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Abstract
Abstract (English)

Introduction: It is now widely accepted that the nephroprotective effects of sodium-glu-
cose cotransporter 2 (SGLT2) inhibitors are attributed to their glucose-lowering effect.
Some recent studies suggest that SGLT2 inhibitors have potential nephroprotective ef-

fects beyond glucose-lowering; however, these mechanisms are unclear.

Methods: Male Wistar rats with 5/6 nephrectomy (5/6Nx) were used to investigate the
effect of empagliflozin in non-diabetic chronic kidney disease (CKD) rats. Five groups
were established: Sham + placebo, 5/6Nx + placebo; 5/6Nx + telmisartan (5 mg/kg/day),
5/6Nx + empagliflozin (3 mg/kg/day); 5/6Nx + empagliflozin (15 mg/kg/day). Medication
or a placebo was administered daily via oral gavage for 95 days. RNA sequencing and
guantitative real-time polymerase chain reaction (QRT-PCR) were used to investigate the

underlying mechanism.

Results: 5/6Nx caused a significant increase in serum creatinine and urinary albumin
excretion rate (ACR), along with severe glomerulosclerosis and renal interstitial fibrosis
in rats. Empagliflozin demonstrated a dose-dependent positive effect on ACR and creat-
inine clearance (Ccr) change from baseline. Both high and low doses of empagliflozin
improved renal histological injury indicators, such as renal interstitial fibrosis, perivascular
fibrosis, and glomerulosclerosis. The substantial reduction in 5/6Nx-induced urinary
adenosine excretion rate, a surrogate parameter of the tubuloglomerular feedback mech-
anism (TGF), was improved only in the high-dose empagliflozin treatment group (p<0.05),
suggesting that empagliflozin dose-dependently corrects the 5/6Nx-induced impaired
TGF. Furthermore, the final urinary adenosine excretion was positively related to final Ccr
and negatively related to renal interstitial fibrosis. However, according to immunofluores-
cence analysis, empagliflozin did not affect CD8+ T cells, CD4+ T cells, or CD68+ cells
(macrophages). Importantly, RNA sequencing and gRT-PCR revalidation indicated that
5/6Nx resulted in upregulation of complement component 1Q subcomponent A chain
(C1QA) as well as complement component 1Q subcomponent C chain (C1QC) gene ex-

pression, which was attenuated by empagliflozin treatment.

Conclusion: Empagliflozin improves renal function and mitigates renal fibrosis in non-
diabetic CKD through dose-dependent activation of TGF and suppression of complement

system activation.



Zusammenfassung (Deutsch)

Einleitung: Es ist inzwischen allgemein anerkannt, dass die nephroprotektive Wirkung
von Natrium-Glukose-Cotransporter 2 (SGLT2) Inhibitoren auf seine glukosesenkende
Wirkung zuriickzufuhren ist. Einige neuere Studien deuten darauf hin, dass SGLT2-
Inhibitoren potenziell nephroprotektive Wirkungen haben, die tber die Glukosesenkung

hinausgehen; diese Mechanismen sind jedoch noch nicht klar.

Methoden: Mannliche Wistar-Ratten mit 5/6-Nephrektomie (5/6Nx) wurden verwendet,
um die Wirkung von Empagliflozin bei nicht-diabetischen Ratten mit chronischer
Nierenerkrankung (CKD) zu untersuchen. Es wurden finf Gruppen gebildet:
Scheinbehandlung + Placebo, 5/6Nx + Placebo; 5/6Nx + Telmisartan (5 mg/kg/Tag),
5/6Nx + Empagliflozin (3 mg/kg/Tag); 5/6Nx + Empagliflozin (15 mg/kg/Tag). Das
Medikament oder Placebo wurde taglich Gber eine orale Schlundsonde lber 95 Tage
verabreicht. RNA-Sequenzierung und quantitative Echtzeit-Polymerase-Kettenreaktion
(qRT-PCR) wurden eingesetzt, um die potenziell zugrunde liegenden Mechanismen zu

untersuchen.

Ergebnisse: 5/6Nx verursachte bei Ratten einen signifikanten Anstieg des
Serumkreatinins und der Albuminausscheidungsrate im Urin (Albumin Creatinine Ratio,
ACR) sowie eine schwere Glomerulosklerose und interstitielle Nierenfibrose.
Empagliflozin zeigte eine dosisabhangige positive Wirkung auf die ACR und die
Veranderung der Kreatinin-Clearance (Ccr) gegeniber dem Ausgangswert. Beide
Dosierungen von Empagliflozin verbesserten die Parameter der histologischen
Nierenschadigung, sowie die interstitielle Nierenfibrose, die perivaskulare Fibrose und
die Glomerulosklerose. Die erhebliche Verringerung der 5/6Nx-induzierten
Adenosinausscheidungsrate im Urin, ein Surrogatparameter des tubuloglomerularen
Ruckkopplungsmechanismus (TGF), wurde nur in der hochdosierten Empagliflozin-
Behandlungsgruppe verbessert (p<0,05), was darauf hindeutet, dass Empagliflozin
dosisabhangig die 5/6Nx-induzierte TGF Beeintrdchtigung korrigiert. Aul3erdem
korrelierte die endgtiltige Adenosinausscheidung im Urin positiv mit der endgultigen Ccr
und negativ mit der interstitiellen Nierenfibrose. Eine ebenfalls stattgehabte
Immunfluoreszenzanalyse ergab das Empagliflozin keine Auswirkungen auf CD8+ T-
Zellen, CD4+ T-Zellen und CD68+ Zellen (Makrophagen), hatte. Eine RNA-
Sequenzierung mit anschlieRender qRT-PCR-Revalidierung ergab, dass 5/6Nx zu einer

Hochregulierung der Genexpression der Komplementkomponente 1Q Subkomponente



A-Kette (C1QA) sowie der Komplementkomponente 1Q Subkomponente C-Kette (C1QC)

fuhrte, die durch die Empagliflozin-Behandlung abgeschwacht wurde.

Schlussfolgerung: Empagliflozin verbessert die Nierenfunktion und mildert die
Nierenfibrose bei nichtdiabetischer CKD durch dosisabhéangige Aktivierung von TGF und

Abschwachung der Aktivierung des Komplementsystems.
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1. Introduction

1.1 The pathophysiology of chronic kidney disease

Chronic kidney disease (CKD) is caused by irreversible changes in the kidney's function
and structure over months or years due to pathogenic factors, including exogenous tox-
ins, primary kidney disease, and chronic diseases such as diabetes(1). Despite the di-
verse etiology of CKD, they all culminate in progressive glomerulosclerosis, tubular atro-
phy, and interstitial fibrosis(1). Tubuloglomerular feedback (TGF) and inflammation play

a vital role in these pathological processes.

1.2 Impaired TGF promotes renal fibrosis in CKD

TGF is an essential mechanism in renal physiology for maintaining individual intra-glo-
merular pressure and filtration rate. The mechanism of TGF is that macula densa located
in the thick ascending branch of the loop of Henle senses changes in urinary sodium
concentration and activate adenosine-mediated signaling feedback to adjust the vascular
tone of the glomerular afferent arterioles(2). Impaired TGF leads to increased intra-
glomerular pressure as well as tubular overload. In CKD, endogenous or exogenous path-
ogenic factors lead to focal glomerular loss and its corresponding TGF inactivation, re-
sulting in increased filtration pressure and abnormal TGF response in the residual renal
units(3). Prolonged elevated intraglomerular pressure and hyperfiltration induce renal in-
flammation and fibrosis, which are important factors in chronic progressive renal unit loss.
The mechanical stress induced by intracapillary hypertension causes the glomerular
basement membrane (GBM) to expand and forces adaptive hypertrophy or even shed-
ding of the podocytes covering the GBM surface, which exacerbates glomerular hyperfil-
tration and promotes capillary adhesion to the Bowman's capsule(4). Tubular pressure
overload from glomerular hyperfiltration can lead to tubular dilatation and hypertrophy of
the tubular epithelium. More seriously, the overload of solutes activates various reabsorp-
tion transporters in the tubule and affects intracellular signalling. One example is in-
creased amino acid reabsorption, and consequently activation of the mammalian target
of rapamycin complex 1 (mTORC1) pathway, which induces renal hypertrophy(5). The
overabundance of glucose as a solute causes the upregulation of glucose transporters
which in turn inhibits the 5° AMP-activated protein kinase (AMPK) signalling pathway(6).

The altered signalling and, consequently elevated oxygen consumption caused by tubular
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reabsorption overload drives tubulointerstitial inflammation, hypoxia, and fibrosis(6). In
summary, reducing intra-glomerular pressure and hyperfiltration in the residual renal unit

by modulating TGF is likely to retard the progression of CKD.

1.3 Inflammation and fibrosis in CKD

The key factors contributing to CKD injury and repair are immune cells, inflammatory cy-
tokines, and the complement system. After kidney injury, the release of various cellular
components from damaged or necrotic cells and the accumulation of large amounts of
toxins activate various cells expressing Toll-like receptors, such as renal tissue-resident
cells (renal tubular epithelial cells, endothelial cells, fibroblasts) or recruited immune cells
(monocytes, macrophages, lymphocytes), thereby promoting complement system activa-
tion, inflammasome (NLRP3) formation and secretion of pro-inflammatory factors such
as interleukin-1a (IL-1a), interleukin-1B (IL-1B) and interleukin-6 (IL-6)(7, 8). This inflam-
mation induced after kidney injury is a protective response that aims to eliminate the fac-
tors of injury and establish tissue repair, but the persistent inflammation recruits and ac-
tivates myofibroblasts, leading to glomerular and interstitial fibrosis. Macrophages, which
differentiate into pro- and anti-inflammatory cell subtypes, play an important role in this
process. Monocytes recruited to the site of injury differentiate into different subtypes of
macrophages, mainly pro-inflammatory M1 macrophages and anti-inflammatory M2 mac-
rophages, in response to stimulation by different cytokines. M1 macrophages produce a
variety of pro-inflammatory molecules such as IL-6 and tumor necrosis factor-a (TNF-a)
to maintain and expand renal inflammation, while M2 macrophages produce anti-inflam-
matory cytokines and promote renal tubular regeneration and repair(9). However, acti-
vated M2 macrophages also release transforming growth factor beta (TGF-B), which in-
duce proliferation and conversion of fibroblast-type cells to myofibroblasts, thereby pro-
moting renal fibrosis(9). In addition to macrophages, many cells are recruited to the im-
paired glomeruli and tubular mesenchyme. The recruited CD4+ T cells release interleu-
kin-17 to induce the expression of cytokines and chemokines in proximal tubular epithelial
cells. It has been proposed that administering depleted CD4 antibodies prevents renal
fibrosis while transferring CD4+ T cells into lymphocyte-deficient mice restores renal fi-
brosis(10). Cytotoxic T cells (CD8+ T cells) are involved in renal fibrosis by secreting
interferon-y. One study revealed that CD8+ T cells and interferon-y reduced the CD4+ T

cell-induced transformation of monocytes to fibroblasts(11).
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1.4 Effects of Sodium-glucose cotransporter 2 inhibitors on kidney

