin system blockers;
however, the underlying mechanisms of
the SGLT2i proteinuria-reducing effect
remain poorly understood.

We hypothesized that the proteinuria-
reducing effect is associated with the anti-
inflammatory effects of SGLT2i beyond
the effect on glycemic control.

What was learned from this study?

SGLT2i exerts an anti-inflammatory effect
in patients with type 2 diabetes mellitus
(T2DM).

SGLT2i may exert proteinuria-reducing
effects that are dependent on the
inhibition of serum tumor necrosis factor
receptors (TNFR).

The study findings can aid in developing
anti-inflammatory agents for metabolic
diseases, such as T2DM and diabetic
kidney disease.

INTRODUCTION

The general goal of diabetes treatment is to
reduce mortality and maintain a quality of life
comparable to that of healthy individuals;
therefore, it is essential to prevent the onset and
progression of diabetic complications. Adverse
renal events are the most common and serious
complications of type 2 diabetes mellitus
(T2DM). Micro- or macroalbuminuria is present
in approximately 25% of people with T2DM
[1, 2]. The development of albuminuria marks
the progression of renal damage [3, 4] and

predicts the cardiovascular risk in patients with
T2DM [5, 6]. Therefore, evidence-based clinical
practice guidelines for chronic kidney disease
(CKD) endorse regular evaluation and reduction
of albuminuria in patients with T2DM [7, 8].
Both angiotensin-converting enzyme inhibitors
(ACEIs) and angiotensin II receptor blockers
(ARBs) reduce the progression of albuminuria
and even induce regression of microalbumin-
uria to normoalbuminuria. However, residual
risk remains, with approximately 30% of
patients with T2DM and the presence of mi-
croalbuminuria progressing to macroalbumin-
uria despite the currently recommended
treatment protocols [9].

Sodium-glucose cotransporter 2 (SGLT2)
inhibitors (SGLT2i), which were originally
designed as hypoglycemic agents for treating
T2DM, have increasingly shown renal and car-
diovascular protective properties in several
randomized controlled trials (RCTs) [10–13].
Although the underlying mechanisms that
provide renal benefits are still poorly under-
stood, in recent post hoc analyses from the
EMPA-REG OUTCOME (BI10773 [Empagli-
flozin]) Cardiovascular Outcome Event Trial, it
was suggested that short-term reduction in
albuminuria had a statistically significant asso-
ciation with a decreased risk of long-term renal
function decline [14]. Additionally, early chan-
ges in albuminuria after treatment with SGLT2i
were independently associated with long-term
kidney and cardiovascular outcomes [15].

Several basic studies have shown that SGLT2i
ameliorates albuminuria by attenuating
glomerular hyperfiltration [16–18]. One possi-
ble mechanism could be suppressing the
induced inflammatory response and oxidative
stress.

Chronic inflammation is increasingly
believed to be an essential mechanism for
developing macroalbuminuria [19]. Many
proinflammatory cytokines and chemokines
may play important roles in the initiation and
progression of diabetic kidney disease (DKD)
[20]. Furthermore, tumor necrosis factor alpha
(TNFa) is a well-known proinflammatory cyto-
kine associated with the progression of kidney
disease [21]. Cellular responses to TNFa are
induced through two receptors, TNF receptor 1
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(TNFR1) and TNF receptor 2 (TNFR2) [22]. Both
TNFR1 and TNFR2 have cleaved and solubilized
extracellular domains that appear in the blood
at the initial stage of inflammation. Moreover,
progranulin (PGRN) binds to TNFRs [23]. Ele-
vated levels of circulating TNFR1 and PGRN are
implicated in the initiation and progression of
albuminuria [24, 25]. Higher plasma levels of
soluble urokinase plasminogen activator recep-
tor (suPAR) have also been associated with an
increased risk of progression of DKD [26].
Although post hoc analyses of several clinical
trials showed that SGLT2i decreased the plasma
TNFR levels [27, 28], the ambiguity of the causal
relationship remains as a result of the lack of
intervention trials. Additionally, less attention
has been given to the association of soluble
TNFR altered by SGLT2i with early changes in
albuminuria in patients with T2DM.

Previous clinical data indicated that DKD
was also accompanied by renal tubular disorder
[29, 30] and that urinary liver-type free fatty
acid-binding protein (L-FABP), which is
involved in renal tubulointerstitial damage and
oxidative stress, might be a predictive factor for
renal and cardiovascular prognosis in patients
with T2DM [31].

Therefore, this study was designed to test the
hypothesis that the blockade of SGLT2 reduces
inflammation independent of glycemic control
in patients with T2DM and that changes in
inflammatory markers are closely associated
with renoprotection. As dual primary outcomes,
we measured the urinary excretion of albumin
and L-FABP before and after the administration
of SGLT2i in patients with T2DM. To further
characterize the effect of this treatment on the
kidney, we also examined changes in biomark-
ers for kidney injury, inflammation, and
oxidative stress as secondary endpoints.

METHODS

Ethics Conduct

This study complied with the Declaration of
Helsinki and Good Clinical Practice guidelines
and was conducted as a collaborative multi-
center research effort led by Tokushima

University. To ensure a comprehensive ethical
approval across all participating facilities, each
institution sought consolidated review by the
Institutional Review Board of Tokushima
University Hospital. Subsequently, the Institu-
tional Review Board of Tokushima University
Hospital granted approval for all study sites
involved in this multicenter study (approval
date April 23, 2018; approval ID 3149). The
research proceeded after securing the necessary
approvals from each research institution. Addi-
tional matters requiring approval, such as pro-
tocol amendments, were evaluated and
approved by the institutional review boards as
per need. The trial was registered with the
University Hospital Medical Information Net-
work (UMIN No. 000031947). The patients were
provided with detailed explanations of the
study protocol. All participants provided writ-
ten informed consent for participation in the
study and publication of the study results.
Nonetheless, all patient records and informa-
tion were anonymized before the analysis.

