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Abstract

Impact Statement

Our study provided new insights into the mecha-
nism underlying the preservation of the residual
renal function and integrity of kidney parenchyma
by dapagliflozin and entresto. The results dem-
onstrated that the 5/6 nephrectomy rat receiving
deoxycorticosterone acetate and sodium chlo-
ride showed progressive renal failure, as well as
a sustained elevated blood pressure for weeks. In
vivo, dapagliflozin and entresto significantly ame-
liorated these pathological and histopathological
changes in hypertensive kidney disease (HKD) rats.
Interestingly, dapagliflozin and entresto significantly
downregulated the protein expressions of oxidative
stress/mitochondrial-damage/apoptosis/mitochon-
drial-fission/autophagy/MAPK-family biomarkers,
whereas upregulated the protein expressions of
mitochondria-biogenesis signaling. Altogether, our
findings reported for the first time that dapagliflo-
zin-entresto exerts an additional protective effect
against HKD through regulating the SIRT1/PGC-
1a-Mfn2 and cell-stress signaling.

This study tested whether combined dapagliflozin and entresto would be superior
to mere one therapy on protecting the residual renal function and integrity of
kidney parenchyma in hypertensive kidney disease (HKD) rat. In vitro results
showed that the protein expressions of oxidative-stress/mitochondrial-damaged
(NOX-1/NOX-2/oxidized-protein/cytosolic-cytochrome-C)/apoptotic (mitochondrial-
Bax/cleaved caspeases 3, 9)/cell-stress (p-ERK/p-JNK/p-p38) biomarkers were
significantly increased in H,O,-treated NRK-52E cells than those of controls that
were reversed by dapagliflozin or entresto treatment. Adult-male SD rats (n=>50)
were equally categorized into group 1 (sham-operated-control), group 2 (HKD by
5/6 nephrectomy + DOCA-salt/25 mg/kg/subcutaneous injection/twice weekly),
group 3 (HKD + dapagliflozin/orally, 20 mg/kg/day for 4 weeks since day 7 after HKD
induction), group 4 (HKD + entresto/orally, 100 mg/kg/day for 4 weeks since day 7
after HKD induction), and group 5 (HKD + dapagliflozin + entresto/the procedure
and treatment strategy were identical to groups 2/3/4). By day 35, circulatory
levels of blood-urine-nitrogen (BUN)/creatinine and urine protein/creatinine ratio
were lowest in group 1, highest in group 2, and significantly lower in group 5 than
in groups 3/4, but no difference between groups 3/4. Histopathological findings
showed the kidney injury score/fibrotic area/cellular expressions of oxidative-
stress/kidney-injury-molecule (8-OHdG+/KIM-1+) exhibited an identical trend,
whereas the cellular expressions of podocyte components (synaptopodin/ZO-1/E-
cadherin) exhibited an opposite pattern of BUN level among the groups. The protein
expressions of oxidative stress/mitochondrial-damaged (NOX-1/NOX-2/oxidized

protein/cytosolic-cytochrome-C/cyclophilin-D)/apoptotic  (mitochondrial-Bax/cleaved-caspase 3)/mitochondrial-fission (PINK1/

Parkin/p-DRP1)/autophagic (LC3BII/LC3BI ratio, Atg5/beclin-1)/MAPK-family (p-ERK/p-JNK/p-p38) biomarkers displayed a similar
pattern, whereas the protein expression of mitochondria-biogenesis signaling (SIRT1/PGC-1a-Mfn2/complex I-V) displayed an
opposite pattern of BUN among the groups. In conclusion, combined dapagliflozin-entresto therapy offered additional benefits on
protecting the residual kidney function and architectural integrity in HKD rat.
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Introduction

High blood pressure (i.e. hypertension), one of the world’s
most common human-affected illnesses, is a leading cause of
stroke, myocardial infarction, vascular disease, and chronic
kidney disease (CKD).!? The epidemiologic and clinical
observational studies have shown that hypertension and
CKD are commonly linked closely together, called hyperten-
sive kidney disease (HKD).3# Thus, HKD is realized as a med-
ical issue referred to a damage for the kidney due to chronic
high blood pressure.>* Of importance is that plentiful data
have verified that hypertension is the second leading cause
of the end-stage renal disease (ESRD) just behind the causal
etiology of diabetes mellitus worldwide.>® Basic researches
have clearly clarified that uncontrolled high blood pressure
commonly leads to high intraglomerular pressure, impair-
ing glomerular filtration which, in turn, deteriorates kidney
function and integrity of kidney macro- and micro-struc-
tures,!! resulting in progressively hypertensive nephroscle-
rosis. However, progressive decline in kidney function can
adversely lead to worsening control of blood pressure (BP),
that is, hypertension and CKD are two sides of the same
coin and always mutually affect each other (i.e. called a
destructive combination of hypertension-renal syndrome),?
ultimately progressing from CKD to ESRD.%!3 The clinical
symptoms of HKD are often observed when hypertension
is present over a decade or longer.'#15 The earliest clinical
manifestations are increased nocturia and induced onset of
proteinuria.'®!” Unfortunately, when abnormal results of
routine biochemical tests are identified, severe HKD lesions
may have formed. Even more unfortunate is that when the
HKD lesions already developed, every aggressive treatment
would be futile for the patients. Accordingly, to find an inno-
vative treatment could be of the utmost importance.
Sodium-glucose cotransporter-2 (SGLT-2) is almost exclu-
sively expressed within proximal renal tubule and accounts
for about 90% of glucose reabsorption from the tubular fluid
(from the nephron). Blocking SGLT-2 reduces glucose uptake
into circulation by blocking glucose and sodium reabsorp-
tion from renal tubules, thereby causing urinary glucose
excretion.!® Dapagliflozin (DAPA) which is a highly potent,
reversible, and selective SGLI-2 inhibitor has been accepted
worldwide for the treatment of type 2 diabetes mellitus.!%20
Intriguingly, abundant evidence has demonstrated that
DAPA has a pleiotropic effect beyond hyperglycemic control
that includes reduction of fluid volume and BP, vasodilation,
decrease in intraglomerular pressure, and improvement of
endothelial cell function, heart failure and clinical outcomes
regardless of history of coronary artery disease or CKD.?!-?
However, Entresto, a novel drug, consists of the components
of the neprilysin inhibitor (sacubitril) and the angiotensin
receptor blocker (valsartan).?® It is a first-in-class angioten-
sin receptor-neprilysin inhibitor (ARNi) drug for treating
patients with heart failure with reduced left ventricular
ejection fraction (i.e. HFrEF).282° Abundant data from large
randomized, placebo-controlled clinical trials have reported
that entresto was superior to angiotensin-converting enzyme
inhibitor for improving the congestive symptoms, left ven-
tricular function and clinical outcome in heart failure pati
ents.?830-35 In addition, growing data from clinical studies

Volume 248 December 2023

have further demonstrated that entresto therapy effectively
preserves the renal function in cardiorenal syndrome.36-38
However, whether combined DAPA and entresto treatment
would offer additional benefits on preserving the residual
renal function and outcomes in the setting of HKD has not
yet been investigated.