Sodium-glucose cotransporter 2 (SGLT2) is mainly located in the initial segment of the
proximal renal tubule and reabsorbs more than 90% of the sodium and glucose in the
tubule(12), therefore blocking SGLT2-mediated sodium/glucose reabsorption at the renal
tubule using SGLT2 inhibitors is effective in reducing blood glucose. Recently, SGLT2
inhibitors, such as empagliflozin, canagliflozin, dapagliflozin, and ertugliflozin, have been
approved for the purpose of treating type 2 diabetes mellitus (T2DM). Interestingly, sub-
sequent controlled clinical trials to test the safety of SGLT2 inhibitors have revealed that
SGLT2 inhibitors are not only effective in reducing blood glucose levels but also in im-
proving cardiac and renal function in patients. The EMPA-REG OUTCOME Clinical Tri-
als(13) showed beneficial effects of empagliflozin beyond the necessary safety parame-
ters, including reducing macroalbuminuria, inhibiting the rise in serum creatinine, and pre-
venting a decrease in estimated glomerular filtration rate (eGFR). Initially, it was widely
believed that the improvement in renal function in diabetic patients was due to the hypo-
glycaemic effect of SGLT2 inhibitors. However, EMPEROR-Reduced Clinical Trials(14)
and EMPEROR-Preserved Clinical Trials(15) conducted in heart failure patients without
diabetes showed that empagliflozin treatment improved non-diabetic patients' cardiac
and renal function. Subsequently, large controlled clinical trials in CKD patients without
type 2 diabetes showed renal benefit from dapagliflozin, such as the DAPA-CKD Clinical
Trials(16) in 4304 CKD patients demonstrating that dapagliflozin (10 mg once daily) was
effective in protecting renal function in patients with and without T2DM. In addition, the
EMPA-KIDNEY study in 6609 CKD patients suggested that empagliflozin treatment re-
duced the risk of renal deterioration(17). This evidence suggests that SGLT2 inhibitors
may have reno-protective mechanisms beyond glycaemic control. In conjunction with our
discussion of the significant pathobiological changes in CKD, SGLT2 inhibitors may have
prevented renal deterioration by affecting the renal TGF or inflammatory response. Some
animal experiments have provided evidence supporting this theoretical hypothesis(18),
but studies show contradictory results (19). This may be due to the limitations of these
studies, such as the use of diabetes models in many of them, the short duration of the
interventions, and the fact that the use of a hypothesis-driven approach to assessing pre-

defined pathways may overlook unknown mechanisms.
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1.5 Investigating the effects of SGLT2 inhibitors on non-diabetic CKD rats

To clarify the nephroprotective effects of SGLT2 inhibitors and the mechanism, we estab-
lished a non-diabetic CKD rat model using 5/6 nephrectomy to observe the impact of
empagliflozin treatment for 95 days on renal function and morphology. Two doses of em-
pagliflozin (3 mg/kg/d and 15 mg/kg/d) were set up to investigate the possible potential
dose-dependence of SGLT2 inhibitors, and telmisartan was used as the gold standard
for nephroprotection. To further explore the possible potential mechanism of SGLT2 in-
hibitors, RNA sequencing was used to search for SGLT2 inhibitors treatment-induced
differentially expressed genes, which were subsequently validated by quantitative real-

time polymerase chain reaction (QRT-PCR).
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2. Methods

2.1 Experimental animals and protocol

Animal experiments were conducted with the consent of the Animal Care and Use Com-
mittee of Jinan University, Guangzhou, China (IACUC-20190830-02) and in accordance
with the Guide for the Care and Use of Laboratory Animals published by the US National
Institute of Health (NIH Publication No. 85-23, revised 1996).

7-week-old male Wistar rats were purchased from Vital River Laboratory Animal Tech-
nology Co., Ltd. Rats were housed at room temperature 22-25°C, humidity 55+5%, 12-h
light/dark cycle and supplied with standard rat chow and water. After seven days of ac-
climatization, rats were randomly arranged into five groups: sham + placebo (10 animals);
5/6Nx + placebo (15 animals); 5/6Nx + telmisartan (5mg/kg/day, 15 animals); 5/6Nx +
empagliflozin (3mg/kg/day, 15 animals); 5/6Nx + empagliflozin (15mg/kg/day, 15 animals).
The random number method was used to group the animals as follows: Each animal was
assigned a number from 1 to 70, and a random number generator was used to create a
randomized sequence of these numbers. Animals corresponding to the first 10 numbers
were assigned to the sham + placebo group, the next 15 to the following group, and so
on until all animals were allocated to their respective groups. Five-sixths nephrectomy
(5/6Nx) was performed under 2,2,2-tribromethanol (500mg/kg intraperitoneally) anaes-
thesia as follows: unilateral nephrectomy of the right kidney (Uni-Nx) at week 1, followed
by amputation of both poles of the left kidney at week 3 (Figure 1), and all other operations
except nephrectomy were conducted on rats in sham + placebo group. All rats received
medication/placebo by gavage on day 1 immediately after surgery for 95 consecutive
days until the end of the experiment (24h before euthanasia). Dose selection for telmisar-
tan (20) and empagliflozin (21) was based on previous studies. Thereafter, the rats were
weighed every 2 weeks and the medication dose was adjusted according to the latest
body weight. Urine, blood, and blood pressure were collected at weeks 0 (Baseline), 7 (1
month after medication treatment) and 18 (the end), respectively (Figure 1). Blood pres-
sure was measured by the tail-cuff technique (BP-2000 Blood Pressure Analysis System,
model BP-2000-RP-4, Visitech Systems, U.S.A.). Urine collection was performed as fol-
lows: rats were individually placed in metabolic cages (MC) to collect 24-h urine and rec-

ord 24-h urine volume. Baseline and week 7 blood samples were collected from the retro-
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orbital plexus under isoflurane (3%) chamber induced anaesthesia. The final blood sam-
ple (week 18) were collected from the abdominal aorta during the euthanasia process
and placed in vacutainer (BD Vacutainer SST Il Advance Serum Tube with Separating
Gel and Clotting Activator). All blood samples were centrifuged at 3000 rpm for 10 min at
4°C and the supernatant was frozen at -80°C for further analysis. Urine was centrifuged
at 12,000 rpm for 10 min at 4°C and the supernatant frozen at -80°C for further analysis.
At week 18, rats were euthanized under 2,2,2-tribromethanol (500mg/kg intraperitoneally)
anaesthesia, and blood and kidney samples were collected. After stripping the kidney
envelope and weighing, the kidneys were cut in half longitudinally: 1/2 kidneys were fixed
in 4% paraformaldehyde for further paraffin embedding; 1/2 kidneys were immersed in

RNA Tissue Protection Reagent (No. 76106, Qiagen, Germany) and preserved at -80°C.

Operation1 Operation2 Euthanasia
uni-Nx poles amputation Kidneys harvesting
l l Medicine gavage (95 days) l
Wistar _ 1 1 1 ] 1 1 ] 1 1 1 1 1 1 1 1 1 | pp Time
Rats I | | I | | | 1 | I | I I | I | | | (weeks)
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 1]'1'
Urine1 Urine2 g:ges
BP1 BP2 Blood 3
Blood1 Blood2

Figure 1: The time process of animal research. Uni-Nx: Unilateral nephrectomy of the right kidney;
Poles amputation: Resection of both poles of left kidney; BP: Blood pressure; Blood 1 and Blood
2 were collected from retro-orbital venous plexus; Blood 3 was taken from the abdominal aorta.
Citation: This figure has been modified from that in the paper - Chen, et al. 2023(22). The arrows
for Urine3, BP3, Blood3, Euthanasia and Kidneys harvesting have been changed from 18 to 17

weeks.

2.2 Serum and urine analysis

Serum creatinine and urinary creatinine concentrations were tested by an automated bi-
ochemical analyzer (Siemens biochemical analyzer and its Leadman reagent, Siemens,
Germany). Urinary albumin concentrations were quantified using an enzyme-linked im-
munosorbent assay kit (ab235642, Abcam, Cambridge, UK). Urinary adenosine concen-

trations were determined by liquid chromatography-mass spectrometry (LC-MS/MS) as
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described previously(23). The concentration of empagliflozin in serum was measured us-
ing high performance liquid chromatography (HPLC) as previously described(21). Urinary
albumin excretion rate (ACR), serum creatinine clearance (Ccr) and urinary adenosine
excretion rate were calculated by equations: ACR (mg/g) = urinary albumin (mg/L) / uri-

*

nary creatinine (umol/L); Ccr (ml/min) = [urinary creatinine (umol/L) * urinary flow
(ml/min)]/ serum creatinine (umol/L); urinary adenosine excretion rate = urinary adeno-

sine (umol/L) / urinary creatinine (umol/L).

2.3 Renal histological evaluation

After soaking in 4% paraformaldehyde for 48 hours, the kidneys were paraffin-embedded
and placed at room temperature (25°C). Paraffin-embedded kidneys were made into 2um
thick sections for pathological staining analysis, including Periodic Acid-Schiff Stain (PAS),
Sirius Red Stain, Periodic Schiff-Methylamine Stain (PASM) and Masson's Trichrome
Stain (Masson). All stained slides were scanned panoramic at X400 pixels. iViewer 6.3.6
(UNIC TECHNOLOGIES, INC., China) was used to visualise and analyse these images.
Glomerulosclerosis index, glomerular size, number of glomerular cells, renal interstitial
fibrosis and perivascular fibrosis index were evaluated. Glomerular size and number of
glomerular cells were assessed with iViewer 6.3.6 (UNIC TECHNOLOGIES, INC., China)
on 50 randomly selected glomeruli per PASM-stained slide. Assessment of the glomeru-
losclerosis index was performed on PAS-stained slides. This assessment was performed
by 2 researchers double-blinded to this experiment using a subjective semi-quantitative
scoring system (score 1-4) to rate the percentage of PAS—positive areas within the
glomerulus: 1=Slight, 2=Moderate, 3=Severe, 4=Highly severe. The perivascular fibrosis
index was also assessed by 2 independent researchers on slides stained with Masson's
trichrome using a semi-quantitative scoring system (score 1-4) as follows: 1=Slight, 2=
Moderate, 3=Severe, 4=Highly severe. Analysis of renal interstitial fibrosis was performed
by the ImageJ threshold method (National Institutes of Health, USA) measuring the per-
centage of fibrosis on images intercepted from Sirius Red-stained full-scan images at
X400 pixels, as previously described(24). In all of the above analyses, the images being
evaluated comprise more than 80% of each slide. All of the above semi-quantitative scor-
ing analyses were analyzed by 2 independent researchers and the average of the two

assessments was used for further analysis.
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2.4 Immunofluorescence staining and analysis

Paraffin-embedded kidneys were made into 4um thick sections for immunofluorescence
analysis. First, the prepared frozen sections were immunofluorescently labelled with pri-
mary antibodies and placed at 4°C overnight. Specific information on primary antibodies
is as follows: anti-CD68 (GB113109, Servicebio, China, dilution 1:2000), anti-CD8
(GB11068, Servicebio, China, dilution 1:500) and anti-CD4 (GB11064- 1, Servicebio,
China, dilution 1:500). Then the tissues and cells were washed and immunofluorescently
labeled with secondary antibodies (anti-CD68. GB22303, Servicebio, China, dilution
1:500; anti-CD8 and anti-CD4: GB21303, Servicebio, China, dilution 1:300). Finally, the
nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) and the tissues and cells
were visualized. Twelve fields of view per slide were randomly intercepted under a fluo-
rescence microscope at X200 pixels. Analysis of cytotoxic T cells (CD8+ cells/total cells)
and helper T cells (CD4+ cells/total cells) was performed at Aipathwell (Servicebio, China),
while the relative fluorescence units (RFU) of CD68 were assessed by ImageJ software
(National Institutes of Health, USA). For all of the above analyses, images with the fol-
lowing were excluded: a) areas with non-specific staining patterns; b) areas with damaged
or obscured tissue; c) areas outside our focus areas; d) areas with unclear nuclear stain-

ing; e) areas with unrelated tissue features, such as large blood vessels or large spaces.

2.5 RNA sequencing and quantitative real-time polymerase chain reaction

Based on the median of the final serum creatinine concentration, six kidney samples from
each group that were soaked with RNA protective solution were selected for RNA se-
guencing analysis. The HiSeq 4000 platform device (lllumina, Inc; San Diego, CA, USA)
was used for RNA sequencing analysis in which messenger RNA (mRNA) libraries were
prepared, sequenced and data analysed as previously described(25). The 5/6Nx+pla-
cebo (PBO) group was used as a control group for comparison between groups, and
genes with an absolute value of log2 (fold change) > 1 and a P value < 0.05 were con-
sidered differentially expressed genes (DEGs). The screened differential genes were
ranked from lowest to highest P-value and six functional genes that were simultaneously
up-/down-regulated in the control (5/6Nx+PBO and 5/6Nx+TELM) and intervention
groups (5/6Nx+3mg EMPA and 5/6Nx+15mg EMPA) were selected for gRT-PCR valida-
tion (SDS7900HT; Thermo Fisher Scientific, Inc. Waltham, MA, USA). Ultimately, C1QA
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(complement component 1, Q subcomponent, A chain), C1QC (complement component
1, Q subcomponent, C chain), FMOD (fibronectin), REN (renin), FMO2 (flavin-containing
dimethylaniline monooxygenase 2) and RPL36 (ribosomal protein L36) were validated by
gRT-PCR, and these six genes were labelled in the volcano map. Six samples per group
were selected for gRT-PCR validation. However, one sample from the 5/6Nx+15 mg Em-
pagliflozin group had quality issues, resulting in only five data points for C1QA, C1QC,
FMOD, REN, and FMO2 in that group, while the other groups had six. To address this,
we included an additional sample in the 5/6Nx+3 mg Empagliflozin, 5/6Nx+15 mg Em-
pagliflozin, Sham+PBO and 5/6Nx+PBO groups during the final assay for RPL36.