Study Design and Population

This was a multicenter, prospective, open-label,
single-arm study. Overall, 123 Japanese partici-
pants (62 men and 61 women) were selected for
this study from outpatients with T2DM who
visited the Department of Endocrinology and
Metabolism at Tokushima University Hospital,
Anan Medical Center, or Tamaki Aozora
Hospital between August 2018 and July 2023.
The diagnosis of T2DM was based on the criteria
of the Japan Diabetes Society [32]. Participants
were considered eligible if they were at least
20 years old; patients with T2DM whose gly-
cated hemoglobin (HbA1c) level was C 6.5% via
diet therapy; and/or patients received
monotherapy of oral hypoglycemic agents
(OHA) such as sulfonylureas (SU), biguanides, a-
glucosidase inhibitors, thiazolidine, or dipep-
tidyl peptidase 4 (DPP4) inhibitors for 12 weeks
or longer. The exclusion criteria were as follows:
(1) hypersensitivity or a contraindication to
SGLT2i; (2) type 1 diabetes; (3) severe diabetic
metabolic complications, such as ketoacidosis;
(4) treatment with SGLT2i within 12 weeks

130 Diabetes Ther (2024) 15:127–143



before screening; (5) treatment with insulin or
glucagon-like peptide 1 receptor agonist ther-
apy within 12 weeks before screening; (6) taking
steroids, nonsteroidal anti-inflammatory drugs,
or antibiotics; (7) poorly controlled or unsta-
ble diabetes (an increase in HbA1c level[ 3% in
the 12 weeks before screening); (8) various
inflammatory autoimmune diseases; (9) esti-
mated glomerular filtration rates
(eGFR) B 30 mL/min/1.73 m2 and hemodialy-
sis; (10) infectious diseases; (11) pregnancy or
breastfeeding; or (12) inappropriate for this
study as assessed by the investigators. Eligible
patients received SGLT2i of either canagliflozin,
tofogliflozin, ipragliflozin, luseogliflozin, dapa-
gliflozin, or empagliflozin at a constant dosage
in addition to their previous treatment for
12 weeks. SGLT2i therapy was initiated at the
lowest recommended daily dose (100 mg cana-
gliflozin, 20 mg tofogliflozin, 50 mg ipragli-
flozin, 2.5 mg luseogliflozin, 5 mg dapagliflozin,
and 10 mg empagliflozin). Notably, no dose
escalations were observed. Other medications
remained unchanged during the study period.
These drugs were formulated at least 12 weeks
before this study.

Measures, Definitions, and Outcomes

The dual primary outcomes were changes in
urinary albumin and L-FABP excretion from the
baseline measurements. The secondary end-
points included changes in the laboratory data.
The following parameters were measured in
random urine samples, and the results were
expressed as a ratio to urinary creatinine (Cr) as
follows: albumin, L-FABP, 8-hydroxy-20-deox-
yguanosine (8-OHdG), neutrophil gelatinase-
associated lipocalin (NGAL), type IV collagen
(Col4), and Cr. Blood samples were collected
from each patient and used to determine blood
cell counts and HbA1c, serum Cr, cystatin C
(cys-C), uric acid (UA), aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), c-
glutamyl transpeptidase (c-GTP), low-density
lipoprotein cholesterol (LDL-C), triglyceride
(TG), high-density lipoprotein cholesterol
(HDL-C), erythropoietin (Epo), N-terminal pro-
brain natriuretic peptide (NT-proBNP),

C-reactive protein (CRP), TNFR1, TNFR2, PGRN,
and NGAL levels. HbA1c levels were measured
using an automated analyzer (ADAMS A1c HA-
8181; Arkray, Kyoto, Japan). Serum Cr and UA
levels were measured using enzyme reactions
(Kinos Co, Tokyo, Japan). Serum levels of AST,
ALT, and c-GTP were measured using the Japan
Society of Clinical Chemistry advised methods
(Kanto Chemical Co., Tokyo, Japan). Serum TC,
HDL-C, and TG levels were measured directly
using an enzymatic method (Sekisui Medical,
Tokyo, Japan). The serum LDL-C levels were
calculated using the Friedewald equation.
Serum cys-C, Epo, NT-proBNP, urinary albumin,
L-FABP, NGAL, and Col4 levels were measured
by a central measurement laboratory (SRL,
Inc., Tokyo, Japan). The serum cys-C levels were
measured using a colloidal gold assay. Serum
Epo and NT-proBNP levels were measured using
a chemiluminescent enzyme immunoassay
(CLEIA). Urinary albumin levels were measured
by immunoturbidimetry. Furthermore, urinary
L-FABP levels were measured using an
immunoturbidimetry CLEIA. Urine NGAL levels
were measured using a chemiluminescent
immunoassay. Urinary Col4 level was measured
by enzyme immunoassay. Furthermore, we used
an enzyme-linked immunosorbent assay to
measure the levels of serum CRP, TNFR1,
TNFR2, PGRN, suPAR, and NGAL (R&D Sys-
tems, Minneapolis, Minnesota, USA). The con-
centration of urinary 8-OHdG was analyzed
using an oxidative stress analyzer, ICR–001
(Techno Medica Co., Ltd. Yokohama,
Japan). The eGFR values based on serum Cr
(eGFRcreat) and serum cys-C (eGFRcys) levels
were calculated using the Japanese Society of
Nephrology equations [33, 34]. Urine albumin
level less than 30 mg/gCr was considered nor-
mal, microalbuminuria was defined as urine
albumin level between 30 and 300 mg/gCr, and
urine albumin level greater than 300 mg/gCr
was considered macroalbuminuria.