Materials and methods
Ethical statement

All animal procedures were approved by the Institute of
Animal Care and Use Committee at Kaohsiung Chang Gung
Memorial Hospital (Affidavit of Approval of Animal Use
Protocol No. 2020062303) and performed in accordance
with the Guide for the Care and Use of Laboratory Animals.
Animals were housed in an Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC; Frederick, MD, USA)-approved animal facility
in our hospital with controlled temperature and light cycles
(24°C and 12/12 light cycle).

MTT cell viability assay

NRK-52E, rat proximal tubule epithelial cells, were
obtained from Bioresource Collection and Research Center
(#BCRC60086, Hsinchu, Taiwan). NRK-52E were maintained
in Dulbecco’s Modified Eagle’s Medium with 4.5g/L glucose
(#12800-017, Gibco-Thermo Fisher Scientific, Grand Island,
NY, USA), 5% fetal bovine serum (#16170-078, Gibco-Thermo
Fisher Scientific), and 1% penicillin and 100 pg/mL strepto-
myecin (#15140-122 Gibco-Thermo Fisher Scientific) at 37°C in
an atmosphere containing 5% CO,. For subculture, NRK-52E
cells were detached and harvested with 0.25% trypsin-EDTA
(#25200-056, Gibco-Thermo Fisher Scientific) in every 2 to
3days.

To examine whether the concentration of 100 uM of H,O,
was optimal for exhibiting a suitable role of oxidative stress
on NRK-52E cells and the time courses of cell viability, the
MTT assay was conducted for the in vitro study. In detail,
about 2 X 103 cells in 100 uL of medium (stock in 100% EtOH
at 100 mM concentration, working in 1 mM) were seeded
into wells of a 96-well plate and incubated for the indicated
duration with or without 100 uM H,O,. At the end of incuba-
tion, MTT solution was added into each well. After incuba-
tion, the purple crystal sediment was dissolved in dimethyl
sulfoxide (DMSO) and read at 540nm in an enzyme-linked
immunosorbent assay (ELISA) reader. The absorbance value
was used to represent the cell number.

Animal model of CKD induction

Pathogen-free, adult male Sprague-Dawley (SD) rats (1 =50)
weighing 320-350g (Charles River Technology, BioLASCO
Taiwan Co. Ltd., Taiwan) were utilized in this study. The pro-
cedure and protocol of CKD induction have been reported
by our previous study.** In detail, all animals were anes-
thetized by inhalational 2.0% isoflurane, placed supine on
a warming pad at 37°C for midline laparotomies. Sham-
operated rats received laparotomy only, while CKD animals
were induced by right nephrectomy plus arterial ligation of
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upper two-third (upper and middle poles) blood supplies of
the left kidney, that is, by leaving lower third of lower pole
of kidney with normal blood supply. Such a model allowed
preservation of limited amount of functioning renal paren-
chyma and offered a simulation of CKD.

Deoxycorticosterone acetate (DOCA)-salt induced
hypertension rat model

The procedure and protocol have been described by our pre-
vious study.!” Briefly, for creating an animal model of HKD,
the CKD rats received DOCA-salt (25mg/kg of body weight
in 0.4mL of dimethylformamide by subcutaneous injection)
twice weekly and 1% NaCl in drinking water daily since day 3
after CKD induction, that is, drinking saline for nearly 5weeks.
Finally, the combination of DOCA treatment (i.e. increased
salt intake), kidney mass reduction, and chronic high BP
development is defined as HKD animal model.

Animal grouping

The animals were categorized into group 1 (sham-operated
control [SC]), group 2 (HKD only), group 3 (HKD + DAPA
[20mg/kg/day] orally for 4weeks since day 7 after HKD
induction), group 4 (HKD + entresto [100mg/kg/day] orally
for 4weeks since day 7 after HKD induction), and group
5 (HKD + DAPA + entresto/the procedure and treatment
strategy were identical to groups 2, 3, and 4).

The dosages of entresto and dapagliflozin utilized in
this study were based on our previous* and recent study,*!
respectively.

Animals in each group were euthanized by day 35 after
CKD induction, and the kidney in each animal was har-
vested for individual study after 5% isoflurane inhalation.
The kidney specimens were carefully collected for Western
blot analysis, immunohistochemical (IHC), and immuno-
fluorescent (IF) stains and HE stain, respectively.

Assessment of right femoral arterial blood
pressure (RFABP) by day 35 after HKD induction

The procedure and protocol have been reported by our previ-
ous study.® In detail, on day 35 after CKD induction, the SD
rats in all groups were anesthetized with inhalational 2.0%
isoflurane. A sterile 20-gauge, soft plastic needle was inserted
into the RFABP. The pressure signals were first transmitted
to pressure transducers (UFI, model 1050, CA, USA) and
then exported to a bridge amplifier (ML866 PowerLab 4/30
Data Acquisition Systems; ADInstruments Pty Ltd., Castle
Hill, NSW, Australia) where the signals were amplified and
digitized. The parameters were recorded and later analyzed
with the LabChart software (ADInstruments).

To assess the time courses of circulatory levels of
blood urine nitrogen (BUN) and creatinine

To determine whether the animal model of HKD was suc-
cessfully created and the treatment strategies were effec-
tive, blood samples were serially collected from vein into
BD Vacutainer Rapid Serum Tube (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA)before and after the
HKD procedure (i.e. prior to and at days 7 and 35 after HKD
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induction). Concentrations of serum creatinine and BUN
were measured using standard laboratory equipment.

Collection of 24-h urine for assessment of the ratio
of urine protein to urine creatinine

The procedure and protocol for collection of 24-h urine
for determining the ratio of urine protein to creatinine
(RuPr/uCr) have been described in our previous reports.3?42 In
detail, each animal was put into a metabolic cage (DXL-D,
space: 190 X 290 X 550, Suzhou Fengshi Laboratory Animal
Equipment Co. Ltd., China) for 24 h with free access to food
and water. Urine in 24 h was collected for all animals at base-
line and at day 35 after the CKD induction procedure.