2.6 Materials

Empagliflozin (EMPA) and telmisartan (TELM) were from Boehringer Ingelheim Pharma
GmbH & Co. KG (Biberach an der Riss, Germany). Rats in the intervention groups were
treated with empagliflozin/telmisartan dissolved in 0.5% w/v hydroxypropyl methylcellu-
lose in water by gavage, whereas rats in sham group were treated with the corresponding

volume of 0.5% w/v hydroxypropyl methylcellulose in water.

2.7 Statistical analysis

Data are showed as meantSEM. Statistical analysis were conducted with GraphPad
Prism 6 software (GraphPad, La Jolla, CA). The identification and exclusion of outliers
was performed using ROUT (Q=1%) in the GraphPad Prism 6 software, which ultimate-
ly excluded only 2 outliers (1 from creatinine clearance in the 5/6Nx + TELM group and 1
from glomerular size in the 5/6Nx + PBO group). Two-way ANOVA followed by Bonfer-
roni's post hoc test was applied to the simultaneous comparative analysis of serum cre-
atinine concentrations between groups at multiple time points. For comparisons between
groups, normally distributed data were analyzed using one-way ANOVA with Bonferroni's
post hoc test, and non-normally distributed data were analyzed using Kruskal-Wallis test
with Dunn's post hoc test. The Pearson correlation analysis was performed to assess
correlation. In all cases, only p<0.05 was considered as a statistically significant differ-

ence.
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3. Results

3.1 Effect of empagliflozin on renal function in 5/6 nephrectomized rats.

5/6 nephrectomy resulted in increased serum creatinine concentration, increased ACR,
decreased Ccr, and prevented weight gain in rats (Table 1 and Figure 2). Telmisartan
effectively alleviated severe albuminuria after renal injury, consistent with previous find-
ings (Table 1 and Figure 2b). As shown in the baseline data in Table 1, the initial serum
creatinine levels were higher in the 5/6Nx + 3 mg empagliflozin and 5/6Nx + 15 mg em-
pagliflozin groups compared to the 5/6Nx + PBO group. We randomly assigned the ani-
mals to groups, and by chance, there were differences among them—a well-known phe-
nomenon in pharmacological research. Even in the presence of unfavorable baseline var-
lance factors, the final absolute values still demonstrated a significant reduction in serum
creatinine in both the 5/6Nx + 3 mg and 5/6Nx + 15 mg empagliflozin groups compared
to the 5/6Nx + PBO group. Furthermore, the relative change from baseline in serum cre-
atinine also showed a significant reduction in the empagliflozin groups. Serum creatinine
clearance followed a similar pattern. These findings suggest that the actual renoprotective
effect of empagliflozin is likely more pronounced than indicated by the data alone. 5/6Nx-
mediated renal injury was significantly improved by high-dose empagliflozin treatment,
such as decreased serum creatinine concentration, decreased ACR, and increased Ccr
(Table 1 and Figure 2). According to the current data, the reno-protective effect of em-
pagliflozin was superior to that of the current gold standard angiotensin Il receptor blocker,
telmisartan. In addition, empagliflozin-mediated renal protection showed a dose-depend-
ent effect. Low-dose empagliflozin treatment only reduced serum creatinine levels in
5/6Nx rats (Table 1 and Figure 2). Relative kidney weights were not statistically different
between groups (Table 1). Urine albumin concentrations were measured only at the end
of the experiment, so only the final ACR is presented. Due to disease and operations
resulting in the loss of some animals, the final number of animals in each group was as
follows: Sham + Placebo (7 animals), 5/6Nx + Placebo (9 animals), 5/6Nx + 3 mg Em-
pagliflozin (9 animals), 5/6Nx + 15 mg Empagliflozin (11 animals), and 5/6Nx + Telmisar-
tan (7 animals). After excluding deaths unrelated to the disease, the mortality rate for
each group was: Sham + Placebo (12.50%), 5/6Nx + Placebo (40.00%), 5/6Nx + 3 mg
Empagliflozin (30.77%), 5/6Nx + 15 mg Empagliflozin (21.43%), and 5/6Nx + Telmisartan
(30.0%). Mortality analyses showed no significant differences between groups, so these

data are not presented graphically.
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Table 1: Animal characteristics.
5/6Nx+3mg 5/6Nx+15mg
Parameters Sham+PBO 5/6Nx+PBO EMPA EMPA 5/6NxX+TELM
(n=7-10) (n=9-15) (n=9-15) (n=11-15) (n=7-15)
Baseline
Body weight (g) 298.5045.23 315.79+6.46 350.38+8.31* 333.00+10.06  349.0049.79
Serum creatinine (umol/L) 18.50+1.50 18.00+1.44 25.85£1.25** 26.86x£1.29*** 22.22+1.78
Ccr (ml/min) 2.01+0.28 1.98+0.14 1.72+0.17 1.34+0.11* 1.76x0.27
Final value
Body weight (g) 509.00+18.09  464.11+17.58  494.56+16.37  468.18+13.11 475.29+11.36
Kidney weight (g) 2.07+0.11 2.34+0.18 2.69+0.27 2.85+0.12 1.95+0.14
Rel. kidney weight (10?) 0.41+0.02 0.51+0.06 0.55+0.05 0.61+0.03 0.41+0.03
Serum creatinine (umol/L) 24.00+1.51*** 72.00+8.49 47.50+4.98** 49.09+2.76** 54.86%2.42
Ccr (ml/min) 2.82+0.24**  1.14+0.14 1.69+0.21 1.90+0.15** 1.12+0.08
ACR (mg/g*107?) 6.66+3.83* 61.75+28.79 24.28+7.85 8.48+1.70* 6.88+3.10*
T24 (Empagliflozin, nM) - - - 23.20 £ 6.50 -
Change from baseline
Body weight (g) 208.57£20.75* 149.11+11.60 149.56+17.53 146.36+7.23 139.71+15.05
Serum creatinine (umol/L) 5.71+0.81***  53.78+8.85 23.00+4.94%*  22.91+2.29***  37.14+3.46
Ccr (ml/min) 0.86+0.28*** -0.9940.27 -0.11+0.21 0.56+0.18** -0.5040.29

Body weight (change from baseline) = Final body weight — Baseline body weight; Rel. kidney weight
(Relative kidney weight) = kidney weight / final body weight; ACR (urinary albumin to creatinine ratio) =
urinary albumin / urine creatinine; Ccr (creatinine clearance) = [urinary creatinine (umol/L) * urinary flow
(ml/min)]/ serum creatinine (umol/L); Ccr (change from baseline) = Final Ccr — Baseline Ccr; Sham: Sham
operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagli-
flozin. T24 (Empagliflozin, nM): Plasma concentrations of empagliflozin after 24 hours of gavage. -: Below
the minimum detection value. Values displayed are mean + SEM. *p<0.05; **p<0.01; ***p<0.001;
****¥n<(0.0001, significantly different from 5/6Nx + PBO. Citation: This table has been modified from that

in the paper - Chen, et al. 2023(22). Baseline and final data have been added to the table.
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Figure 2: Effects of empagliflozin on renal function in 5/6 nephrectomized rats. (A) Serum creat-
inine concentration in the research process: The serum creatinine of rats in group 5/6Nx + PBO
was higher than sham + PBO, 5/6Nx + 3mg EMPA and 5/6Nx + 15mg EMPA, (B) Final ACR:
Sham + PBO, 5/6Nx + 15mg EMPA and 5/6Nx + TELM were lower than 5/6Nx + PBO; (C) Ccr
(change from baseline): Ccr in 5/6Nx + PBO group was lower than in sham + PBO and 5/6Nx +
15mg EMPA groups. Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Pla-
cebo; TELM: Telmisartan;, EMPA: Empagliflozin. ACR: urinary albumin to creatinine ratio; Ccr:
Serum creatinine clearance. Values shown are means + SEM. *p<0.05; **p<0.01; ***p<0.001;
****p<0.0001, significantly different from 5/6Nx + PBO. Citation: This figure has been modified
from that in the paper - Chen, et al. 2023(22). The horizontal axis in Figure 2A has been revised

from displaying months to displaying days.

3.2 Effect of empagliflozin on renal histopathology in 5/6 nephrectomized rats.

Compared to the Sham+PBO group, 5/6 nephrectomy resulted in severe fibrosis, includ-
ing renal interstitial fibrosis, perivascular fibrosis, and glomerulosclerosis, as well as in-
creased number of glomerular cells and glomerular size (Figure 3 A-F). All of the above
morphological parameters improved with both 3mg and 15mg doses of empagliflozin
treatment (Figure 3 A-F). Both 3mg and 15mg doses of empagliflozin treatment substan-
tially reduced the severity of renal interstitial fibrosis, perivascular fibrosis and glomerulo-
sclerosis. The effect on glomerular size was relatively less pronounced but showed a
dose-dependent effect consistent with the effect on functional parameters (Figure 3F).
The angiotensin |l receptor blocker telmisartan, consistent with many previous studies,

significantly improved renal fibrosis (Figure 3A-F).
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Figure 3: Histopathological effects of empagliflozin on 5/6 nephrectomized rats. (A) Representa-
tive micrographs of PASM and Masson staining of kidney tissue from all groups (X400, Scale
bar=50um); Label 1: Glomerulus; Label 2: Renal tubules; Label 3: Vascular; Arrow: Renal inter-
stitial fibrosis. (B) Renal interstitial fibrosis (%); (C) Perivascular fibrosis index; (D) Glomeruloscle-
rosis index; (E) Number of glomerular cells; (F) Glomerular size (um2). All these indicators were
lower in the other groups than in the 5/6Nx + PBO group. Sham: Sham operation; 5/6Nx: 5/6
nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values dis-
played are means + SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001, significantly different from
5/6Nx + PBO. Citation: This figure is quoted from the paper - Chen, et al. 2023(22).

3.3 Effect of empagliflozin on urinary adenosine excretion in 5/6 nephrectomized
rats.

5/6 Nephrectomy resulting in severely reduced urinary adenosine excretion (Figure 4A).
Empagliflozin treatment corrected the decrease in urinary adenosine excretion rate in-
duced by 5/6Nx (Figure 4A). However, the effect of empagliflozin on urinary adenosine
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was only seen in the high dose group. Even though the urinary adenosine excretion rate
was elevated in the low-dose group compared to the 5/6Nx+PBO group, there was no
statistical difference. The telmisartan-treated group also showed a trend of increased uri-
nary adenosine excretion rate, but there was no statistical difference (p=0.057, Figure
4A). The urinary adenosine excretion rate in rats correlated with morphological parame-
ters of the kidney and serum creatinine clearance (Figure 4B-D). Urinary adenosine ex-
cretion rate was negatively associated with the degree of renal interstitial fibrosis (Figure
4B) and glomerular size (Figure 4C), and positively associated with Ccr (Figure 4D).
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Figure 4: Effect of empagliflozin on final urinary adenosine/creatinine ratio in 5/6 nephrectomised

rats and correlation of final urinary adenosine/creatinine ratio with histological parameters. (A)

Comparison of final urinary adenosine excretion rates between treatment groups and 5/6Nx+PBO:

final urinary adenosine/creatinine in group 5/6Nx + PBO was lower than in sham + PBO and 5/6Nx

+ 15mg EMPA groups. Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Pla-

cebo; TELM: Telmisartan; EMPA: Empagliflozin. Values displayed are means + SEM. *p<0.05,

significantly different from 5/6Nx + PBO. (B) Correlation of the final urinary adenosine/creatinine

ratio with renal interstitial fibrosis: At the end of the study, the urinary adenosine/creatinine ratio

was inversely correlated with renal interstitial fibrosis (r=-0.45 p=0.004 N=39). (C) Correlation of

the final urinary adenosine/creatinine ratio with glomerular size: At the end of the study, the urinary
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adenosine/creatinine ratio was negatively correlated with glomerular size (r=-0.33 p=0.033 N=41).
(D) Correlation of the final urinary adenosine/creatinine ratio with Ccr: At the end of the study, the
urinary adenosine/creatinine ratio was positively correlated with Ccr (r=0.36 p=0.023 N=39). Ccr:

Serum creatinine clearance. Citation: This figure is quoted from the paper - Chen, et al. 2023(22).