Statistical Analysis

Continuous variables are expressed as
mean ± standard deviation (SD) or median
(interquartile range, IQR). The Shapiro–Wilk
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test was used to determine if the values were
normally distributed. Differences between the
baseline and follow-up measurements were
assessed using paired t tests or Wilcoxon signed-
rank sum test (as appropriate). Prior to regres-
sion analyses, the urine albumin-to-creatinine
ratio (uACR) and serum CRP level were log-
transformed (uACR (log) and CRP (log)) to
adjust for the measure’s highly skewed distri-
bution. The relationships between the changes
in uACR (log) by SGLT2i administration and the
changes in secondary endpoints during the
study were examined using a single linear
regression analysis. All statistical analyses were
performed using Microsoft Office Excel 2019
(Microsoft, Richmond, CA, USA), GraphPad
Prism 8 software (GraphPad Software, San
Diego, CA, USA), and EZR (Saitama Medical
Center, Jichi Medical University, Saitama,
Japan). A two-sided p value less than 0.05 was
considered statistically significant. The G*Power
software supports sample size and power calcu-
lations for various statistical methods.

RESULTS

Baseline Characteristics of Participants

A total of 146 participants initially enrolled in
this study and initiated therapy with SGLT2i,
including canagliflozin, tofogliflozin, ipragli-
flozin, luseogliflozin, dapagliflozin, and empa-
gliflozin. Over the course of the 4-month
intervention period, 23 patients dropped out of
the study for various reasons: urinary tract
infection (n = 1), rapid GFR decline (n = 1),
stroke (n = 1), worsening of dementia (n = 1),
acute myocardial infarction (n = 1), loss to fol-
low-up (n = 7), and not meeting the inclusion
criteria (n = 11). A complete case analysis was
conducted. Table 1 provides a comprehensive
overview of baseline clinical and biochemical
characteristics, including lipid levels, liver
enzyme (ALT) levels, and renal function
(eGFRcreat and eGFRcys). Participants (n = 123)
had a mean age of 64.1 years (SD 13.4), with
50.4% being male. The median BMI was
25.8 kg/m2 (IQR 23.1–28.9), and the median
HbA1c level was 7.3% (IQR 6.9–8.3). The

Table 1 Baseline clinical and biochemical characteristics

Parameter Value

Age (years) 64.1 ± 13.4

Sex (male/female) 62/61

BMI (kg/m2) 25.8 (23.1–28.9)

SBP (mmHg) 140.1 ± 17.8

DBP (mmHg) 80.5 ± 12.6

PP (mmHg) 59.6 ± 17.0

PR (bpm) 79.2 ± 13.7

Hct (%) 41.2 ± 3.8

HbA1c (%) 7.3 (6.9–8.3)

Serum data

eGFRcreat (mL/min /1.73 m2) 73.8 (65.1–88.0)

eGFRcys (mL/min /1.73 m2) 83.8 ± 22.6

UA (mg/dL) 5.1 ± 1.3

AST (U/L) 21.0 (17.0–28.5)

ALT (U/L) 24.0 (16.0–39.0)

c-GTP (U/L) 26.0 (18.0–42.5)

LDL-C (mg/dL) 110.8 ± 32.1

TG (mg/dL) 121.0 (82.0–198.5)

HDL-C (mg/dL) 50.0 (43.5–59.5)

Epo (mU/mL) 9.6 (6.8–13.0)

Nt-proBNP (pg/mL) 54.0 (19.0–94.0)

CRP (ng/mL) 552.8 (256.0–1367.8)

TNFR1 (pg/mL) 936.7 (721.3–1138.8)

TNFR2 (pg/mL) 3646.1

(3057.3–4509.1)

PGRN (ng/mL) 43.4 (36.0–50.3)

NGAL (pg/mL) 22.2 (15.2–35.7)

suPAR (pg/mL) 1864.8

(1163.9–2528.8)

Urine data

ACR (mg/gCr) 19.2 (7.1–48.7)

uACR 30–300 (mg/gCr), n
(%)

35 (28.5)
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mean/median eGFRcreat and eGFRcys at base-
line were 73.8 mL/min/1.73 m2 (IQR 65.1–88.0)
and 83.8 mL/min/1.73 m2 (SD 22.6), respec-
tively. Low eGFRcys (\60 mL/ min/1.73 m2)
was observed in 17 (13.8%) participants, while
18 participants (14.6%) had a low
eGFRcreat\ 60 mL/min/1.73 m2. The median
uACR at the baseline was 19.2 mg/gCr (IQR
7.1–48.7). Notably, 35 (28.5%) patients had
microalbuminuria, and 6 (4.9%) had macroal-
buminuria when tested by uACR.