Assessment of kidney injury score at day 35 after
HKD induction

In detail, the histopathologic scoring of kidney injury was
determined in a blinded fashion as our previous studies.**#?
Briefly, kidney specimens from all animals were fixed in
10% buffered formalin, embedded in paraffin, sectioned at
5um and stained with hematoxylin/eosin (HE) staining,
Masson'’s trichrome staining, and Picro sirius red staining
to assess tissue morphology and histopathological injury,
and collagen fibers for light microscopy. The scoring system
reflected the grading of tubular necrosis, loss of brush bor-
der, cast formation, Bowman'’s capsule and tubular dilatation
in 10 randomly chosen, non-overlapping fields (200X) as fol-
lows: 0 (none), 1 (<10%), 2 (11-25%), 3 (26-45%), 4 (46-75%),
and 5 (=76%).

IHC and IF stains

The procedure and protocol for IHC and IF staining have
been described in our previous reports.3*4? For IHC and
IF staining, rehydrated paraffin sections were first treated
with 3% H,0O, and incubated with Immuno-Block reagent
(#BSB0040, Bio SB Inc., Santa Barbara, CA, USA) for 30 min
at room temperature. Sections were then incubated with
primary antibodies specifically against smooth muscle o-
actin (a-SMA)(#A2547, 1:400, Sigma-Aldrich, Massachusetts,
USA), cytochrome C (#ab13575, 1:500, Abcam, Cambridge,
UK), HSP60 (#ab190828, 1:500, Abcam), E-cadherin
(#ab76055, 1:400, Abcam), 8-hydroxy-2-deoxyguanosine
(8-OHdG) (#ab62623, 1:500, Abcam), kidney injury molecule
(KIM)-1 (#AF3689, 1:400, R&D Systems, Minnesota, USA),
synaptopodin (#5C-21537, 1:500, Santa Cruz Biotechnology,
Santa Cruz, CA, USA), and zonula occludens-1 (ZO-1)
(#ab59720, 1:200, Abcam), followed by incubation with sec-
ondary antibodies conjugated with different fluorochromes.
IHC analysis was performed using a biotinylated secondary
antibody and streptavidin-Horseradish peroxidase (HRP),
followed by colorimetric detection using DAB (#CST-010,
Cell Signaling Technology) and counterstained with hema-
toxylin. While sections incubated with the use of irrelevant
antibodies served as controls. Three sections of kidney speci-
men from each rat were analyzed. For quantification, three
randomly chosen HPFs (200X or 400X for IHC and IF stud-
ies) were analyzed in each section. The mean number of
positively stained cells per HPF for each animal was then
determined by summation of all numbers divided by 9.
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An IHC-based or IF-based scoring system was adopted
for semi-quantitative analysis in the kidney as a percent-
age of positive cells in a blinded fashion (score of positively
stained cells for these biomarkers as: 0 =negative staining;
1=<15%; 2=16-25%; 3=26-50%; 4=51-75%; 5=>76%/per
HPF).

Flow cytometric assessment for identifying early
and late NRK-52E cell apoptosis

The percentages of viable and apoptotic cells were investi-
gated by flow cytometry using double staining of annexin
Vand propidium iodide (PI) (#556547, BD Pharmingen™
FITC Annexin V Apoptosis Detection Kit I, BD Biosciences,
Miami, FL, USA). This is a reproducible method to identify
apoptotic cells (i.e. early (annexin V+ /PI-) and late (annexin
V+/PI+) phases of apoptosis).

Detection of reactive oxygen species

After individual treatments, NRK-52E cells were then loaded
with 10 uM of mitoSOX red (#M36008, Molecular Probes-
Thermo Fisher Scientific, Eugene, OR, USA), and incu-
bated in the 5% CO2 incubator for 30 min. The cells were
washed three times with PBS (#17-517Q), Lonza Bioscience,
Basel, Switzerland) and the reactive oxygen species were
detected with flow cytometry (excitation/emission:
492-495/517-527 nm).

Western blot analysis

The procedure and protocol for Western blot analysis have
been described in our previous reports.?4? Briefly, equal
amounts (50 ug) of protein extracts were loaded and sep-
arated by SDS-PAGE using acrylamide gradients. After
electrophoresis, the separated proteins were transferred
electrophoretically to a polyvinylidene difluoride (PVDF)
membrane (#GE10600023, Sigma-Aldrich Chemie GmbH,
Germany). Nonspecific sites were blocked by incubation
of the membrane in blocking buffer (5% nonfat dry milk in
TBS-T buffer [TBS containing 0.05% Tween 20]) overnight.
The membranes were incubated with the indicated primary
antibodies (Atg5 (#12994, 1:1000, Cell Signaling Technology,
Danvers, MA, USA), mitochondrial Bax (#ab32505, 1: 1000,
Abcam), Bcl-2 (#ARG55188, 1:1000, Arigo Biolaboratories,
Hsinchu, Taiwan), beclinl (#3495, 1:1000, Cell Signaling
Technology), cleaved caspase 3 (#9665, 1: 1000, Cell Signaling
Technology), cleaved caspase 9 (#A22532, 1:1000, ABclonal
Science, Inc, Woburn, MA, USA), OXPHOS complex I-V
(#ab110413, 1:6000, Abcam), cytochrome C (#536433, 1:2000,
BD Biosciences), cyclophilin D (#ab110324, 1:1000, Abcam),
phosphorylated (p)-DRP1 (#3455, 1:1000, Cell Signaling
Technology), LC3BI/II (#ab48394, 1:2000, Abcam), phos-
phorylated (p)-ERK1/2 (#442685, 1:1000, Merck Millipore,
Burlington, MA, USA), phosphorylated (p)-JNK (#ab112501,
1:1000, Abcam), NOX-1 (#5SAB4200097, 1: 1500, Sigma-
Aldrich), NOX-2 (#SAB42000118, 1: 1000, Sigma-Aldrich),
Mfn2 (#9482, 1:1000, Cell Signaling), phosphorylated (p)-
p38 (#M8177, 1:3000, Sigma-Aldrich), Parkin (#ab77924,
1:1000, Abcam), PGC-1(#ab54481, 1:1000, Abcam), and
PINK1(#ab23707, 1:1000, Abcam)) for 1h at room tem-
perature. Horseradish peroxidase-conjugated anti-rabbit
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immunoglobulin IgG (1:2000, Cell Signaling Technology)
was used as a secondary antibody for 1-h incubation at
room temperature. The membrane was washed eight times
with TBS-T buffer. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL; Amersham
Biosciences, Amersham, UK) and exposed to Biomax L film
(Kodak, Rochester, NY, USA). For quantification, ECL sig-
nals were digitized using Labwork software (UVP, Waltham,
MA, USA).

Statistical analysis

Quantitative data were expressed as mean * SD. Statistical
analysis was adequately performed by ANOVA followed
by Bonferroni multiple-comparison post hoc test. Statistical
analysis was performed using SPSS statistical software for
Windows version 22 (SPSS for Windows, version 22; SPSS,
IL, USA). A value of P <0.05 was considered as statistically
significant.