3.4 Effect of empagliflozin on macrophages and T cells in 5/6 nephrectomized rats.
The densities of cytotoxic T cells (CD8+ cells/total cells) and helper T cells (CD4+ cells/to-
tal cells) in the kidney were not statistically different between 5/6Nx + PBO, sham+PBO
and treatment groups (Figure 5 A-C). Renal CD68+ cell (macrophage) infiltration was
enhanced in the 5/6Nx+PBO group compared with Sham+PBO (P=0.047), whereas nei-
ther empagliflozin nor telmisartan treatment had any effect on the 5/6 nephrectomy-me-

diated increase in macrophage infiltration (Figures 5A and D).
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Figure 5: Immunofluorescence staining analysis of T cells and macrophages in kidney tissues.
(A) Representative micrographs of kidney tissues from all treatment groups (X200, Scale
bar=100um); (B) Cytotoxic T cells (CD8+cells/total cells, %): no statistical difference between
groups; (C) Helper T cells (CD4+cells/total cells, %): no statistical difference between groups; (D)
Macrophages (CD68+, RFU): 5/6Nx + PBO was higher than Sham + PBO group. The arrows
point to CD68+ cells. RFU: Relative fluorescence unit. Sham: Sham operation; 5/6Nx: 5/6 ne-
phrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin. Values dis-
played are means + SEM. *p<0.05, significantly different from 5/6Nx + PBO. Citation: This figure
is quoted from the paper - Chen, et al. 2023(22).

3.5 Effect of empagliflozin on complement system in 5/6 nephrectomized rats.
The differentially expressed genes screened from the RNA sequencing data according to

the methodology described above are presented in the Venn diagram (Figure 6A and



Results 21

Figure 7A), from which it can be seen that there are 4 co-regulated differentially ex-
pressed genes between the 5/6Nx + 3mg EMPA, 5/6Nx + 15mg EMPA, and 5/6Nx + PBO
groups. There were 73 co-regulated differentially expressed genes between the 5/6Nx +
3mg EMPA and 5/6Nx + PBO groups, and 11 co-regulated differentially expressed genes
between the 5/6Nx + 15mg EMPA and 5/6Nx + PBO groups. From these co-regulated
differentially expressed genes, six functional genes were selected for gRT-PCR validation,
as described in the Methods section. Ultimately, six genes, C1QA, C1QC, FMOD, REN,
FMO2 and RPL36, were validated (Figure 7). Only C1QA and C1QC genes showed a
model effect - being upregulated after 5/6 nephrectomy and responding to empagliflozin
treatment (Figure 7B and C). 5/6 Nephrectomy did not significantly alter REN expression;
however, the angiotensin Il receptor blocker telmisartan substantially upregulated REN
expression, which is well known to be the effect of telmisartan.

A B B5/6Nx+3mg EMPA vs 5/6Nx+PBO C 55!6Nx+15mg EMPA vs 5/6Nx+PBO
6 : H T : :

4
4 Fmop
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c1QA; c1aC 84
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Figure 6: Differentially expressed genes in kidney tissue detected by RNA sequencing. (A) Venn
diagram showing differentially expressed genes in the 5/6Nx + PBO, 5/6Nx + TELM, 5/6Nx + 3mg
EMPA and 5/6Nx + 15mg EMPA groups. Circles represent the total number of statistically signif-
icant (p value < 0.05 and an absolute value of log2(fold change) > 1) differentially expressed
genes detected by RNA sequencing in the 5/6 Nx + 3mg EMPA, 5/6 Nx + 15mg EMPA and 5/6
Nx + TELM groups compared to 5/6 Nx + PBO. (B) Volcano plot of RNA-sequencing data showing
gene expression values in 5/6Nx + 3mg EMPA group relative to the 5/6Nx+PBO group. (C) Vol-

cano plot of RNA-sequencing data showing gene expression values in 5/6Nx + 15mg EMPA
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group relative to the 5/6Nx+PBO group. (D) Volcano plot of RNA-sequencing data showing gene
expression values in 5/6Nx + TELM group relative to the 5/6Nx+PBO group. (E) Volcano plot of
RNA-sequencing data showing gene expression values in Sham + PBO group relative to the
5/6Nx+PBO group. Genes are color-marked if they pass the threshold of p=0.05 and log2 (fold
change) = £1, with up-regulated genes marked in orange and down-regulated genes marked in
blue. The functional differentially expressed genes that were screened for gRT-PCR confirmation
were labeled. Sham: Sham operation; 5/6Nx: 5/6 nephrectomized rat model; PBO: Placebo;
TELM: Telmisartan; EMPA: Empagliflozin; gRT-PCR: Quantitative Reverse Transcription Poly-
merase Chain Reaction; C1QA: Complement Component 1, Q Subcomponent, A Chain; C1QC:
Complement Component 1, Q Subcomponent, C Chain; FMOD: Fibromodulin; REN: Renin;
FMOZ2: Flavin Containing Dimethylaniline Monoxygenase 2; RPL36: Ribosomal Protein L36. Ci-
tation: This figure is quoted from the paper - Chen, et al. 2023(22).
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Figure 7: Gene expression in the kidney identified by gRT-PCR. (A) Venn diagram showing dif-
ferentially expressed genes in the 5/6Nx + PBO, 5/6Nx + 3mg EMPA and 5/6Nx + 15mg EMPA
groups. Circles represent the total number of differentially expressed genes in the 5/6 Nx + 3mg
EMPA and 5/6 Nx + 15mg EMPA that were statistically significant (p value < 0.05 and an absolute
value of log2(fold change) > 1) compared to the 5/6 Nx + PBO group as detected by RNA-se-

guencing. (B) Fold change of C1QA expression: Complement Component 1, Q Subcomponent,
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A Chain; (C) Fold change of C1QC expression: Complement Component 1, Q Subcomponent, C
Chain; (D) Fold change of FMOD expression: Fibromodulin; (E) Fold change of REN expression:
Renin; (F) Fold change of FMO2 expression: Flavin Containing Dimethylaniline Monoxygenase
2; (G) Fold change of RPL36 expression: Ribosomal Protein L36. Sham: Sham operation; 5/6Nx:
5/6 nephrectomized rat model; PBO: Placebo; TELM: Telmisartan; EMPA: Empagliflozin; gRT-
PCR: Quantitative Reverse Transcription Polymerase Chain Reaction. Values displayed are
means + SEM. **p<0.01; **p<0.001; ***p<0.0001, significantly different from 5/6Nx + PBO. Ci-
tation: This figure is quoted from the paper - Chen, et al. 2023(22).
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4. Discussion

4.1 Summary of results.

This study in a classical CKD rat model (5/6 nephrectomy) revealed dose-dependent
reno-protective effects of the SGLT2 inhibitor empagliflozin independent of glycemic con-
trol, including a dose-dependent preventing of the decrease in serum creatinine clearance,
a dose-dependent reduction in urinary protein excretion rate and improvement in renal
interstitial fibrosis and glomerulosclerosis. These reno-protective effects of empagliflozin
were accompanied by a dose-dependent effect on the urinary adenosine excretion rate -
a surrogate parameter of the TGF mechanism. Furthermore, in this study, we revealed
for the first time that activation of the TGF mechanism is negatively related to renal inter-
stitial fibrosis and glomerular size and positively related to Ccr. In addition, RNA sequenc-
ing and subsequent gRT-PCR confirmation provided for the first time that empagliflozin
alters the expression of key genes of the complement system, which is a key mechanism

of kidney injury.

4.2 Comparison with current studies.

This study is consistent with all the large clinical trials with and without diabetic kidney
disease mentioned in the introductory section in supporting that SGLT2 inhibitors improve
renal function in CKD. Several animal studies have provided evidence for the reno-pro-
tective effects of SGLT2 inhibitors, but inadequately, most of the animal experiments have
been performed in diabetic nephropathy models, whereas the few studies performed in
non-diabetic nephropathy models have shown contradictory findings. Our findings are in
agreement with those of di Gioia, C. R. T.(18) and Awad, M. M.(26) et al. showing the
nephroprotective effect of SGLT2 inhibitors. However, studies by Gilbert, R. E.(dapagli-
flozin 0.5 mg/kg, twice/day, 12 weeks)(19), Advani A (dapagliflozin 1mg/kg/d for 8
weeks)(27), Anders, H. J.(empagliflozin 10mg/kg/d for 7 or 14 days)(28) et al. contradict
showing no effect of SGLT2 inhibition on non-diabetic CKD models. CKD is a chronic
progressive deteriorating disease and therefore the timing as well as the duration of phar-
macological intervention are important for renal prognosis. Some studies therapeutic du-
ration of less than 6 weeks did not find evidence of a reno-protective effect of SGLT2
inhibitors(28), whereas in our study we treated the CKD rats for more than 13 weeks.
Thus, one reason for differences among published studies might be the treatment dura-

tion of SGLT2 inhibitors. In addition to the treatment duration factor, medication dose is
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another key factor influencing the medication effect, as our study shows the dose de-
pendence of the nephroprotective effect of SGLT2 inhibitors - serum creatinine clearance
and urinary protein excretion rates were improved in rats only under empagliflozin (15
mg/kg/d) treatment. Advani A and Cherney DZI. et al. used dapagliflozin (1 mg/kg/d) for
8 weeks in a 5/6 nephrectomy model but found no evidence of renal benefit from dapagli-
flozin(27). Although the study by Gilbert, R. E. et al.(19) was also performed in a 5/6
nephrectomy rat model and the duration of treatment was almost the same as in our study,
the dose of dapagliflozin (0.5 mg/kg, twice/day) used was much lower than in our study,
which may explain the non-significant reno-protective effect observed in some experi-
ments. Further, although the major current SGLT2 inhibitors, such as canagliflozin, em-
pagliflozin, and dapagliflozin, all act primarily on SGLT2 in the proximal tubules of the
kidney, they differ in their chemical structural formula and pharmacokinetics(29). In addi-
tion, SGLT2 inhibitors are likely involved in adenosine-mediated TGF regulation by af-
fecting urinary sodium concentration, so other factors should be avoided when exploring
the reno-protective effects of SGLT2 inhibitors, as Tauber et al.(30) using an adenosine-
induced CKD model and Vervaet et al.(31) using a unilateral nephrectomy CKD model
under a high salt diet, neither found positive renal effects of SGLT2 inhibitors. However,
in clinical applications, SGLT2 inhibitors appear to prevent the progression of chronic

kidney disease due to any type of primary disease.