Among the 123 participants, 44 (35.8%) were
taking renin–angiotensin system inhibitors,
including ARBs (n = 44), while 42 participants
(34.1%) were on statin therapy at baseline.
Thirty-eight patients were following diet ther-
apy, whereas others were on an OHA. The most
common class of oral OHA concomitantly used

was metformin (42%), followed by DPP4 inhi-
bitors (19.5%), SUs (14%), pioglitazone (3.3%),
and a-GI (0.8%). Importantly, these treatments
remained unchanged in the 12 weeks leading
up to the study. The details of the SGLT2i used
in this study are shown in Table 2.

Outcomes

Changes in laboratory variables are presented in
Table 3. In dual primary study outcomes, the

Table 1 continued

Parameter Value

uACR[ 300 (mg/gCr), n (%) 6 (4.9)

uL-FABPCR (lg/gCr) 2.8 (1.7–4.7)

uNGAL (lg/gCr) 16.0 (3.2–40.3)

uCol4 (lg/gCr) 5.0 (3.2–7.9)

u8-OHdG (ng/mgCr) 14.6 (9.8–19.2)

Values are expressed as mean ± SD and median (in-
terquartile range)
BMI body mass index, SBP systolic blood pressure, DBP
diastolic blood pressure, PP pulse pressure, PR pulse rate,
Hct hematocrit, HbA1c glycated hemoglobin, eGFRcreat
estimated glomerular filtration rate calculated from the
serum creatinine level, eGFRcys GFR estimated from the
serum cystatin C level, UA uric acid, Cr creatinine, AST
aspartate aminotransferase, ALT alanine aminotransferase,
c-GTP c-glutamyl transpeptidase, LDL-C low-density
lipoprotein cholesterol, TG triglycerides, HDL-C high-
density lipoprotein cholesterol, Epo erythropoietin, NT-
pro-BNP N-terminal pro-brain natriuretic peptide, CRP
C-reactive protein, PGRN progranulin, ACR albumin-to-
creatinine ratio, L-FABPCR liver-type fatty acid-binding
protein (L-FABP)-to-creatinine ratio, NGAL neutrophil
gelatinase-associated lipocalin, Col4 type IV collagen, 8-
OHdG 8-hydroxy-20-deoxyguanosine, TNFR1 tumor
necrosis factor receptor 1, TNFR2 tumor necrosis factor
receptor 2

Table 2 Baseline background therapies for diabetes,
hypertension, and dyslipidemia

Participants

Concomitant drug

ARB or ACE inhibitor, n (%) 44 (35.8%)

Ca-blockers, n (%) 46 (37.4%)

b-blockers, n (%) 5 (4.1%)

Diuretics, n (%) 4 (3.3%)

Statin, n (%) 47 (38.2%)

Antiplatelet drug, n (%) 13 (10.6%)

Antidiabetic agents

Metformin, n (%) 42 (34.1%)

DPP4 inhibitor, n (%) 24 (19.5%)

Sulfonylurea or glinide, n (%) 14 (11.4%)

Thiazolidine, n (%) 4 (3.3%)

a-Glucosidase inhibitors, n (%) 1 (0.8%)

SGLT2 inhibitor

Canagliflozin, n (%) 47 (38.2%)

Tofogliflozin, n (%) 26 (21.1%)

Ipragliflozin, n (%) 20 (16.3%)

Luseogliflozin, n (%) 18 (14.6%)

Dapagliflozin, n (%) 11 (8.9%)

Empagliflozin, n (%) 1 (0.8%)

ARB angiotensin II receptor blocker, ACEI ACE inhi-
bitor, DPP4 dipeptidyl peptidase 4, SGLT2 sodium-glu-
cose cotransporter 2
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Table 3 Changes in laboratory data