Results

Cell viability, protein expressions of MAPK family
signaling and mitochondrial damaged marker
and apoptosis in NRK-52E cells undergoing H,0,
treatment (Figure 1)

To test whether the dose of H,0O, (100 uM) was optimal for
playing the role of oxidative stress, the NRK-52E cells were
categorized into NRK-52E only and H,O,-treated NRK-52E.
The results of cell viability at time points of 24, 48, and 72h
were significantly suppressed in the H,O,-treated NRK-52E
as compared with NRK-52E only, implicating that such a
concentration of H,O, was suitable for the following in vitro
studies (Figure 1(A) to (C)).

To verify the oxidative-stress regulated MAPK family
signaling played a crucial role on cell death, the NRK-52E
cells were categorized into G1 (NRK-52E cells only), G2
(NRK-52E cells + H,O, [100 uM] co-cultured for 6 h, fol-
lowed by washing and continuously cultured for 48h), G3
(NRK-52E cells + H,O, [100 uM] co-cultured for 6 h, fol-
lowed by washing and adding DAPA [50 pM] co-cultured
for 48h), and G4 (NRK-52E + H,O, [100 uM] co-cultured
for 6h, followed by washing and adding sacubitril /valsar-
tan [12.5 uM] [i.e. the component of entresto] co-cultured
for 48h), respectively. The result showed that the protein
expressions of cytochrome C, an indicator of mitochondrial
damage, and cleaved caspase 9, an index of apoptosis, were
significantly higher in G2 than in other groups and signifi-
cantly lower in G1 than G3 and G4, but they showed no dif-
ference between G3 and G4, whereas the protein expression
of mitochondrial cytochrome showed an opposite pattern of
cytosolic cytochrome C among the groups (Figure 1(G) to
(I)). However, the protein expressions of p-ERK1/2, p-JNK
and p-p38, three indicators of MAPK family, exhibited an
identical pattern of apoptotic marker among the four groups
(Figure 1(D) to (F)).

To verify the cellular levels of apoptosis, the flow cyto-
metric analysis was utilized in the in vitro study. The result
demonstrated that the early and late apoptosis were lowest
in G1, highest in G2 and significantly lower in G4 than in G3
(Figure 1(J) to (N)).
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Figure 1. Cell viability and protein expressions of MAPK family signaling, apoptosis and cytochrome C in cytosol and mitochondria and flow cytometric analysis for
identification of early and late apoptosis. (A) Cell viability by 24 h, * versus 1, P <0.001. (B) Cell viability by 48h, * versus 1, P <0.001. (C) Cell viability by 72h, * versus
1, P<0.001. n=6 for each group (i.e. A to C). (D) Protein expression of phosphorylated (p)-ERK1/2, * versus other group with different symbols (1, £), P <0.001. (E)
Protein expression of p-JNK, * versus other group with different symbols (1, ), P <0.001. (F) Protein expression of p-p38, * versus other group with different symbols
(T, ), P <0.001. (G) Protein expression of cleaved caspase 9 (c-Casp9), * versus other groups with different symbols (t, ¥), P <0.001. (H) Protein expression of
cytosolic cytochrome C (cyt-CytoC), * versus other groups with different symbols (1, £), P <0.001. (I) Protein expression of mitochondrial cytochrome C (mit-CytoC), *
versus other groups with different symbols (t, ), P<0.001. n=3 for each group (i.e. D to I). (J to M) lllustrating the flow cytometric analysis for determining the early
and late apoptosis. (N) Flow cytometric result of early (AN-V+/PI-) apoptotic cells, * versus other group with different symbols (1, %, §), P <0.0001. Flow cytometric
result of late (AN-V+/P1+) apoptotic cells, * versus other group with different symbols (1, , §), P <0.0001. n=6 for each group (i.e. J and K). All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, 1, ) indicate significance for each other (at 0.05 level).
G1=NRK-52E; G2=NRK-52E cells + H,0,; G3=NRK-52E cells + H,O, + dapagliflozin; G4 =NRK-52E H,O, + sacubitril/valsartan.

Protein expressions of oxidative stress and (i.e. p-Cresol (an oxidative-stress compound) + H,0,) of
apoptosis in NRK-52E cells undergoing the two oxidative-stress damage, the cells were categorized into

components of oxidative-stress stimulation (Figure 2) G5 (NRK-52E cells only), G6 (NRK-52E cells + H,O, [100
Next, to elucidate whether combined dapagliflozin + uM] + p-Cresol [50 pM] co-cultured for 48h), G7 (NRK-52E
sacubitril /valsartan was better than mere one treatment cells +H,0, [100 pM] + p-Cresol [50 uM] + DAPA[50 uM] co-
on protecting the NRK-52E cells against two combinations cultured for 48 h), G8 (NRK-52E + H,0, [100 uM] + p-Cresol
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[50 uM] + sacubitril /valsartan [12.5 uM] co-cultured for 48 h)
and G9 (NRK-52E + H,0O, + p-Cresol + combined DAPA and
sacubitril/valsartan co-cultured for 48h), respectively. The
western blot analysis demonstrated that the protein expres-
sions of mitochondrial Bax and cleaved caspase 3, two indi-
cators of apoptosis, were lowest in G5, highest in G6 and
significantly lower in G9 than in G7 and G8, but they did not
differ between G7 and G8 (Figure 2(A) and (B)). In addition,
the oxidized protein expression, an indicator of oxidative
stress, exhibited an identical pattern of apoptosis among the
groups, whereas the protein expressions of NOX-1, NOX-
2, and oxidized protein, another three indices of oxidative
stress, were lowest in G5, highest in G6, significantly lower
in G9 than in G7 and G8, and significantly lower in G8 than
G7 (Figure 2(D) to (F)). However, protein expression of Bcl-2,
an indicator of anti-apoptosis, displayed an opposite pattern
of apoptosis among the groups (Figure 2(C)).

To detect the expression of mitochondrial reactive oxygen
species (ROS), the flow cytometric analysis was analyzed,
followed by mitoSOX dye staining. As we expected, mean
fluorescent intensity of mitoSOX (i.e. indicated the ROS
expression) exhibited an identical pattern of mitochondrial
Bax among the groups (Figure 2(G)).

Time courses of circulatory levels of BUN and
creatinine and RuP"uCr, right femoral arterial blood
pressure (RFABP) and kidney injury score by day
35 after CKD induction (Figure 3)

Based on the results of our in vitro study, we then designed
an HKD animal model to test the therapeutic role of dapa-
gliflozin-entresto on protecting the residual renal function
and integrity of kidney parenchyma. At baseline, the circu-
latory levels of BUN and creatinine and the Rv"/v¢r did not
differ among the groups 1 (SC), 2 (HKD), 3 (HKD + DAPA),
4 (HKD + entresto), and 5 (HKD + DAPA + entresto).
However, by day 35 after CKD induction, these three param-
eters were lowest in group 1, highest in group 2 and signifi-
cantly higher in groups 3 and 4 than in group 5, but they did
not differ between groups 3 and 4 (Figure 3(A) to (F)).