4.3 Empagliflozin mediates nephroprotection by activation of TGF.

TGF is a key mechanism by which the kidney maintains stable intra-glomerular pressure
and glomerular filtration rate. The presence of TGF optimizes the oxygenation-perfusion
matching of the renal vascular unit. Focal segmental glomerulosclerosis and its corre-
sponding TGF inactivation are common in CKD, and these lesions cause increased filtra-
tion pressure and abnormal TGF response in the residual renal unit. Prolonged elevated
intra-glomerular pressure and hyperfiltration disrupt normal renal histology and induce
inflammation and fibrosis, so restoring regulation of impaired TGF is likely to prevent de-
terioration of the remnant renal unit. Physiologically, the macula densa of the thick as-
cending branch of the renal tubular cortex senses changes in urinary sodium concentra-
tion and adjusts the tension of the glomerular afferent arteriole via adenosine-mediated
signaling feedback(2). Theoretically, SGLT2 inhibitors block sodium-glucose cotransport
in the renal tubules leading to an increase in sodium concentration flowing through the

macula densa, which in turn promotes the degradation of adenosine triphosphate (ATP)
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to adenosine in the macula densa. Adenosine acts on adenosine receptors (G-protein-
coupled receptors) on vascular smooth muscle cells to constrict glomerular afferent arte-
rioles, thereby reducing glomerular blood perfusion and lowering intra-glomerular pres-
sure. Renin-angiotensin-aldosterone system (RAAS) blockers are widely used in the
treatment of CKD precisely because they can protect the kidney by lowering intra-glomer-
ular pressure as well. In fact, several studies have now provided evidence that SGLT2
inhibitors regulate TGF(32) including our current study. Urinary adenosine excretion rate
is a reliable indirect method for monitoring the effect of medication on TGF(2), and this
method was also applied to our present study. At the end of the research, we examined
the urinary adenosine excretion rate of rats in each group. We found that the urinary
adenosine excretion rate decreased after 5/6Nx and was restored after empagliflozin
treatment. In other words, empagliflozin corrected the abnormal regulation of TGF after
renal injury, thereby reducing intra-glomerular pressure and protecting the kidneys. Our
study clearly links renal protection by SGLT2 inhibitors to urinary adenosine excretion in
a classical non-diabetic CKD model. More importantly, the association between Ccr, renal
interstitial fibrosis, glomerular size and urinary adenosine excretion rate at the end of the
study shows for the first time a relationship between the functional and histological char-
acteristics of CKD and urinary adenosine excretion rate, a surrogate parameter for TGF
activity. Activation of TGF was beneficial in reducing interstitial fibrosis and improving
serum creatinine clearance (Figure 4). However, this finding is inconsistent with the re-
sults of our earlier study on TGF, which concluded that empagliflozin had no effect on
urinary adenosine excretion rates in 5/6 nephrectomized rats on a high-salt diet(21). Both
studies used a 5/6 nephrectomized animal model and the same analytical techniques to
study the effects of empagliflozin, but the only key difference was the level of salt in the
diet. Changes in urinary sodium concentration are a key component of TGF regulation
and a bridge for SGLT2 inhibitors to regulate TGF. Under a high-salt diet, urinary sodium
concentration persists at high levels, which covers the regulation of urinary sodium con-
centration by SGLT2 inhibitors. Therefore, we infer that empagliflozin-mediated renopro-
tection under high salt diet conditions appears to be independent of TGF, which appears
to play a key role under normal salt intake. Further investigation of the effects of SGLT2
inhibitors in a TGF-deficient animal model (adenosine-1 receptor knockout mice) would
be beneficial to verify the relationship. Furthermore, decreased glomerular filtration rate
was observed in some animal models(31), but not in our study. We suggest that this is

related to the timing of the medication intervention, as shown in a large controlled clinical
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trial in which a transient and dramatic decrease in glomerular filtration rate occurred within
2 months of SGLT2 inhibitor treatment, while the subsequent decrease in glomerular fil-
tration rate slowed significantly relative to control group(16). Thus, we suggest that em-
pagliflozin may have a long-term reno-protective effect through other mechanisms be-
yond the effects on the TGF.

4.4 Effect of empagliflozin on renal inflammation and fibrosis.

A study by Kim, G. H. et al.(33) and one of our recently published studies (34) have shown
that SGLT2 inhibitors ameliorate renal fibrosis in CKD rats by inhibiting macrophage dif-
ferentiation, diminishing T-cell infiltration and the expression of inflammatory factors. We
believe that this is related to the timing of sample collection. The pathological changes in
the early stages of kidney injury are dominated by inflammatory infiltrates and transition
to fibrosis as the disease progresses. Our current study similarly showed that SGLT2
inhibitors attenuated interstitial fibrosis and glomerulosclerosis in the kidneys of CKD rats.
However, we did not find an effect of SGLT2 inhibitors on macrophages and T cells. In
our study, the duration of treatment beyond 13 weeks was longer than in most other ex-
periments. In advanced stages, inflammation may no longer be the primary pathophysi-
ology. A study that ended the experiment 8 weeks after renal injury similarly found no
evidence that SGLT2 inhibitors affected macrophages(27). In addition, the method used
to investigate the effect of empagliflozin on inflammatory cells is also an influencing factor.
In our earlier published study, we only used single-cell RNA sequencing in one animal
subpopulation due to budgetary constraints and did not confirm the findings by a second
independent technique(34). Further, in our previous study we only observed differences
in macrophage subtype expression and did not analyze overall macrophage density.
Therefore, we used a more sensitive technique in this study, whereby immunofluores-
cence staining was performed on all animals to detect the number of CD4+ and CD8+
cells, as well as the relative fluorescence units (RFU) of CD68+ cells in the kidney. No
statistically significant differences were found between groups for CD4+ and CD8+ T cells
and CD68+ cells (Figure 5), which is in line with the results of another study performed
on a non-diabetic CKD rat model(27). The effects of SGLT2 inhibitors on T cells and
macrophages are still not clearly described by the present findings. Multiple sampling of
experimental animals at different time points in a long-term study would be beneficial in

understanding the effects of SGLT2 inhibitors at different stages of CKD. More precisely,
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the possibility that macrophage polarization plays a pathophysiological role in the early

stages of kidney injury cannot be excluded on the basis of our current study.

Based on the complexity of the SGLT2 inhibitor mechanism, we used in addition a non-
hypothesis-driven approach - a strategy of whole genome RNA sequencing followed by
gRT-PCR validation. This analysis revealed that upregulation of complement system
components C1QA and C1QC due to 5/6 nephrectomy was corrected by empagliflozin in
a dose-dependent way (Figures 6 and 7). CLQA and C1QC belong to the first component
of complement, C1Q (subcomponent of complement component 1Q), which plays a
highly critical role in innate and adaptive immune responses. Some evidence suggests
that complement is a key mediator of renal interstitial fibrosis. Proximal tubular epithelial
cells, glomerular epithelial cells and mesangial cells produce complement and activate
complement cascade reactions in response to damage-associated molecular patterns
(DAMPs), thereby promoting inflammatory responses(35). C1QA and C1QC are key fac-
tors in the classical pathway of complement activation. Activation of the complement cas-
cade reaction produces anaphylatoxins (C3a, C5a and C5b). These anaphylatoxins are
not only involved in the activation of the cytosolic inflammasome (NLRP3) but also in
renal fibrosis, such as stimulating the secretion of transforming growth factor 1 (TGF-31)
from renal tubular epithelial cells to mediate renal fibrosis, activating fibroblasts and in-
ducing transdifferentiation of pericytes to myofibroblasts(35). In addition, these ana-
phylatoxins stimulate the secretion of TGF-B and platelet-derived growth factor (PDGF)
by endothelial cells, monocytes, and renal tubular epithelial cells, further activating fibro-
blasts to promote collagen deposition(36). Uncontrolled complement activation eventually
leads to irreversible fibrosis in the kidney. There are now evidences that inhibition of com-
plement activation ameliorates renal fibrosis. A study of a renal IRI injury model revealed
that C1 esterase inhibitors reduced infiltration of inflammatory cells and reduced endo-
thelial-to-mesenchymal (EndMT) transition and renal fibrosis(37). Delpech et al. also
demonstrated that C1 esterase inhibitors reduced chronic fibrosis in renal transplants(38).
Empagliflozin likely also blunted the complement system by inhibiting C1QA and C1QC,

thereby reducing inflammation and fibrosis in the kidney.

4.5 Strengths and limitations of the study and implications for future research
A classical non-diabetic CKD nephropathy model was applied to explore other nephro-

protective mechanisms of SGLT2 inhibitors beyond glycemic control. Two empagliflozin
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treatment doses were set to explore the possible potential dose-dependent effects of
SGLT2 inhibitors. We found that SGLT2 inhibitors dose-dependently improved renal func-
tion in CKD. Furthermore, we demonstrated that empagliflozin corrected TGF abnormal-
ities in CKD and showed for the first time a correlation between urinary adenosine excre-
tion rate, a surrogate for TGF, and renal histopathological parameters. This study not only
investigated the prespecified mechanisms, but also explored potential unknown mecha-
nisms of SGLT2 inhibitors using whole genome RNA sequencing and gRT-PCR revali-
dation techniques. We present for the first time the effect of SGLT2 inhibitors on the C1
component of the complement system. However, our study still has some limitations. CKD
is a progressive deteriorating disease, and we only performed pathological assessment
and gene expression analysis at the end of the experiment, so we were unable to analyze
the effect of SGLT2 inhibitors on different stages of CKD. Some clinical trials have shown
that the effect of SGLT2 inhibitors on GFR varies over time, so the response of TGF to
SGLT2 inhibitors may reset over time, but we only measured urinary adenosine concen-
trations in rats at the end of the experiment. Our experiments suggest two mechanisms
of renal protection for empagliflozin - TGF-mediated action and altered gene expression
of key components of the complement system. However, we did not validate their causal
relationship in knockout animal models or cellular experiments. Second, since the effects
of oral drugs are systemic and SGLT2 has been shown to be expressed in multiple organs
of the body, it is possible that SGLT2 inhibitors may also benefit the kidney by acting on
other systems, but we only analyzed kidney. Lastly, we focused on the pure effects of
SGLT2 inhibitor therapy in this study, and the combination of SGLT2 inhibitors with the
current gold standard of treatment, angiotensin receptor blockers, would also have phar-
macological and pathophysiological implications.
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5. Conclusions

This study provides evidence for the reno-protective effects of empagliflozin in non-dia-
betic CKD, including improvements in proteinuria, Ccr, glomerulosclerosis, renal intersti-
tial fibrosis, and renal perivascular fibrosis. Furthermore, we show for the first time that
urinary adenosine excretion rate, a surrogate indicator of TGF activity, correlates with
renal functional and structural parameters. We infer that the reno-protective effect of em-
paglifiozin is likely mediated by restoring TGF abnormalities after renal injury. In particular,
these effects of empagliflozin were more pronounced in the high-dose empagliflozin (15
mg/kg/d) treatment group, suggesting that the reno-protective effects of SGLT2 inhibitors
are likely to be dose-dependent. In addition to the TGF effect, genome-wide RNA se-
quencing and gRT-PCR of differentially expressed genes showed that empagliflozin lim-
ited complement cascade-mediated renal inflammation and fibrosis in non-diabetic CKD
by down-regulating complement components C1QA and C1QC expression, thereby im-

proving the structure and function of CKD.
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Cellular and Molecular Effects of Antidiabetics Beyond Glycemic Control

Renoprotective effects of empaglifiozin are linked to activation of the
tubuloglomerular feedback mechanism and blunting of the complement system
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Abstract

The mechanisms of nephroprotection In nondiabetic chronic kidney disease (CKD) models by sodium-glucose cotransporter 2
(SGLT2) inhibitors are not well defined. Five groups were established: sham-operated rats, placebo-treated rats with 5/6 ne-
phrectomy (S/6Nx). S/6Nx + telmisartan (5 mg/kg/day), S/6Nx + empaglifiozin (3 mg/kg/day), and 5/6Nx + empaglifiozin (15
mg'kg/day). Treatment duration was 95 days. Empagliflozin showed a dose-dependent beneficial effect on the change from
baseline of creatinine clearance (Ccr). The urinary albumin-to-creatinine ratio likewise improved In a dose-dependent manner.
Both dosages of empagiifiozin improved morphological kidney damage parameters such as renal interstitial fibrosis and glomeru-
losclerosis. 5/6 nephrectomy led to a substantial reduction of urinary adenosine excretion, a surrogate parameter of the tubulo-
glomerular feedback (TGF) mechanism. Empaglifiozin caused a dose-dependent increase in urinary adenosine excretion. The
urinary adenosine excretion was negatively correlated with renal Interstitial fibrosis and positively correlated with Ccr.
Immunofluorescence analysis revealed that empaglifiozin had no effect on CD8° and CD4 ™ T cells as well as on CD68 " cells (mac-
rophages). To further explore potential mechanisms, a nonhypothesis-driven approach was used. RNA sequencing followed by quanti-
tative realtime polymerase chain reaction revealed that complement component 1Q subcomponent A chain (C1QA) as well as
complement component ¥Q subcomponent C chain (CXQC) gene expression were upregulated In the placebo-treated 5/6Nx rats and
this upregulation was blunted by treatment with empaglifiozin. In conclusion, empaglifiozin-mediated nephroprotection in nondiabetic
CKD Is due to a dose-dependent activation of the TGF as well as empaglifiozin-mediated effects on the complement system.

complement system; nondiabetic chronic kidney disease; sodium-glucose cotransporter 2 inhibitor; tubuloglomerular feedbock

| INTRODUCTION

Chronic kidney disease (CKD) arises from a number of het-
erogeneous disease pathways that irreversibly alter the func-
tion and structure of the kidney (1). According to worldwide
estimates, there are nearly 700 million prevalent patients
with chronic kidney disease(2). In addition to primary kid-
ney disease, common chronic diseases such as hypertension

and diabetes harm the kidneys and hence contribute to the
burden of CKD (3). Although the causes of CKD are diverse,
they all culminate in progressive glomerulosclerosis, tubular
atrophy, and interstitial fibrosis (4). No pharmacological
treatment approach has been found to be effective in halting
or reversing the progressive progression of CKD in humans,
and renal replacement therapy (dialysis or kidney transplan-
tation) remains the main burden from a health economic
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point of view very costly treatment for the end-stage kidney
disease.