Parameter n Baseline 4 months P value

BMI (kg/m2) 123 25.8 (23.1–28.9) 25.1 (22.6–28.3) \ 0.001

SBP (mmHg) 123 140.1 ± 17.8 133.4 ± 15.9 \ 0.001

DBP (mmHg) 123 80.5 ± 12.6 77.8 ± 12.1 0.003

PP (mmHg) 123 56.0 (49.0–71.0) 52.0 (47.0–66.5) 0.001

PR (bpm) 123 79.0 (70.0–87.5) 77.0 (69.0–87.5) 0.297

Hct (%) 123 41.2 ± 3.8 43.9 ± 4.2 \ 0.001

HbA1c (%) 123 7.3 (6.9–8.3) 7.1 (6.7–7.9) \ 0.001

Serum data

eGFRcreat (mL/min/1.73 m2) 123 73.8 (65.1–88.0) 74.0 (64.3–86.1) 0.523

eGFRcys (mL/min/1.73 m2) 123 83.8 ± 22.6 79.8 ± 22.5 \ 0.001

UA (mg/dL) 123 5.1 ± 1.3 4.5 ± 1.1 \ 0.001

AST (U/L) 123 21.0 (17.0–28.5) 21.0 (17.0–25.5) 0.004

ALT (U/L) 123 24.0 (16.0–39.0) 20.0 (16.0–28.0) \ 0.001

c-GTP 123 26.0 (18.0–42.5) 21.0 (15.5–31.0) \ 0.001

LDL-C (mg/dL) 123 110.8 ± 32.1 115.3 ± 31.0 0.014

TG (mg/dL) 123 121.0 (82.0–198.5) 111.0 (85.0–155.5) 0.003

HDL-C (mg/dL) 123 50.0 (43.5–59.5) 54.0 (46.0–66.5) \ 0.001

Epo (mU/mL) 122 9.6 (6.8–13.0) 10.1 (7.4–13.3) 0.026

Nt-proBNP (pg/mL) 121 54.0 (19.0–94.0) 43.0 (20.0–92.0) 0.022

CRP (ng/mL) 123 552.8 (256.0–1367.8) 387.6 (201.0–899.6) 0.002

TNFR1 (pg/mL) 123 936.7 (721.3–1138.8) 876.6 (669.1–1067.0) \ 0.001

TNFR2 (pg/mL) 123 3646.1 (3057.3–4509.1) 3275.9 (2879.3–3970.3) \ 0.001

PGRN (ng/mL) 123 43.4 (36.0–50.3) 37.5 (29.9–44.1) \ 0.001

NGAL (pg/mL) 123 22.2 (15.2–35.7) 26.4 (17.9–36.4) 0.034

suPAR (pg/mL) 123 1864.8 (1163.9–2528.8) 1746.9 (1164.8–2504.7) 0.701

Urine data

uACR (mg/gCr) 123 19.2 (7.1–48.7) 13.3 (7.5–31.6) 0.026

uL-FABPCR (lg/gCr) 123 2.8 (1.7–4.7) 2.4 (1.5–5.1) 0.235

uNGAL (lg/gCr) 123 16.0 (3.2–40.3) 11.7 (0.0–38.4) 0.901

uCol4 (lg/gCr) 123 5.0 (3.2–7.9) 6.4 (4.9–9.5) \ 0.001
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uACR levels were significantly reduced from
19.2 mg/gCr (IQR 7.1–48.7) to 13.3 mg/gCr
(IQR 7.5–31.6) 4 months after initiation of
SGLT2i, whereas no significant change was
observed in urinary L-FABP excretion through-
out the study. Compared with the baseline
level, the patients’ BMI, SBP, DBP, and pulse
pressure (PP) were significantly decreased, with
no increase in pulse rate at 4 months after the
start of the daily SGLT2i regimen. Hematocrit
levels were elevated, and HbA1c level was sig-
nificantly decreased 4 months after the start of
the daily SGLT2i regimen. The eGFRcys, rather
than the eGFRcreat, significantly decreased by
4.0 mL/min/1.73 m2. A significant decrease was
observed in the UA, AST, ALT, c-GTP, and TG
levels. The HDL-C and LDL-C levels were sig-
nificantly increased. The Epo levels were sig-
nificantly increased, whereas the NT-proBNP
levels were significantly decreased. There was a
significant decrease in the levels of the inflam-
matory markers, such as serum CRP (from
552.8 ng/mL (IQR 256.0–1367.8) to 387.6 ng/
mL (IQR 201.0–899.6); p = 0.002), TNFR1 (from
936.7 pg/mL (IQR 721.3–1138.8) to 876.6 pg/
mL (IQR 669.1–1067.0); p\0.001), and TNFR2
(from 3646.1 pg/mL (IQR 3057.3–4509.1) to
3257.9 pg/mL (IQR 2879.3–3970.3); p\0.001).
The PRGN levels were also decreased, whereas
the NGAL levels were significantly increased.
The suPAR levels were not changed. Urinary
NGAL was measured as a tubular damage mar-
ker, and urinary 8-OHdG levels were measured
as an oxidative stress marker at baseline and

4 months. No significant changes were found in
the patients’ urinary NGAL levels throughout
the observation period. We observed a signifi-
cant increase in the urinary excretion of Col4
and 8-OHdG after 4 months of treatment with
SGLT2i.

Changes in Laboratory Data Stratified
by Albuminuria Status

When participants were stratified into three
groups by the albuminuria status at baseline
(Table S1), the uACR (log) levels were signifi-
cantly reduced in patients with microalbumin-
uria from 4.4 (IQR 3.8–5.0) to 3.7 (IQR 3.2–5.2)
4 months after the initiation of SGLT2i
(p = 0.006). In patients with macroalbuminuria,
the uACR (log) levels tended to decrease from
6.6 (IQR 6.3–7.4) to 6.5 (IQR 5.7–7.2) 4 months
after the initiation of SGLT2i (p = 0.094). No
significant change was observed in the uACR
(log) levels in the patients with normoalbu-
minuria. After the initiation of SGLT2i, the
levels of serum TNFR1 and TNFR2 were signifi-
cantly decreased from 1105.3 pg/mL (SD 548.3)
to 1020.0 pg/mL (SD 487.0) and from
3810.6 pg/mL (IQR 3264.5–4566.9) to
3287.2 pg/mL (IQR 2909.9–4159.2), p\ 0.05,
and p\ 0.001, respectively (Table S2) in the
microalbuminuria subgroup.

Table 3 continued

Parameter n Baseline 4 months P value

u8-OHdG (ng/mgCr) 123 14.6 (9.8–19.2) 18.8 (13.9–24.6) \ 0.001

Values are presented as mean (SD) for approximately symmetrically distributed continuous values, as median (interquartile
interval) for skewed continuous values, and as n (%) for categorical values
BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, PP pulse pressure, PR pulse rate, Hct
hematocrit, HbA1c glycated hemoglobin, eGFRcreat estimated glomerular filtration rate calculated from the serum crea-
tinine level, eGFRcys GFR estimated from the serum cystatin C level, UA uric acid, Cr creatinine, AST aspartate amino-
transferase, ALT alanine aminotransferase, c-GTP c-glutamyl transpeptidase, LDL-C low-density lipoprotein cholesterol,
TG triglycerides, HDL-C high-density lipoprotein cholesterol, Epo erythropoietin, NT-pro-BNP N-terminal pro-brain
natriuretic peptide, CRP C-reactive protein, PGRN progranulin, ACR albumin-to-creatinine ratio, L-FABPCR liver-type
fatty acid-binding protein (L-FABP)-to-creatinine ratio, NGAL neutrophil gelatinase-associated lipocalin, Col4 type IV
collagen, 8-OHdG 8-hydroxy-20-deoxyguanosine
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Table 4 Single linear regression analysis between the changes in uACR (log) and those in clinical parameters