By day 35 prior to euthanizing the animals, the RFABP was
measured in each group. The result showed that the RFABP
was significantly higher in group 2 than in other groups, sig-
nificantly higher in groups 3 and 4 than in groups 1 and 5 and
significantly higher in group 5 than in group 1, but it showed
no difference between groups 3 and 4 (Figure 3(G)).

By day 35 after CKD induction, we collected the kidney
specimen for histopathological analysis of kidney damage.
The result showed that the kidney injury score exhibited
an identical pattern of day-35 circulating level of creatinine
among the groups (Figure 3(H) to (M)).

Impact of dapagliflozin and entresto on protein
levels of oxidative stress, apoptosis and cell-
stress/death signaling by day 35 after CKD
induction (Figure 4)

To elucidate whether dapagliflozin and entresto thera-
pies would inhibit the oxidative stress and attenuate the
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apoptosis and fibrosis in kidney parenchyma, Western blot
was utilized for this study. The result showed that the pro-
tein expressions of NOX-1 and NOX-2, two indicators of
oxidative stress, and protein expressions of mitochondrial
Bax and cleaved caspase 3, two indicators of apoptosis, were
lowest in group 1, highest in group 2 and significantly higher
in groups 3 and 4 than in group 5, but they showed no differ-
ence between groups 3 and 4, whereas the protein expression
of Bcl-2, an indicator of anti-apoptotic biomarker, exhibited
opposite pattern of apoptosis among the groups (Figure 4(A)
to (E)).

Further, to elucidate whether the protein expressions of
cell-stress/death signaling of in vivo situation were com-
parable with those of in vitro study, the Western blot anal-
ysis was utilized again. The result demonstrated that the
protein expressions of p-ERK1/2, p-JNK and p-p38, three
cell-stress biomarkers, exhibited a similar pattern of NOX-1,
implicating a cellular intrinsic response to the unfavorable
environmental stimulation that was attenuated by dapagli-
flozin-entresto treatment (Figure 4(F) to (H)). Based on our
in vitro and in vivo results, we, therefore, schematically illus-
trated a proposed underlying mechanism of the crucial role-
played by cell-stress signaling on kidney damage in setting
of HKD (Figure 5).

Impact of dapagliflozin and entresto on protein
expressions of electron transport chain,
autophagy, mitochondrial damage, mitophagy
regulators and mitochondrial dynamic biogenesis
by day 35 after CKD induction (Figures 6 and 7)

It is well known that DOCA-salt induced hypertension,
especially in setting of HKD, actively involves in oxidative
stress that would in turn induce mitochondrial damage.*
Hence, to elucidate the impact of dapagliflozin and entresto
on regulating the above-mentioned signaling, the Western
blot analysis was utilized. The result showed that the pro-
tein expressions of complexes I, II, III, and V, the electron
transport chain, were highest in group 1, lowest in group
2 and significantly higher in group 5, but they showed no
difference between groups 3 and 4 (Figure 6(A) to (D)). In
addition, the protein expressions of ratio of LC3B-II/LC3B-],
Atg5 and beclin 1, three indicators of autophagy, exhibited
an opposite manner of electron transport chain among the
five groups (Figure 6(F) and (G)). Furthermore, the protein
expressions of cytosolic cytochrome C, cyclophilin D, and
DRP1, three indicators of mitochondrial damaged markers,
exhibited a similar pattern of autophagy (Figure 6(H) to (J)),
whereas the protein expression of mitochondrial cytochrome
C, an indicator of mitochondrial integrity, exhibited an oppo-
site manner of cytosolic cytochrome C among the groups
(Figure 7(A)).

Interestingly, when looked at the energy biogenesis and
mitochondrial dynamic biomarkers, we found that the pro-
tein expression of PGC-1a, a signaling promoting mitochon-
drial functional recovery, exhibited an identical pattern of
mitochondrial cytochrome C among the five groups (Figure
7(B)). In addition, the protein expression of Mfn2 (i.e. an
indicator of mitochondrial fusion) exhibited an identical
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expression of mitochondrial Bax (mit-Bax), * versus other group with different symbols (1, £, §), P <0.0001. (B) Protein expression of cleaved caspase 3 (c-Casp3),
* versus other group with different symbols (1, 1, §), P<0.0001. (C) Protein expression of Bcl-2, * versus other group with different symbols (1, %, §), P <0.0001.

(D) Protein expression of NOX-1, * versus other group with different symbols (1, ¥, §, 1)), P<0.0001. (E) Protein expression of NOX-2, * versus other group with
different symbols (1, £, §, 1)), P <0.0001. (F) The oxidized protein expression, * versus other groups with different symbols (1, 1, §), P<0.001 (Note: the left and right
lanes shown on the upper panel represent protein molecular weight marker and control oxidized molecular protein standard, respectively.) M.W.=molecular weight;
DNP =1-3 dinitrophenylhydrazone. n=3 for each group (i.e. A to F). (G) Flow cytometric analysis for identification of mitochondrial reactive oxygen species (ROS)
(i.e. mean fluorescent intensity of mitoSOX [AU]), * versus other group with different symbols (1, £, §), P <0.0001 (n=6 for each group). All statistical analyses were
performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test. Symbols (*, 1, , §) indicate significance for each other (at 0.05 level). G5
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valsartan); G9 (NRK-52E + H,0, + p-Cresol + combined dapagliflozin; and sacubitril/valsartan).

Based on the findings of Figures 6 and 7, we, therefore, sche-
matically illustrated a proposed underlying mechanism of the
important roles of oxidative stress/mitochondrial hemostasis
signaling on kidney damage in setting of HKD (Figure 5).

manner of complex I-IV, whereas the protein expressions of
PINK1 and Parkin, two indicators of mitochondrial fission
that mediate the mitophagy, exhibited an opposite pattern of
Mfn2 among the groups (Figure 7(C) to (E)).
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En: entresto.