Sodium-glucose cotransporter 2 {SGLTZ2) inhibitors are anti-
diabetic drugs that act primarily on SGLT2 expressed in the
proximal tubule of the kidney, thereby reducing renal reab-
sorption of glucose and also sodium (3) These compounds
have received special attention because several large-scale
clinical trials have shown nephroprotective effects and a
reduction in the incidence of cardiovascular events (6-9).
However, most af these clinical trials were conducted in
patients with diabetic nephropathy, and it is unclear to what
extent the nephroprotective effect of SGLT2 inhibitors in
patients results from a reduction in blood glucose. In fact, ina
large clinical study with 4,304 nondiabetic patients with CKD,
SGLT2 inhibitors had a beneficial effect on glomerular filtra-
tion rate (GFR) and reduced monality (10} Another clinical
study with 6,609 patients with CED showed that empagliflo-
zin therapy led to a lower risk of progression of kidney disease
(11). This fits very well with earlier post hoc analyses of clinical
trials showing that the nephroprotective effect of SGLT2
inhibitors were independent of hemoglobin Ale (HbAle) and
blood glucose levels (9). These evidences suggest that SGLT2
inhibitors are likely to have other beneficial effects independ-
ent of lowering blood glucese, but the underlying mecha-
nisms of nephroprotective effects remain unclear. Current
hypotheses mainly invalve effects on inflammation(12), hy-
poxia (13), sympathetic nervous system (14), ubuloglomerular
feedback (TGF) (15), and metabolism (16, 17). Nevertheless,
there are limitations regarding these experiments, such as the
fact that most animal experiments were done just in diabetic
models, that drug treatment was rather short hence state-
ments on long-term efficacy and safery could not be made.
Finally, mainly hypothesis-driven approaches to prove effi-
cacy on predefined pathways were usually used. Yet unknown
mechanisms thus could not be identified.

Accordingly, the aim of this study was to investigate the
effects of empagliflozin treatment in nondiabetic CKD rats
(5/6 nephrectomy rat model) for 95 days on renal function
and structure, as well as on body weight, and blood pressure.
Two doses of empagliflozin (3 mg/kg/day and 15 mg/kg/day)
were used to investigate potential dose dependency and tel-
misartan as the gold standard for nephroprotective effects
were used (18-21). To further explore the potential underly-
ing mechanisms, RNA sequencing was used to search for dif-
ferentially expressed genes due to SGLTZ treatment. The
resulting findings were then validared using quantitative
real-time polymerase chain reaction (qRT-PCR).

METHODOLOGY

Experimental Animals and Protocol

Animal experiments were approved by the Animal Care
and Use Committee of Jinan University, Guangzhou, PR
China (IACUC-20190830-02). All animals were cared for in
accordance with the Guide for the Care and Use of
Laboratory Animals published by the US National Instimite
of Health (NIH Publication No. 85-23, revised 1996).

Male Wistar rats (15 animals per group, except for 10 ani-
mals in sham group), aged 7 wk, were purchased from vital
River Laboratory Animal Technology Co., Ltd (Beijing). The

Co52

rats were kept at temperature-controlled conditions (22°C-
25-C), humidity of 55 5%, under 12 h light/dark cycles and
were allowed access to standard rat chow and water ad libi-
tum. The general condition of each animal was monitored
daily. After 7 days of acclimatization, rats were randomly
assigned into five different groups, sham operation + pla-
cebo: 5/6N% + placebo: 5/6Nx + telmisanan (5 mg'ka/day):
5/eMNx + empagliflozin (3 mg/kg/day): 5/6Nx + empagliflo-
zin (15 mg/kg/day) and were treated with medication for 95
consecutive days by gavage immediately after surgery until
the end of the study (24 h before euthanasia). Doses of telmi-
sartan (22, 23) and empagliflozin (24-26) were selected based
on prior studies. The five-sixths nephrectomy (5/6Nx) opera-
tion under anesthesia with 2.2 2-tribromethanol (300 mg'kg
ip) was performed as follows: uninephrectomy of the right
kidney (Uni-MNx} at week 1 followed by amputation of the
poles of the left kidney at week 3 (Supplemental Figs. 51 and
52). Sham operations were conducted at the same time
points. The rats were weighed every fortnight. Blood pres-
sure {BF) measurements using the tail-cuff method (BP-2000
Blood Pressure Analysis System, model BP-2000-REP-4,
Visitech Systems), metabnl'u: cages, and blood sampling
were performed at weeks 0, 7, and I8 (Supplemental Figs.

Sland 52). Urine was cn]lected by placing the rats in meta-

bolic cages (MC) for 24 h, and the 24 h urine volume was
recorded. After centrifugation at 12,000 rpom for 10 min at
4°C, the urine supernatant was stored at —80°C for further
analysis. Except for blood samples at week I8, that were
taken from the abdominal acrta under anesthesia with 2.2,2-
tribromethanol (500 me'ke ip) and placed in blood collec-
tion tubes (BD Vacutainer 55T IT Advance Serum Tube with
Separating Gel and Clotting Activator) during euthanasia
process, blood samples at weeks 0 and 7 were taken from
retro-orbital venous plexus under anesthesia with isoflurane
via chamber induction (3%), and the supematants of blood
samples were stored at —80°C after centrifugation at 3,000
rpm for 10 min at 4°C. The rats were euthanized at week 18.
Upon euthanasia, blood samples were taken and kidneys
were harvested. The kidneys were weighed and cut longitu-
dinally into two halves: one half was fixed in 4% paraformal-
debyde for further histological analysis and the other half
was stored ar —80°C with RNA tissue protection reagent
(MNo.76106, Qiagen, Germany) for later analyzes.

Serum and Urine Analyses

Levels of serum creatinine and urinary creatinine were an-
alyzed with automatic biochemical analyzer (Siemens bio-
chemical analyzer and its Leadman reagent, Siemens,
Germany). Urinary albumin levels were determined quanti-
tatively using enzyme-linked immunosorbent assay kit
(ab233642, Abcam, Cambridge, UK). Determination of uri-
nary adenosine excretion (urine adenosine/urine creatinine)
was performed as deseribed previously (27). Plasma levels of
empagliflozin were determined by high-performance liquid
chromatography (HPLC), as described previously (28, 29).
The urinary albumin-to-creatinine ratio (ACR) and creati-
nine clearance (Cer) were caleulated by formulas as follows:
ACR = urinary albumin/urine creatinine; Cer = [urinary cre-
atinine (pmol/L) = urinary flow (mL/min}}/serum creatinine
(pmol /L)
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Histology

Renal tissues were embedded in paraffin after fixation in
4% paraformaldehyde for 48 h. The embedded renal tissues
were cul into 2-pm-thick sections, then stained with periodie
acid-Schiff staining (PAS), Sirius Red staining, periodic
Schiff-methenamine staining (PASM), and Masson's tri-
chrome staining (Masson) to evaluate glomenilosclerosis
index, glomerular size, number of glomerular cells, renal in-
terstitial fibrosis, and perivascular fibrosis index. All slides
were scanned in full at =400 magnification, and the
images were viewed and analyzed by iViewer 6.3.6 (Unie
Technologies, Inc., PR China). Glomerilosclerosis index was
evaluated on PAS-stained slides by rating the percentage of
the periodic acid-Schiff-positive areas within the glomerulus
using a subjective, semiquantitative scoring system (grades
I-1v) performed by two investigators who were blinded to
the study groups. Analysis of perivaseular fibrosis index was
done by two blinded independent investigators using a semi-
guantitative grading score {(grades I-IV) on Masson's Lri-
chrame-stained slides as follow: I = weak, IT = moderate, 1T =
severe, and I'V = very severe fibrosis per section. Images for
the measurement of renal interstitial fibrosis were inter-
cepred from full-scan images of Sirius Red staining at =400
magnification, and the images assessed covered more than
80% of the entire slide. Subsequently, the percentage of fi-
brosis on these images was measured by the ImageJ thresh-
old method (National Institutes of Health), as previously
described (30). Glomerular size and number of glomerular
cells were assessed by analyzing 50 glomermli of each PASM-
stained slide using iViewer 6.3.6 (Unic Technologies, Inc., PR
China). For all of the aforementioned analyses, at least B0%
field per slide was assessed by two blinded independent
investigators, and the mean of the two scoring results was
used.

Immunoflucrescence Staining

For immunofluorescence, 4-pm-thick slides were used.
Frozen sections were prepared and immunofluerescence
analysis was conducted using primary antibodies as fol-
lows: anti-CD68 (GB113109, Servicebio, PR China, dilution
1:2,000), anti-CDS (GB1L068, Servicebio, PR China, dilution
L:500), and anti-CD4 (GEL064-1, Servicebio, PR China, dilu-
tion 1:500) overnight at 4°C. Then, the tissues and cells were
washed and incubated with secondary antibody {anti-CD6S:
GB22303, Servicebio, PR China, dilution 1:500; anti-CD8 and
anti-CD4: GB21303, Servicebio, PR China, dilution 1:300).
After staining the nuclei with 4' 6-diamidino-2-phenylindole
(DAPT), the tissues and cells were visualized. For each section,
12 randomized high-power fields were examined using a fluo-
rescence microscope al =200 magnification. Cytotoxic T cells
(CD8* cellsftotal cells) and helper T cells (CD4* cells/total
cells) were analyvzed by Alpathwell (Servieebio, PR China).
The relative fluorescence unit (RFU) of CD68 was assessed by
Image software (National Institutes of Health). When evalu-
ating RFUs, nonconforming images are excluded: 1) areas
with an unspecific staining pattern due to the edge effect; 2)
damaged or obscured tissue aneas; 3) areas outside our focus
areas; 4) an area with indistinct nucled staining; and 5) arcas
include irrelevant tissue features like large blood vessels or
larpe spaces.

RMA Sequencing and Quantitative Real-Time
Polymerase Chain Reaction (QRT-PCR)

Six renal tissue samples from animals with a serum creati-
ning level close to the median serum ereatinine level at study
end in each group were selected for RNA sequencing analysis
using a HiSeq 4000 platform device (Illumina, Inc: San Diego,
CA). Library preparation, sequencing, and data analysis of
messenger RNA (mRNA) were performed, as described previ-
ously (23). The 5/6Nx + placebo (PBO) group was used as a
control for group comparison. Genes with an absolute value af
log2{fold-change) = 1 and a Pvalue <0.05 were considered as
differentially expressed genes (DEGs) (Supplemental Figs. S1-
53). Results were corrected for multiple testing. The selected
differentially expressed genes were ranked from lowest to
highest P value, and the top six functional genes that were
simultaneously regulated in the control (5/6Nx + PBO and 5/
6Mx + TELM) and the intervention (5/6Nx + 3 mg EMPA and
5f6Nx + 15 mg EMPA) groups were validated by gRT-PCR.
Using these selection criteria, top differentially expressed
genes (DEGs) were retested by qRT-PCR (SDS7900HT: Thermo
Fisher Scientific, Inc., Waltham, MA). Eventually, CIQA (com-
plement component 1, Q subcomponent, A chain), CIQC (com-
plement companent 1, Q subcomponent, C chain), FMOD
(fibromodulin), REN (renin}, FMO2 (flavin-containing dime-
thylaniline monooxygenase 2), and RPL36 (ribosomal protein
L36) were verified by qRT-PCR. These six genes were also la-
beled in the Volcano plot (Supplemental Figs. 51-583).