Parameter N Coefficient 95% CI P value

DBMI (kg/m2) 123 0.085 - 0.081 to 0.251 0.312

DSBP (mmHg) 123 0.000 - 0.008 to 0.009 0.922

DDBP (mmHg) 123 0.012 - 0.004 to 0.029 0.132

DPP (mmHg) 123 0.871 - 0.411 to 2.153 0.181

DHct (%) 123 0.049 - 0.012 to 0.111 0.117

DHbA1c (%) 123 0.144 - 0.017 to 0.304 0.080

Serum data

DeGFRcys (mL/min /1.73 m2) 123 - 0.003 - 0.019 to 0.013 0.705

DUA (mg/dL) 123 - 0.101 - 0.245 to 0.043 0.166

DAST (U/L) 123 0.006 - 0.005 to 0.016 0.276

DALT (U/L) 123 0.008 - 0.001 to 0.017 0.068

Dc-GTP (U/L) 123 0.003 - 0.001 to 0.008 0.151

DLDL-C (mg/dL) 123 0.000 - 0.007 to 0.008 0.946

DTG (mg/dL) 123 0.000 - 0.002 to 0.002 0.828

DHDL-C (mg/dL) 123 0.007 - 0.015 to 0.029 0.530

DEpo (mU/mL) 122 0.017 - 0.008 to 0.043 0.175

DNt-proBNP (pg/mL) 121 0.004 0.001 to 0.007 0.016

DCRP (log) 123 0.000 - 0.029 to 0.234 0.124

DTNFR1 (pg/mL) 123 0.001 0.000 to 0.002 0.007

DTNFR2 (pg/mL) 123 0.000 0.000 to 0.000 0.136

DPGRN (ng/mL) 123 0.000 0.000 to 0.000 0.156

DNGAL (pg/mL) 123 0.009 - 0.002 to 0.020 0.106

Urine data

DuCol4 (lg/gCr) 123 0.050 0.018 to 0.082 0.002

Du8-OHdG (ng/mgCr) 123 0.005 - 0.003 to 0.013 0.191

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, PP pulse pressure, PR pulse rate, Hct
hematocrit, HbA1c glycated hemoglobin, eGFRcreat estimated glomerular filtration rate calculated from the serum crea-
tinine level, eGFRcys GFR estimated from the serum cystatin C level, UA uric acid, Cr creatinine, AST aspartate amino-
transferase, ALT alanine aminotransferase, c-GTP c-glutamyl transpeptidase, LDL-C low-density lipoprotein cholesterol,
TG triglycerides, HDL-C high-density lipoprotein cholesterol, Epo erythropoietin, NT-pro-BNP N-terminal pro-brain
natriuretic peptide, CRP C-reactive protein, PGRN progranulin, ACR albumin-to-creatinine ratio, L-FABPCR liver-type
fatty acid-binding protein (L-FABP)-to-creatinine ratio, NGAL neutrophil gelatinase-associated lipocalin, Col4 type IV
collagen, 8-OHdG 8-hydroxy-20-deoxyguanosine, TNFR1 tumor necrosis factor receptor 1, TNFR2 tumor necrosis factor
receptor 2
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Association Changes in uACR (log)
with Those of Other Parameters

The single linear regression analysis showed a
significant correlation between the changes in
uACR (log) and those in Nt-proBMP (r = 0.218,
p = 0.016), TNFR1 (r = 0.244, p = 0.007), and
urinary Col4 (r = 0.271, p = 0.002; Table 4 and
Fig. 1). In contrast, the single linear regression
analysis did not show a significant correlation
between the changes in uACR (log) and those in
BMI, SBP, DBP, PP, Hct, HbA1c, eGFRcys, UA,
AST, ALT, c-GTP, LDL-C, TG, HDL-C, Epo, CRP
(log), TNFR2, PGRN, NGAL, and urinary
8-OHdG. After all the relevant variables in the
multivariate regression model were adjusted for,
changes in TNFR1 were significantly associated
with those in uACR (log) (independent
t = 2.102, p\0.05; Table 5). These variables
were selected on the basis of well-known risk
factors for chronic kidney disease. In patients
with microalbuminuria, the changes in uACR
(log) were positively correlated with the chan-
ges in TNFR1 (r = 0.483, p = 0.003) or TNFR2
(r = 0.346, p = 0.039; Table S2). Furthermore,
the changes in uACR (log) were inversely cor-
related with those in eGFRcys in patients with
microalbuminuria (r = - 0.449, p = 0.006;
Table S2).