Impact of dapagliflozin and entresto on cellular
levels of fibrosis and collagen deposition by day
35 after CKD induction (Figure 8)

We were also interested in the cellular levels of kidney ultra-
structure in setting of HKD, the IHC microscope was uti-
lized in this study. The result demonstrated that fibrotic and
collagen-deposition areas were lowest in group 1, highest in

group 2 and significantly higher in groups 3 and 4 than in
group 5, but they showed no difference between groups 3
and 4, implicating the HKD induced fibrosis and collagen-
deposition areas in kidney parenchyma that could be mark-
edly suppressed by dapagliflozin or entresto treatments and
even more markedly suppressed by combined dapagliflozin
and entresto therapy (Figure 8).
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Impact of dapagliflozin and entresto on cell-cell
contact component in renal tubules and small
vessel density in kidney parenchyma by day 35
after CKD induction (Figure 9)

It is well recognized that the E-cadherin is abundantly
expressed in most segments of the nephron for the purpose
of maintaining cell-cell adhesion. The result of the present
in vivo study demonstrated that the cellular expression of
E-cadherin (situated predominantly in renal tubular epithe-
lial cells) and number of small vessel (i.e. < 25uM) in the kid-
ney parenchyma, were highest in group 1, lowest in group

2 and significantly lower in groups 3 and 4 than in group
5, but they showed no difference between groups 3 and 4
(Figure 9).

Impact of dapagliflozin and entresto on cellular
expressions of podocyte components in glomeruli
of kidney parenchyma by day 35 after CKD
induction (Figure 10)

The link between podocyte damage and proteinuria has
been well recognized in CKD setting. To elucidate whether
dapagliflozin-entresto therapy would effectively preserve
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Figure 5. Schematically illustrated the proposed underlying mechanism of DAPA-entresto therapy on protecting the renal tubular cells and integrity of kidney
parenchyma against HKD through downregulating oxidative-stress and cell-stress signaling-medicated mitochondrial dynamic hemostasis.

the integrity of the podocyte components, the IF microscope
was utilized for the investigation. The result showed that the
cellular expressions of ZO-1 and synaptopodin, two podo-
cyte components predominantly located in glomeruli, were
highest in group 1, lowest in group 2 and significantly higher
in group 5 than in groups 3 and 4, but they were similar in
the latter two groups. These findings could explain why the
proteinuria was significantly lower in group 3 and 4 and
further significantly lower in group 5 as compared with that
of group 2 (Figure 10).

Impact of dapagliflozin and entresto on cellular
expressions of renal tubular and oxidative DNA
damage in kidney parenchyma by day 35 after CKD
induction (Figure 11)

It is well-known 8-hydroxy-2'-deoxyguanosine (8-OHdG), a
product of oxidative damage to 2'-deoxyguanosine, is well
recognized as an essential marker for evaluating oxidative
DNA damage. The result of IHC microscopic finding dem-
onstrated that the cellular expression of 8-OHdG, predomi-
nantly localized in renal epithelial cells, was lowest in group
1, highest in group 2 and significantly higher in groups 3
and 4 than in group 5, but it showed no difference between

groups 3 and 4 (Figure 11(A) to (F)). In addition, the cel-
lular expression of KIM-1, predominantly situated in renal
tubules, displayed an identical pattern of 8-OHdG among
the groups, implicating that dapagliflozin-entresto therapy
effectively protected the renal tubular cells against HKD
damage (Figure 11(G) to (L)).

Impact of dapagliflozin and entresto on cellular
level of mitochondrial cytochrome C expression of
in vitro and in vivo studies (Figures 12 and 13)

It is well known that as compared with glomerulus cells,
the proximal renal tubular cells contain much higher mito-
chondria for purposes of active transport of glucose, ions,
and nutrients. To clarify whether dapagliflozin and entresto
treatments would affect the mitochondrial cytochrome C
expression, an indicator of integrity of mitochondria, we once
again utilized the high-power filed of IF microscopic find-
ing. As we expected, both therapies preserved the integrity
of mitochondria in NRK-52E cells (i.e. a rat renal proximal
tubular cell line) against the oxidative stress damage (Figure
12). Identically, in the in vivo study, we also found that these
two therapies protected the mitochondrial integrity in renal
tubular cells against the CKD damage (Figure 13).
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Figure 6. Impact of dapagliflozin and entresto on protein levels of electron transport chain, autophagy, and mitochondrial damage by day 35 after CKD induction.

(A) Protein expression of complex |, * versus other groups with different symbols (t, %, §), P <0.0001. (B) Protein expression of complex Il, * versus other groups with
different symbols (1, £, §), P <0.0001. (C) Protein expression of complex I, * versus other groups with different symbols (1, £, §), P <0.0001. (D) Protein expression
of complex V, * versus other groups with different symbols (1, %, §), P <0.0001. (E) Protein expressions of ratio of LC3B-1I/LC3B-I, * versus other groups with different
symbols (1, £, §), P <0.0001. (F) Protein expression of Atg5, * versus other groups with different symbols (1, %, §), P <0.0001. (G) Protein expression of beclin 1, *
versus other groups with different symbols (1, , §), P <0.0001. (H) Protein expression of cytosolic cytochrome C (cyt-CytoC), * versus other groups with different
symbols (1, £, §), P <0.0001. (I) Protein expression of cyclophilin D (cyc-D), * versus other groups with different symbols (1, 1, §), P <0.0001. (J) Protein expression of
DRP1, * versus other groups with different symbols (1, £, §), P <0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n=6 for each group). Symbols (*, 1, f, §) indicate significance for each other (at 0.05 level). SC: sham control; HCKD: hypertensive chronic
kidney disease; DAPA: dapagliflozin; En: entresto.
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Figure 7. Impact of dapagliflozin and entresto on protein expressions of mitochondrial integrity, mitophagy regulators and mitochondrial dynamic biogenesis by day 35
after CKD induction. (A) Protein expression of mitochondrial cytochrome C (mit-CytoC), * versus other groups with different symbols (1, %, §), P <0.0001. (B) Protein
expression of protein expressions of PGC-1a., * versus other groups with different symbols (1, , §), P <0.0001. (C) Protein expression of Mfn2, * versus other groups
with different symbols (t, %, §), P <0.0001. (D) Protein expression of PINK1, * versus other groups with different symbols (t, £, §), P <0.0001. (E) Protein expression
of Parkin, * versus other groups with different symbols (1, 1, §), P <0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n=6 for each group). Symbols (*, 1, £, §) indicate significance for each other (at 0.05 level). SC: sham control; HKD: hypertensive kidney

disease; DAPA: dapagliflozin; En: entresto.

Discussion

This study exploring the impact of dapagliflozin and entresto
therapies on protecting the kidney functional and architec-
tural integrities against HKD damage delivered several strik-
ing implications. Frist, dapagliflozin and entresto therapies
significantly preserved and these two regimens combined
even more significantly preserved residual renal function
and ameliorated proteinuria and systolic blood pressure
in HKD animals than in those of HKD animals without
receiving any treatment. Second, both in vitro and in vivo
studies demonstrated that renal tubular cells which always
serve as active transporters (i.e. consume high amount of
energy) obtained great benefits from dapagliflozin-entresto
treatment through upregulation of Mfn2 (i.e. maintained
mitochondrial homeostasis). Third, this study proved that
combined dapagliflozin and entresto treatment could offer
synergic effect on protecting the kidney functional and
parenchymal integrities. Finally, the results of this study (i.e.
from both in vitro and in vivo studies) delineated the under-
lying mechanism of the initiation and propagation of HKD
induced kidney damage and highlighted the most effective
therapeutic innovation (referred to Figure 5).