Statistical Analysis

Data were presented as the means = SE. Statistical analysis
was performed using GraphPad Prism 6 software (GraphPad,
La Jolla, CA). ROUT (G = 1%) in GraphPad Prism 6 soltware
was used to identify outliers. Only two outliers were excluded
(one from the 5/6Mx + TELM group for creatinine clearance
and the other from the + PBO group for glomerular size). For
analysis of serum creatinine aover the course of the study, two-
way analysis of variance (two-way ANOVA) followed by the
Bonferroni post hoc test was performed. In all other cases,
one-way ANOWVA analysis followed by the Bonferroni pest hoe
test was applied for comparison of normally distributed data,
and the Kriskal-Wallis test followed by Dunn’s post hoc test
was used for nonnormally distributed data. In all cases, differ-
ences were regarded as statistically significant if P = 0.05.

Materials

Empagliflozin (EMPA) and telmisartan (TELM) were man-
ufactured and supplied by Boehringer Ingelheim Pharma
GmbH & Co. KG (Biberach an der Riss, Germany). Both com-
pounds were dissolved in 0.5% wiy/vol hydroxypropyl meth-
ylcellulose in water and were administered orally by gavage.
Control rats received 0.5% wt/vol hydroxypropyl methyleel-
lulose in water.

RESULTS

Physiologic and Biochemical Data

The physiological and biechemical data of the animals are
shown in Table L There was no statistical difference in blood
pressure between all groups neither at study entry nor at
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Table 1. Changes of animal characteristics from baseline

Sham + PBO S/BNx + PEO S5/6Nx + 3ImgEMPA 5/6Nx + 15 mg EMPA S5/6Nx + TELM
Parameters n=7 n=9) n=9) (n=11) =7
ight (change from b ine, g 2085712075 1491121160 14956 +17.53 16362723 139.71£15.05
Red kidney weight (107 0.4110.02 051:0.06 05510.05 061120.03 0.41£003
Serum creatinine from baseline, pmollL) 571:081***+* 53782885 23.0014.94%*+ 229112294+ 37341346
Final ACR {mg/g x 107 6661+383* 617522879 24281785 848:21.70* 6.881310*
Cer {change from baseline, mi/min) 08610.28*** -099:027 -0110.21 056:0.18** -050+029
Tas (empaglifiozin, nM) - - - 23201650 -

Body welight (change from baseline) « final body welght - baseline body welght: rel. kidney weight (relative kidney weight) « kidney
welght/final body weight: ACR (urinary albumin-to-creatinine ratio) = urinary albumin/urine creatinine; Cer (creatinine clearance) = [uri-
nary creatinine (pmol/L) x urinary flow (mL/min)}/serum creatinine (umol/L); Cer (change from baseline) = final Ccr - baseline Cer; T,
(empagliflozin, nM): plasma concentrations of empaglifiozin after 24 h of gavage. - indicates below the minimum detection value.

Values displayed are means = SE. *F < 0.05; **P < 0.0L; ***P < 0.00]; ****P < 0.0001, significantly different from 5/6Nx + PBO. EMPA,
empagliflozin; 5/6Nx, 5/6 nephrectomized rat model; PBO, placebo; Sham, sham operation; TELM, telmisartan.

study end {data not shown). Empagliflozin demonstrated a
dose-dependent beneficial effect on the change from base-
line of Cer. The lower dose of empaglifiozin showed only a
trend toward improvement compared with placebo. The
overall picture, however, indicates a dose dependency of the
empagliflozin effects on Cer. The urinary albumin-to-creati-
nine ratio was determined only at the end of the experiment.
Here, too, a dose-dependent beneficial effect of empaglifio-
zin can be seen. The nephroprotective effects of empagliflo-
zin at the higher dose were superior to treatment effects of a
standard dose of the angiotensin II receptor blocker telmisar-
tan, the current gold standard for the treatment of CKD
(Table 1 and Fig. 1).

Kidney Morphology

All histological parameters of kidney damage (renal inter-
stitial fibrosis, perivascular fibrosis index, glomerulosclerosis
index, number of glomerular cells and glomerular size) were
clearly pronounced after 5/6Nx compared with the sham-
operated rats (Fig. 2, A-F). Both the low and high doses of
empagliflozin improved all these morpholegical kidney dam-
age parameters (Fig. 2, A-F). Treatment with both dosages of

% 1,
.1|
%
2y

empagliflozin led to an almost complete regression of the
pathological changes of renal interstitial fibrosis, perivascular
fibrosis index, glomerulosclerosis index, and number of glo-
merular cells (Fig. 2, A-E and Supplemental Fig. S2). The
effect on glomerular size was significant, but less pronounced.
Here, as with the functional parameters, see Fig. 1, some dose
dependency was suggested (Fig. 2F). The angiotensin II recep-
tor blocker telmisartan improved all analyzed kidney damage
parameters significantly (Fig. 2, A-F).

Urinary Adenosine

The 5/6 nephrectomy led to a drastic reduction in urinary
adenosine excretion. Empagliflozin induced a dose-dependent
increase in urinary adenasine excretion. The higher dose group
of empagliflozin was significantly different from placebo-
treated rats with 5/6 nephrectomy in terms of urinary adeno-
sine excretion (Fig. 34). Telmisartan treatment showed a trend
toward increasing the urine adenosine to urine creatinine ratio
(P = 0.057, Fig. 34). Urinary adenosine to creatinine ratio at
study end was negatively correlated with renal interstitial fi-
brosis (Fig. 3B) and glomerular size (Fig. 3C) and positively cor-
related with Cer at study end (Fig. 3D).
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Figure 1. Effect on renal function compared with 5/6Nx + PBO group. A: concentrations of serum creatinine over the course of the study: Sham + PBO
{n= 7)., 5V6Nx + 3 mg EMPA (n = B) and 5/6Nx + 15 mg EMPA (n = 11) were lower than 5/6Nx + PBO (# = 9). B: final ACR: Sham + PBO (n =~ 8),
S/6Nx + 15 mg EMPA [n = 9) and 5/6Nx + TELM {n = 6) were lower than S/6Nx + PBO {n = 7). C: Cer (change from baseline): Sham + PBO [n = 7) and
S5/6Nx + 15 mg EMPA (n ~ 11) were higher than 5/6Nx + PBO (n = 9) Values displayed are means £+ SE *P < 0.05; **P < 0.01, ***P < 0.001, ****P <
0.0001, significantly different from 5/6Nx + PBO. EMPA empagiifiozin, 5/6Nx, 5/6 nephrectomized rat model, PBO, placebo; Sham, sham operation;
TELM, tedmisartan. ACR, urinary abumin-lo-creatinine ratio; Cer, creatinine clearance.
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Figure 2. Histopathological analyss of ladney compeared with 5/6Nx + PBO group. A: representative micrographs of PASM and Masson staining of kid-
ney sections from each group (<400, scale bar = S0 um) Label . glomerulus, Label 2: renal tubules; Lobe) 3 vascular, arrow: renal interstitial fibrosis.
Renal interstitial fibross (% B), perivascular fibrosis index (0); glomerulosclerosis index (D) number of glomerular cells (E); glomerular size um?; F). All
these indicators were lower in the other groups [Sham + PBO n = 7), 586Nx + TELM {n = 7), 5/6Nx + 3 mg EMPA (n = 9) and S/6Nx + 15 mg EMPA
{n = 11)] than in the S/6Nx + PBO (7 = 9) group. Values displayed are means £ SE. *P < 0.05; **P < 0.01, ***P < 0.001; ****P < 0.0001, significantly dif-

ferent from 5/6Nx + PBO. EMPA, empagifiozin; S/6Nx, 5/6 neplrectomized rat model; PASM, p

Sham, sham operation; TELM, teimisartan.

Kidney Immunofluorescence

Some studies (31, 32), including our own recently published
study (33), suggest that SGLT2 inhibitor ameliorates renal fi-
brosis in CKD rats by affecting macrophage and inflammatory
cells. We therefore detect the number of CD4 ™ and CD8”
cells, as well as the CD68 + cells in kidney tissues. However,
there were no statistical differences between 5/6Nx + PBO
and the other groups with regard to Kidney tissue density of
cytotoxic T cells (CD8 * cells/total cells) and T helper cells
(CD4 " cellsftotal cells) (Fig. 4, A-C). The tissue density of
CD68 + cells (macrophages) was increased in 5/6Nx + PBO
group (P = 0.047) versus sham-operated animal. However,
neither empaglifiozin nor telmisartan treatment had an effect
on the tissue density of macrophages after 5/6 nephrectomy
(Fig. 4D). Taken together, neither empagliflozin nor telmisar-
tan had an effect on CD8 * T cells and CD4* T cells, and also
on CD68 + cells (macrophages).

AJP-Cell Physiol - doi:10.152/sjpc
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RNA Sequencing and Quantitative Real-Time
Polymerase Chain Reaction (qQRT-PCR) of Kidney
Samples

Venn diagram between 5/6Nx + 3 mg EMPA, 5/6Nx + 15
mg EMPA and 5/6Nx + PBO groups showed 4 coregulated
genes between these three groups, 73 coregulated genes
between 5/6Nx + 3 mg EMPA and 5/6Nx + PBO groups, and
11 coregulated genes between 5/6Nx + 15 mg EMPA and §/
6Nx + PBO groups (Fig. 54). Using the selection criteria (top-
fold-change, detection in several comparisons, and known
function, for details, see method section), RNA sequencing
yielded six candidate genes for verification with gRT-PCR in
all samples: complement component 1Q subcomponent A
chain (C1QA); complement component 1Q subcomponent C
chain (C1QC); fibromodulin (FMODY); renin (REN); flavin-con-
taining dimethylaniline monocoxygenase 2 (FMO2): and ribo-
somal protein L36 (RPL36) (Supplemental Figs. S1-S3 and Fig.
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5). Only the CIQA and CIQC genes showed a model effect—
means  were  upregulated  after 5/6  nephrectomy—and
responded to empagliflozin treatment (Fig. 5, B and C). Renin
expression was not altered significantly by 5/6 nephrectomy
but increased substantially after treatment with the angioten-
sin II receptor blocker telmisartan, a well-known effect of tel-
misartan (34, 35).

DISCUSSION

This study provides evidence of a dose-dependent, glu-
cose-independent nephroprotection by the SGLT2 inhibitor
empagliflozin. These nephroprotective effects of the SGLT2
inhibition were accompanied by dose-dependent effects on
a surrogate parameter of the TGF mechanism: urinary aden-
osine excretion. Besides that, whole genome RNA sequenc-
ing followed by gRT-PCR confirmation identified alterations
in gene expression of key genes of the complement system
in the kidney. Activation of the complement system has
been shown to be a key mechanism of kidney injury.

Our data on the nephroprotective effects of SGLT2 inhibi-
tion by empagliflozin fits to previous Aindings in patients
with diabetes (5-10) and also to indings in animal models of
diabetic nephropathy (36-38) and even to findings in non-
diabetic nephropathy models (39-43), However, there are
also some studies showing no effect of SGLT2 inhibition in

Co5&

Final urine adenosine/creatinina {10°%)

nondiabetic CKD models. Nishivama et al. (44) found that
SGLT2 inhibitor (TA-1887, 10 mg/ke/day) treatment of 5/6
nephrectomized rats for 10 wk had no beneficial effects on
serum creatinine clearance, proteinuria and renal tissue
structure. Gilbert and colleagues (45) showed that 0.5 mg/kg
dapagliflozin twice/day for 12wk had no effect on renal fune-
tion ar structure in 5/6 nephrectomized rats. Since different
dosages were not tested in current studies, one might specu-
late that dosing in these studies or compound-related effects
could account for these differences. The effects of different
SGLT2 inhibitor compounds may also vary. Some current
clinical studies showed that empagliflozin is more effective
than dapagliflozin (46, 47). Besides that, the choice of the
CED moxdel seems to matter. Tauber et al. (48) using an ade-
nine-induced CED model and Vervaet and colleagues (49)
using a CKD model with unilateral nephrectomy on high-salt
diets detected no beneficial response to SGLT2 inhibition. In
clinical practice, however, SGLT2 inhibitors seem to decrease
chronic kidney disease progression independently of the
underlying type of initial kidney injury.