Fig. 1 Correlation between the changes in log-trans-
formed uACR and those in serum a Nt-proBNP,
b TNFR1, or c uCol4. The correlation coefficient,
regression equation, and p values are shown at the bottom

of each panel. uACR (log) log-transformed urine albumin-
to-creatinine ratio, NT-proBNP N-terminal pro-brain
natriuretic peptide, TNFR1 tumor necrosis factor recep-
tor 1, uCol4 urine type IV collagen

Table 5 Multiple regression analysis between the changes
in uACR (log) and those in clinical parameters

DuACR (log)

t value P value

DBMI (kg/m2) 0.811 0.419

DSBP (mmHg) - 0.556 0.579

DDBP (mmHg) 1.406 0.163

DHct (%) 0.857 0.393

DHbA1c (%) 0.631 0.529

DeGFRcys (mL/min/1.73 m2) 0.728 0.468

DLDL-C (mg/dL) - 0.576 0.566

DTG (mg/dL) - 0.016 0.988

DHDL-C (mg/dL) 0.492 0.624

DCRP (log) 0.109 0.913

DTNFR1 (pg/mL) 2.102 0.038

DTNFR2 (pg/mL) - 0.400 0.690

BMI body mass index, SBP systolic blood pressure, DBP
diastolic blood pressure, Hct hematocrit, HbA1c glycated
hemoglobin, eGFRcys GFR estimated from the serum
cystatin C level, CRP C-reactive protein, LDL-C low-
density lipoprotein cholesterol, TG triglycerides, TNFR1
tumor necrosis factor receptor 1, TNFR2 tumor necrosis
factor receptor 2
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Associations of Changes in uACR (log)
with Baseline Parameters

There was a positive linear association between
the change in uACR (log) and the baseline levels
of SBP (r = 0.179, p\0.05). In contrast, there
was an inverse linear association between the
change in uACR (log) and the baseline levels of
uACR (log) or urinary NGAL (r = - 0.254,
p\0.01; r = - 0.226, p\0.05, respectively;
Table S3). After all the relevant variables in the
multivariate regression model were adjusted for,
the baseline levels of SBP or uACR (log) were
significantly associated with the change in
uACR (log) (independent t = 2.314, p\ 0.05;
independent t = - 3.616, p\ 0.001; Table S4).

Associations of Changes in TNFR1
with Those of Other Parameters

The changes in TNFR1 were significantly corre-
lated with those in eGFRcys, ALT, CRP (log),
TNFR2, PGRN, and uACR (log) according to the
single linear correlation analysis (r = - 0.311,
p\0.001; r = 0.220, p = 0.014; r = 0.432,
p\0.001; r = 0.620, p\0.001; r = 0.352,
p\0.001; and r = 0.244, p = 0.007, respec-
tively; Table S5 and Fig. S1), and the association
of changes in eGFRcys, CRP(log), TNFR2, PGRN,
and uACR (log) with TNFR1 was maintained
using multiple regression analysis (Table S6).

Associations of Changes in Urinary
8-Hydroxy-20-deoxyguanosine (8–8-
OHdG) with Those of Other Parameters

The reticulocyte count was significantly
reduced from 1.4% (IQR 1.1–1.7) to 1.2% (IQR
1.0–1.6) 4 months after the initiation of SGLT2
treatment (Fig. S2a), and the changes in u8-8-
OHdG were inversely correlated with those in
the reticulocytes (r = - 0.191, p = 0.041;
Fig. S2b).

DISCUSSION

The decision to focus on the reduction in
albuminuria during the early stages of

treatment with SGLT2i as the primary endpoint
in our study can be attributed to several reasons.
This approach aligns with findings from Osh-
ima et al.’s study that highlighted the inde-
pendent association between early changes in
albuminuria (from baseline to week 26) and
long-term kidney and cardiovascular outcomes
[15]. Therefore, assessing the early response to
SGLT2i treatment by examining albuminuria
reduction is a relevant and clinically significant
parameter. Moreover, the rationale behind
conducting a short-term, single-arm observa-
tional pilot study lies in the exploratory nature
of our research. Several clinical trials have pre-
viously demonstrated the proteinuria-reducing
effects of SGLT2i in individuals with diabetic
kidney disease [13]. However, there remains a
need to better understand the factors associated
with the early response to SGLT2i treatment, as
well as to identify potential predictors of treat-
ment success. By focusing on the short-term
impact of SGLT2i treatment in a single-arm
observational pilot study, we aimed to gather
preliminary data on the factors influencing
early albuminuria reduction. This initial inves-
tigation can serve as a foundation for future
research, potentially guiding the design of lar-
ger, controlled trials that explore the long-term
effects of SGLT2i treatment and its impact on
kidney and cardiovascular outcomes in a more
comprehensive manner.

This study showed that a 4-month adminis-
tration of SGLT2i significantly reduced urinary
albumin excretion in Japanese patients with
T2DM. In contrast, tubular damage markers
remained unchanged over the 4-month follow-
up period. Furthermore, important renal risk
factors, including hyperglycemia, obesity,
hypertension, and hyperuricemia, were reduced
by SGLT2i. However, the albuminuria-reducing
effects were not associated with these improve-
ments. This suggests that the mechanism of
reducing albuminuria by SGLT2i extends
beyond its glucose-, weight-, and blood pres-
sure-lowering effects. In addition, this effect on
albuminuria was independent of age, sex, body
weight, renal function, and the presence or
absence of renin–angiotensin inhibitors at the
start of SGLT2i administration. SGLT2i appear
to possess a proteinuria-reducing effect in
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T2DM, primarily due to their inhibitory effects
on inflammation. However, the reduction in
the levels of renal oxidative stress markers did
not correlate with the proteinuria-reducing
effect.

Consistent with the results of previous non-
Japanese studies [35–37], the changes in HbA1c
level, blood pressure, and body weight did not
correlate with the changes in uACR (log) after
4 months of SGLT2i administration. Therefore,
it may be reasonable to speculate that the
reduction in albuminuria was strongly affected
by factors other than the glucose-, weight-, and
blood pressure-lowering effects of SGLT2i.