To this day, the preventive treatment of HKD into ESRD
is still regrettably an unmet need, suggesting the treat-
ment of HKD to safeguard the kidney for further damage

remains a formidable challenge. Interestingly, our recent
finding demonstrated that combined dapagliflozin-entresto
offered additional benefits on protecting the heart function
against ischemia-reperfusion injury.*! It is well recognized
that cardiovascular disease (CVD) and CKD usually share
the majority of risk factors, suggesting CVD and CKD are
two sides of the same coin. Based on this concept and the
findings of our recent report,*! we therefore designed the
current study. The most important finding in this study
was that the circulatory BUN and creatinine levels and the
RuPr/uCr (j.e. functional integrity) as well as the histopatho-
logical findings of ultrastructural feature damage (i.e. kid-
ney injury score and fibrosis) were substantially reduced by
dapagliflozin and entresto therapies and more substantially
reduced by these two regimens combined in those of HKD
animals. In this way, our recent study*' and the results of this
study highlighted the distinctively therapeutic potential of
dapagliflozin and entresto, especially when utilization of
this combination therapy would offer unexpected benefits
for setting of HKD in rat.

An association between increased oxidative-stress and
mitochondrial damage has been fully investigated.* A prin-
cipal finding from both in vitro and in vivo studies was that
the oxidative stress (i.e. NOX-1, NOX-2, oxidized protein,
and 8-OHdG) and mitochondrial damaged biomarkers (i.e.
DRP1, cyclophilin D, and cytosolic cytochrome C) were
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Figure 8. Impact of dapagliflozin and entresto on cellular levels of fibrosis and collagen deposition by day 35 after CKD induction. (A to E) lllustrating the microscopic
finding (100X) of Masson’s trichrome stain for identification of fibrotic area (blue color). (F) Analytical result of fibrotic area, * versus other group with different symbols
(1, $, §), P<0.0001. (G to K) lllustrating the microscopic finding (100X) of Sirius red stain for identification of collagen-deposition area (pink). (L) Analytical result of
collagen-deposition area, * versus other group with different symbols (1, £, §), P <0.0001. Scale bar in right lower corner represents 100pm. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, 1, £, §) indicate significance for each
other (at 0.05 level). SC: sham control; HCKD: hypertensive chronic kidney disease; DAPA: dapagliflozin; En: entresto.

remarkably increased in HKD group as compared with the
SC group. These findings could, at least in part, explain why
the function and renal parenchyma were notably damaged
in HKD group as compared with the SC group.

It is well recognized that PGC-1a participates in energy
biogenesis via upregulating the expression of Mfn2

which regulates mitochondrial dynamic homeostasis.*
Interestingly, a previous study has identified that SIRT1/
PGC-1a signaling plays a cardinal role on maintaining mito-
chondrial functional integrity and increasing mitochondrial
biogenesis, resulting in protecting the brain integrity in
rat after intracranial hemorrhage.*® An essential finding in
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Figure 9. Impact of dapagliflozin and entresto on cell-cell contact component in renal tubules and small vessel density in kidney parenchyma by day 35 after CKD
induction. (A to E) lllustrating the microscopic finding (200x) of immunohistochemical (IHC) stain for identification of cellular expression of the E-cadherin (gray color).
(F) Analytical result of score expression of E-cadherin, * versus other group with different symbols (1, 1, §, 1)), P <0.0001. (G to K) lllustrating the microscopic finding
(200x) of alpha-smooth muscle actin stain for identification of expression of small vessels (i.e.< 25uM of diameter) (gray color). (L) Analytical result of small number
of vessels, * versus other group with different symbols (1, 1, §), P <0.0001. Scale bar in right lower corner represents 50pm. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, 1, 1, §, 1)) indicate significance for each other (at 0.05
level). SC: sham control; HKD: hypertensive kidney disease; DAPA: dapagliflozin; En: entresto.

this study was that the SIRT1/PGC-1a signaling and Mfn2
biomarker in kidney tissues were remarkably suppressed
whereas the biomarkers of PINK1 and Parkin were remark-
ably increased in HKD group than in SC group. In addition,
when looked at the cellular (i.e. NRK-52E cells) expression of
mitochondrial cytochrome C, we found that this parameter

was markedly depleted by H,O, (i.e. oxidative stress) treat-
ment. Collectively, when inspected expression of mitochon-
drial cytochrome C in the renal tubular cells in rat kidney,
we also observed that this biomarker was remarkably dimin-
ished in HKD animals. Our findings proposed that oxidative
stress damaged the renal tubular cells and the integrity of
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Figure 10. Impact of dapagliflozin and entresto on cellular expressions of podocyte components in glomeruli of kidney parenchyma by day 35 after CKD induction.

(A to E) Showing the microscopic finding (200X) of immunofluorescent (IF) stain for identification of cellular expression of ZO-1 (green color). (F) Analytical result of
fluorescent intensity of ZO-1, * versus other group with different symbols (1, %, §), P<0.0001. (G to K) Showing the IF microscopic finding (200X) for identification of
cellular expression of synaptopodin (green color). (L) Analytical result of fluorescent intensity of synaptopodin, * versus other group with different symbols (t, %, §),

P <0.0001. Scale bar in right lower corner represents 50pum. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n=6 for each group). Symbols (*, 1, %, §) indicate significance for each other (at 0.05 level). SC: sham control; HKD: hypertensive kidney disease; DAPA:

dapagliflozin; En: entresto.

kidney parenchyma as well as deteriorated the renal func-
tion through downregulating the SIRT1/PGC-1a-Mfn2 sign-
aling (referred to Figure 5).