It was suggested that the nephroprotective effects of the
SGLT2 inhibitor empagliflozin are most likely due to its
effect on the tubuloglomerular feedback (TGF) mechanism
(14, 50, 51). The TGF regulates glomerular blood flow and
hence glomerular. This is a physiological counter-regulation
that protects individual nephrons from  hyperfileration,

AJP-Call Physiod « doi:10. M52/ ajpe sl D528 2022 . ww.uﬂpl.ell.urg
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increased intraglomerular pressure and sodium and fluid
overload of the tubules. TGF is based on the osmosensory
cells of the macula densa, which are part of the juxtaglomer
ular apparatus. They measure the concentration of sodium
and chloride ions in the lumen of the distal tubule via the
Na-K-2Cl cotransporter (52-54). Huge amounts of the filtered
sodium in the glomerulus are reabsorbed in the S1 segment
of the proximal tubule of the nephron by a transporter called
sodium-glucose cotransporter 2 (SGLT2). Inhibition of
SGLT2 in the S1 segment of the proximal tubule leads to
increased sodium at the macula densa of the distal tubule,

which causes constriction of the afferent arteriole and
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reduction of glomerular filtration pressure via paracrine sig
naling pathways (55, 56). Recent study data from patients
with type 2 diabetes mellitus (T2DM) also suggest a dilating
effect at the efferent arteriole with the same end effect of
intraglomerular pressure reduction and decreasing hyperfil
tration (57, 58). Reduction of intraglomerular pressure is a
key factor for decreasing chronic loss of kidney function. In
other words, in response to SGLT2 inhibition, less sodium
and glucose are taken up in the proximal tubules by the
SGLT2 and pass through the Henle loop, thus more sodium
and glucose are seen by the macula densa with subsequently
more adenosine generation, which increases afferent
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Figure 5. Gene expression in the lidney identified by gRT-PCR. A: Venn diagram of the differentially expressed genes from RNA-seq transcriptome for
S5/6Nx + PBO, SV6Nx + 3 mg EMPA and 5/6Nx + 15 mg EMPA groups. The cirdes represent the total number of statistically significant different genes
[P value < 0.05 and an absolute value of log2{fold-change) > 1]in 5/6 Nx + 3 mg EMPA and 5/% Nx + 15 mg EMPA groups in comparison to 5/6 Nx +
PBO in kidney according 1o RNA-seq transcriptome data. B fold-change of CI0A expression (complement component 1, Q subcomponent, A chain). C:
fold-change of C1QC expression (complement component 1, Q subcomponent, C chain). D: fold-change of FMOD expression (fibromodulin). E: fold-
change of REN expression (renin). F. fold-change of FMO2 exp ion (flavin-containing dimethylaniline monooxygenase 2). G: fold-change of RPL36
expression (ribosomal protein L36). Values displayed are means + SE. «+P < 0.01, *++P < 0.001%; ++++P < 0.0001, significantly different from S/6Nx +
PBO. EMPA, empaglifiozin; S/6Nx, 5/6 nephrectomized rat model; PBO, placebo; gRT-PCR, quantitative reverse transcription polymerase chain reaction;
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arteriole tone and decreases potentially efferent arteriole
tone, hence reducing blood flow through the glomeruli and
ultimately decreasing intraglomerular pressure (50, 51, 59).
Decreasing intraglomerular pressure is one of the key phar-
macological targets to protect the kidneys. Renin-angioten-
sin-aldosterone system (RAAS) blockers likewise protect the
Kidneys by decreasing intraglomerular pressure (60-63).
Sensing the concentration of sedium and chloride ions in
the lumen of the distal tubule via the Na* /K~ -ATPase is an
active process with ATP consumption. During ATP deple-
tion, adenosine is formed. Adenosine binds to adenosine
receptors (G-protein-coupled receptor) on the vascular
smooth muscle cells of the afferent and efferent arteriole of
the glomeruli thus reducing glomerular blood flow and intra-
glomerular pressure (64-66). Urinary adenosine excretion is
a reliably indirect way to monitor drug effects on the TGF
and was therefore used in our study (67-70). Our study was
clearly able to link SGLT2 inhibitor-associated kidney pro-
tection in a classical nondiabetic CKD model to urinary
adenosine excretion (Fig. 3). The correlation between Cer,
renal interstitial fibrosis, and glomerular size at study end
with the urinary adenosine to creatinine ratio showed for
the first time the relation between functional and structural

cos58
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hallmarks of CKD and urinary adenosine excretion as a sur-
rogate parameter of the activity of the TGF. To finally prove
the impact of an altered TGF by SGLT2 blockade on CKD out-
come parameters, the investigation of the effects of the
SGLT2 blocker in animal models without a TGF such as
adenosine-1 receptor knockout mice would be helpful. Our
current findings concerning TGF are in contrast 1o an earlier
study of our group using also the 5/6 nephrectomy animal
model and the same technical tools to investigate the empa-
gliflozin effects. The only but key difference was the salt con-
tent of the food. In the previous study we gave a high-salt
diet, whereas now we used the standard low-salt diet for rats.
Our previous study showed no effect of empaglifiozin on the
urinary adenosine excretion in 5/6 nephrectomized rats on
high-salt diet (29). The TGF mechanism as a target of SGLT2
blockade seems to be salt dependent—under high nutri-
tional salt conditions, empagliflozin-mediated nephropro-
tective effects appeared to be TGF independent, whereas
under normal salt intake, the TGF seems to play a key role
(Fig. 3).

Other studies (39, 40, 43, 71-73), however, including our
own recently published study (33), suggest that SGLT2 inhibi-
tion additionally ameliorates renal fibrosis in CKD rats by

AJP-Cell Physiol - doi10.1152/ajpcell. 005282022 « www.eipcell.org

ajpeell (094.134.248.016) oa April 27, 2023



46

5, EMPAGLIFLOZIN AND MOMDIABETIC CHROMIC KIDNEY NSEASE

limiting macrophage differentiation and reducing infiltration
of inflammatory cells and local expression of inflammatory
factors. However, findings are controversial possibly partially
due to the applied methods of investigating empagliflozin
effects on inflammation. In our previous study, for exam-
ple, we just applied single-cell RNA sequencing of the kid-
neys in a subset of animals due to budget restrictions
without confirmation of findings by a second independent
technology (33). We therefore now used a more sensitive
methed, immunofluorescence staining in all animals, o
detect the number of CD4 * and CD8* cells, as well as the
relative fluorescence unit (RFU) of CD6E ™ cells in kidney
tissues. There was no statistical difference in CD4 ™ and
CDE* T cells as well as CD68" cells between groups
(Fig. 4). Our current data are in agreement with a study
analyzing the effects of 8 wk treatment with another
SGLT2 blocker dapagliflozin of a nondiabetic CKD rat
model {73). The reasons for overall controversial findings
might be at least partially due to the methods used o
detect inflammation, the CKD models used and timing of
investigation after kidney injury as well as treatment dura-
tion with the SGLT2 blocker. Most of the previous studies
were performed in diabetic models, whereas immunohis-
tochemistry was more commonly used in nondiabetic
models (40, 43, 72). In addition, in our current study treat-
ment duration was 95 days, which is lenger than in most
other experiments. Inflammation might play no major patho-
physiolegical role at this late stage anymore. Recently just dif-
ferences in the expression of subtypes of macrophages were
seen, an overall analysis of the density of macrophages might
be a too crude tool to detect this (33). Given the complexity of
findings reported conceming the mechanism of SGLT2 inhi-
bition, we used additionally an open—nonhypothesis-driven
approach—ie., RNA sequencing followed by qRT-PCR to con-
firm findings from BNA sequencing. This strategy showed
that components of the complement system—CIQA and CIQC
mBEMNAs—were upregulated after 5/6 nephrectomy and this
was corrected by empagliflozin in a dose-dependent manner
{Fig. 5, B and ). C1QA and CIQC belong to CIQ (complement
companent 10 subcompenent), the first component of com-
plement that plays a crucial role in innate and adaptive
immune responses (74). The activation of the complement
system and the interaction between its components lead o a
complement cascade reaction. Upregulated CIQ promotes the
formation of its downstream C3 convertase (75) and stimu-
lates the release of interleukin-12 (IL-12) (75), which ultimately
produces the anaphylatoxins Cla amd CSa via a downstream
complement cascade reaction and the formation of the mem-
brane amack eomplex. C3a and C5a play an important role on
mediating the inflammatory and fibrotic process in the kid-
ney (77-80). Some studies have already shown that CIQ-med;i-
ated increased synthesis of cytokines could further contribute
to fAbrosis by amplifying the interstitial inflammatory envi-
ronment (31, 82). Interference with these mechanisms might
likewise contribute to the beneficial effects of empagliflozin
on CKD progression.

Limitations

There are still some limitations to our experiment. First of
all, the 5/6 nephrectomy model is an advanced model of

AJP-Cell Phaysio » dioi 10 N52/ ajpeell DD52R 2022 « www.ajpcell.org

chronic kidney disease, and therefore the results may not be
generalizable o early stages of chronic kidney disease. Second,
the effects of oral drugs are systemic, so there may be other
mechanisms to improve renal function beyvond the kidney,
such as improvements in cardiac function and effects on me-
tabolism, but we have only investizated the structure and
funetion of the kidney. Furthermore, some clinical trials have
shown changes in GFR over time, so that TGF may reset over
time in response to SGLT2 inhibition, but we only measured
urinary adenosine concentrations in rats at the end of the
experiment. In addition, GFR was not directly measured, but
it was roughly estimated by creatinine clearance calculated
from urinary and blood concentrations of creatinine. Our
experiments suggest two mechanisms of renoprotection by
empagliflozin—TGF-mediated effects and alerations of gene
expression of key components of the complement system:
however, we did not explore the relationship between TGF and
the complement system in further experiments, for example
by blocking the TGF or analyzing the effects of empagliflozin
in animal models without an intact TGF to observe potential
TGF-related changes in the complement system. Moreover,
the observed alterations in the mBRNA expression of CIQA and
CIQC genes could also be a secondary treatment effect, means
secondary to primary effects of empagliflozin on for example
renal fibrosis. Finally, we primarily focused on the pure effect
of the treatment with an SGLTZ blocker in this study. But the
combination of an SGLT2 blocker with an angiotensin receptor
blocker would be of pharmacological as well as pathophysio-
logical interest as well.

Conclusions

Dur experiments demonstrate that the nephroprotective
effects of empagliflozin are not limited to diabetic ne-
phropathy, but alse improve the structure and function of
nondiabetic nephropathy, including lowering serum creat-
inine, reducing proteinuria, increasing Cer, and improving
renal interstitial inflammation, renal interstitial fibrosis,
perivascular fibrosis, and glomerulosclerosis. The nephro-
pratective effect of empagliflozin was more pronounced at
higher doses (15 mg/kg/day) suggesting that this effect
may be dose-dependent. Furthermore, the effects on uri-
nary adenosine excretion suggest likewise a dose depend-
ency of the effects of empaglifiozin on the TGE. This
suggests that the TGF-mediated effects on normalization
of the glomerular pressure/glomerular hemodynamics
might contribute to the nephroprotective effects of empa-
gliflozin in a dose-dependent manner. Beyond the TGF
effects, whole genome RNA sequencing followed by gRT-
PCR of differently expressed genes in the kidneys suggest
that empagliflozin limits complement cascade-mediated
renal tissue damage in nondiabetic CKD by downregulat-
ing the expression of complement components CIQA and
CI1QC thus contributing to the SGLT2 blocker related amel-
ioration of CKD progression.
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