Previous meta-analyses have demonstrated
that SGLT2i significantly altered some circulat-
ing inflammation-related biomarkers [38–40].
However, remedies that modulate TNFR levels
remain to be fully elucidated. Baricitinib, a
Janus kinase 1/2 inhibitor, is the only other
agent shown to lower TNFR levels in patients
with T2DM and chronic kidney disease [39]. In
contrast, resin–angiotensin system inhibitor
treatment did not alter the TNFR levels in
patients with early DKD [27, 28, 41]. Although a
previous study examining SGLT2i canagliflozin
demonstrated slight attenuation of the increase
in TNFR1 level [28], this study showed that
SGLT2i significantly decreased the serum CRP,
TNFR1, TNFR2, and PGRN levels after 4 months
of treatment with SGLT2i. Previous studies [42]
support a potential role for SGLT2i in attenu-
ating inflammatory processes in individuals
with T2DM. The changes in serum CRP (log) did
not correlate with the changes in uACR (log),
possibly because the serum CRP level reflects
the presence of inflammation not only in the
kidneys but also in the systemic circulation. In
patients with normoalbuminuria, no significant
change was observed in the uACR (log) levels. In
the microalbuminuria subgroup, the changes in
uACR were well correlated with the changes in
TNFR2 as well as TNFR1. Purohit et al. reported
that TNFRs may play an important role in the
development of microalbuminuria in type 1
diabetes [43]. SGLT2i may exert an anti-in-
flammatory effect in the patients with T2DM at
any stage, and the reduction in proteinuria was
dependent on the inhibitory effects of inflam-
mation after the onset of microalbuminuria.

We observed that the eGFRcys of patients
decreased at 4 months compared to that at
baseline. This phenomenon may reflect the
early eGFR decline and eGFR dip observed in
several randomized trials of SGLT2i [44]. SGLT2i
are believed to exert renoprotective effects
through enhanced tubuloglomerular feedback,
resulting in decreased hyperfiltration and albu-
minuria [45]. However, in this study, eGFRcys
showed a decrease after 4 months of SGLT2i
treatment, whereas the changes in eGFRcys
were not associated with the changes in uACR
(log). This suggests that the improvement in
inflammation contributes to the reduction of
albuminuria more than that of intraglomerular
hemodynamics by SGLT2i.

Increased oxidative stress generation may
play an essential role in the functional and
structural changes in the kidneys of patients
with diabetes [46]. A high glucose exposure
significantly increased the oxidative stress in
the proximal tubular cells of humans, which
was inhibited by treatment with SGLT2i tofo-
gliflozin [47]. SGLT2i reduced the oxidative
stress and reversed the endothelial dysfunction
in type 2 diabetic mice [48]. The above findings
were mainly obtained from basic research, and
not many studies show that SGLT2i reduces
oxidative stress, which relates to a decrease in
urinary albumin excretion. In this study, uri-
nary levels of 8-OHdG increased after treatment
with SGLT2i. However, we did not observe any
association between the changes in the uACR
(log) and 8-OHdG levels. A previous study
reported that iron utilization for erythropoiesis
contributes to a reduction in iron-induced
oxidative stress [49]. However, the present study
revealed that the reticulocyte count was signif-
icantly reduced 4 months after the initiation of
SGLT2 and that the changes in u8-OHdG were
inversely correlated with the changes in the
reticulocytes. The aforementioned findings
suggest the possible involvement of reduced
erythropoiesis in SGLT2i-mediated increase in
u8-OHdG.

The changes in uACR (log) were significantly
correlated with the changes in the serum Nt-
proBNP levels. Previous studies have demon-
strated that the biomarkers of renal disease
progression, such as TNFR1, also predict
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composite heart failure outcomes [50]. This
suggests the possibility that common mecha-
nisms exist for renal injuries and cardiovascular
dysfunction.

The renoprotective effect of the SGLT2i
empagliflozin was more pronounced in patients
with macroalbuminuria at the beginning of the
study [11]. The results from that study similarly
showed an association between the higher
uACR value at baseline and the greater reduc-
tion in the urinary albumin excretion rate by
SGLT2i, which is also supported by the present
study.

This study has several important limitations
that should be acknowledged. Firstly, the use of
multiple SGLT2i without specification of the
agents employed introduces variability due to
the differing effects of medications, thereby
potentially impacting the results. Secondly, the
absence of a control group hinders the ability to
compare outcomes with those of individuals
not receiving SGLT2i, thereby complicating the
determination of treatment-specific effects.
Furthermore, the blood glucose levels were not
analyzed because the preprandial and post-
prandial blood samples were pooled. Addition-
ally, excluding patients who discontinued
treatment with SGLT2i may have led to over-
estimation of the treatment effect due to lack of
response to the drug. Lastly, the relatively short
follow-up period of 4 months may have
restricted the evaluation of long-term and side
effects of the treatment. Recognizing these
limitations and providing suggestions for future
research and study design improvements is
crucial for accurate interpretation of study out-
comes, while offering a balanced assessment.

CONCLUSION

This study may provide the first evidence which
supports the finding that reductions in serum
TNFR1 levels are independently associated with
a degree of albuminuria reduction in patients
with T2DM after treatment with SGLT2i.
Although the inflammation-reducing and
renoprotective mechanisms of SGLT2i have not
yet been fully clarified, this study provides
novel evidence regarding the mechanism. This

research would also significantly contribute to
the development of anti-inflammatory agents
for metabolic diseases, including T2DM.
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