Intriguingly, a lot of previous studies have established
that cell-stress signalings are frequently activated in tis-
sue/organ damage in response to ischemia or inflamma-
tory stimulations.## In addition, an association between

upregulation of cell-stress signaling biomarkers and unfa-
vorable outcomes has also been identified by these stud-
ies. 4% Another essential finding in this study was that the
cell-stress biomarkers (i.e. p-ERK1/2, p-JNK, and p-p38)
were notably increased in HKD group than in the SC coun-
terpart. Importantly, the apoptotic and autophagic biomark-
ers were discovered to be concomitantly upregulated with
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Figure 11. Impact of dapagliflozin and entresto on cellular expressions of renal tubular and oxidative DNA damage in kidney parenchyma by day 35 after CKD
induction. (A to E) lllustrating the microscopic finding (200x) for identification of cellular expression of 8-hydroxy-2'-deoxyguanosine (8-OHdG), i.e. an oxidative DNA
damage marker (gray color). (F) Analytical result of score expression of 8-OHdG, * versus other group with different symbols (1, , §), P <0.0001. (G to K) lllustrating
the immunofluorescent microscopic finding (200x) for identification of cellular expression of kidney injury molecule (KIM)-1. (L) Analytical result of score expression of
KIM-1,* versus other group with different symbols (1, £, §), P <0.0001. Scale bar in right lower corner represents 50pm. All statistical analyses were performed by one-
way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, 1, 1, §) indicate significance for each other (at 0.05 level).
SC: sham control; HKD: hypertensive kidney disease; DAPA: dapagliflozin; En: entresto.
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Figure 12. Impact of dapagliflozin and entresto on cellular level of
mitochondrial cytochrome C expression in NRK-52E cells. (A to D) lllustrating
the immunofluorescent (IF) microscopic finding (400X) for identification of
mitochondrial cytochrome C + cells (green color) in NRK-52E cells. (E to

H) lllustrating IF microscopic finding (400) for identification of heat shock
protein 60 (HSP60) + cells (red color) in NRK-52E cells. (I to L) lllustrating IF
microscopic finding (400x) of merged cytochrome C and HSP60 positively
stained cells (i.e. double stain) for identification of cytochrome C in mitochondria
(i.e. green-red color). Blue color indicated nuclei stained by DAPI. (M) Analytical
result of number of mitochondrial cytochrome C + cells in NRK-52E cells,

* versus other group with different symbols (1, ), P <0.001. Scale bars in

right lower corner represent 20pm. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test
(n=>5 for each group). Symbols (*, 1, }) indicate significance for each other

(at 0.05 level). G1=NRK-52E; G2=NRK-52E cells + H,0,; G3=NRK-52E

cells + H,O, + dapagliflozin; G4=NRK-52E H,0, + sacubitril/valsartan.

those of cell-stress signaling (referred to Figure 5). Our find-
ings, in addition to supporting the findings of the previous
reports,¥ could partially explain why the renal function
and kidney parenchyma were markedly impaired in the for-
mer group than in the latter one.

Of paramount important finding in this study was that
the above-mentioned perturbations were significantly
reversed by dapagliflozin and entresto and further signifi-
cantly reversed by combined dapagliflozin-entresto treat-
ment, implicating that there could be a synergic effect from
this combined regimen. Elaborated so far, the readers would
be interested in knowing how the synergic effect is offered
by dapagliflozin-entresto on protecting the residual renal
function and integrity of kidney architecture. Perhaps, three
reasons could be utilized to explain this issue. First, basic
research already helps us to understand that angiotensin II
type I receptor blockers (ARBs) lead both glomerulus affer-
ent and efferent arteries to dilate, resulting in an increased
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Figure 13. Impact of dapagliflozin and entresto on cellular level of mitochondrial
cytochrome C expression in renal tubular cells of rat kidney. (A to E) lllustrating
the immunofluorescent (IF) microscopic finding (800) for identification of
mitochondrial cytochrome C + cells (green color) in renal tubular cells. (F to

J) lllustrating IF microscopic finding (800X ) for identification of heat shock
protein 60 (HSP60) + cells (red color) in renal tubular cells. (K to O) lllustrating
IF microscopic finding (800) of merged cytochrome C and HSP60 positively
stained cells (i.e. double stain) for identification of cytochrome C in mitochondria
(i.e. green-red color). Blue color indicated nuclei stained by DAPI. (P) Analytical
result of number of mitochondrial cytochrome C + cells in renal tubular cells,

* versus other group with different symbols (1, £, §), P<0.001. Scale bars in
right lower corner represent 20 pm. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=6
for each group). Symbols (*, 1, £, §) indicate significance for each other (at 0.05
level). All statistical analyses were performed by one-way ANOVA, followed by
Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols

(*, 1, $, §) indicate significance for each other (at 0.05 level). SC: sham control;
HKD: hypertensive kidney disease; DAPA: dapagliflozin; En: entresto.

glomerulus filtration rate. However, this would increase
the intra-glomerulus pressure that may pose as a potential
risk for glomerulus-apparatus damage in some situations.
However, the dapagliflozin therapy would reduce the blood
flow into the intra-glomerulus through just right restriction
of the afferent artery dilatation, resulting in not only reduc-
ing the glomerulus pressure but also keeping an adequate
blood flow from intra-glomerulus into the efferent artery.
These two drugs which worked complementarily together,
called synergic effect, indeed significantly preserved the
integrity of podocyte components (i.e. ZO-1, synaptopodin)
which could explain why the proteinuria was markedly
reduced in HKD after receiving the dapagliflozin-entresto
therapy. Second, the pharmacokinetic property of dapagliflo-
zin and entresto comparably attenuates the blood pressure
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through vasodilatation and regulation of circulatory B-type
Natriuretic Peptide level. These could protect the integrity
of kidney parenchyma and could explain why the RFABP
was most effectively reduced by the combined dapagliflo-
zin and entresto treatment. Third, physiologically, the proxi-
mal and distal renal tubules depend on efficient oxidative
capacity to facilitate the active transport of glucose, ions,
and nutrients. Therefore, abundance of mitochondria in the
distal and proximal tubules is necessary for maintaining the
energy demands, making them less susceptible to oxidative-
stress damage. Pathologically, such as the setting of HKD,
the mitochondrial damage by oxidative stress which in turn
would lead to even more damage to renal tubular cells. This
distinctively pathological feature could explain why in vitro
and in vivo studies demonstrated that the mitochondrial
cytochrome C in renal tubular cells (Figure 11 and 12) and
the protein levels of apoptosis (i.e. in index of cell death in
both in vitro and in vivo) and KIM-1 in kidney specimen were
markedly reduced in HKD animals. This study has limita-
tions. First, the dosages of dapagliflozin and entresto were
not assessed by stepwise increase in concentrations. Thus,
this study did not provide detailed information regarding
which were the optimal dosages of dapagliflozin-entresto
for protecting the kidney against HKD damage. Second, the
hypoglycemic effect of dapagliflozin on the renoprotection
and benefit of entresto on the cardiac protection was not
tested in this study. Thus, we did not know if the synergistic
effect of dapagliflozin-entresto on the preservation of renal
function and structure came from the two aforementioned
mechanisms. Third, currently, there is no large randomized
clinical trial testing that whether dapagliflozin or entresto
therapy is safe or not for the ESRD patients. Therefore, our
HKD animal model which was not a model of ESRD still left
the question unanswered.

In conclusion, the results of this study demonstrated
dapagliflozin-entresto effectively protected the renal func-
tion and the integrity of kidney architecture through regulat-
ing the SIRT1/PGC-1a-Mfn2 and cell-stress signaling.
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