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Aims: Renin-angiotensin system (RAS) and natriuretic peptides system (NPS) perturbations govern the devel-
opment of diabetic nephropathy (DN). Hence, in search of a novel therapy against DN, present study targeted
both, NPS and RAS simultaneously using a neprilysin inhibitor (NEPi) in combination with either angiotensin
receptor blocker (ARB) or angiotensin-converting enzyme 2 (ACE2) activator.

Methods: We induced diabetes in male Wistar rats by a single dose of streptozotocin (55 mg/kg, i.p.). After four
weeks, we treated diabetic rats with thiorphan, telmisartan or diminazene aceturate (Dize) 0.1, 10, 5 mg/kg/
day, p.o. alone as monotherapy, or both thiorphan/telmisartan or thiorphan/Dize as combination therapy, for
four weeks. Then, plasma and urine biochemistry were performed, and kidneys from all the groups were col-
lected and processed separately for histopathology, ELISA and Western blotting.

Key findings: Proposed combination therapies attenuated metabolic perturbations, prevented renal functional
decline, and normalised adverse alterations in renal ACE, ACE2, Ang-1II, Ang-(1-7), neprilysin and cGMP levels in
diabetic rats. Histopathological evaluation revealed a significant reduction in glomerular and tubulointerstitial
fibrosis by combination therapies. Importantly, combination therapies inhibited inflammatory, profibrotic and
apoptotic signalling, way better than respective monotherapies, in preventing DN.

Conclusion: Renoprotective potential of thiorphan (NEPi)/telmisartan (ARB) and thiorphan/Dize (ACE2 acti-
vator) combination therapies against the development of DN is primarily attributed to normalisation of RAS and
NPS components and inhibition of pathological signalling related to inflammation, fibrosis, and apoptosis.
Hence, we can conclude that NEPi/ARB and NEPi/ACE2 activator combination therapies might be new ther-
apeutic strategies in preventing DN.

1. Introduction effects on renal vasculatures [4]. Consequently, neprilysin inhibitors
(NEPi) which increase the bioavailability of natriuretic peptides are

Approximately 30% of diabetic individuals are affected by diabetic considered auxiliary to the RAS blockers in preventing chronic kidney

nephropathy (DN) and is one of the most common causes of the end-
stage renal failure, globally [1-3]. Chronic hyperglycemia driven acti-
vation of the conventional renin-angiotensin system (RAS) plays a pi-
votal role in the development of DN. Consequently, therapeutic regi-
mens aiming RAS blockage using angiotensin receptor blockers (ARBs)
and angiotensin-converting enzyme inhibitor (ACEi) are beneficial in
halting the progression of DN [1-3]. However, ARBs and ACEi are ef-
fective in delaying the progression of DN; such treatments are not a cure
[3]. Hence, it highlights the need for novel therapeutic strategies for the
DN.

Although persistent overdrive of the RAS resulting into the devel-
opment of DN, the natriuretic peptide system (NPS) also get activated
as a counter-regulatory circuit and postulated multitude of beneficial

diseases (CKD) [4-6]. Standalone NEPi and vasopeptidase inhibitors
fails to make into the market due to unacceptably low efficacy and
significant off-target effects (particularly angioedema), respectively,
which prompted the development of new class of drug called as an-
giotensin receptor-neprilysin inhibitors (ARNi) [4-6]. LCZ696 (sacubi-
tril/valsartan), the first member of ARNi class, convincingly proved
advantageous over RAS blockers monotherapies in preventing CKD and
cardiovascular diseases in preclinical and clinical studies [4-10]. Our
recent report suggests that another such combination, thiorphan
(NEPi)/telmisartan (ARB), abridged inflammation, fibrosis, and apop-
tosis thus prevented diabetic cardiomyopathy (DCM) [11]. However,
the efficacy of thiorphan/telmisartan combination therapy yet to be
tested against DN, therefore the present study aiming the same.
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In contrast, angiotensin-converting enzyme 2 (ACE2), a mono-
carboxypeptidase of reno-protective and conventional RAS opposing
depressor arm-angiotensin-(1-7) [Ang-(1-7)]/ACE2/MasR, is a poten-
tial therapeutic target to treat DN [1,12-14]. ACE2 is most abundantly
expressed in kidney and heart with the highest affinity for angiotensin-
I (Ang-II), cleaving its C-terminal amino acid and producing Ang-(1-7)
[13]. Ang-(1-7) found superior to valsartan in preventing streptozo-
tocin-induced DN by attenuating oxidative stress and inhibiting trans-
forming growth factor-f (TGF-f), and vascular endothelial growth
factor (VEGF) mediated pathways [15]. Our recent report demonstrated
that an ACE2 activator diminazene aceturate (Dize) (15 mg/kg/day)
treatment attenuated glomerular fibrosis and apoptosis via activation of
protective Ang-(1-7)/ACE2/Ang-II type 2 receptor (AT2R) axis thus
prevented DN [1]. Besides, the cyclic guanosine monophosphate
(cGMP) mediated signallings are crucial for maintaining renal physio-
logical functions, hence its dysfunction or deficit resulting in renal
complications including the DN [16,17]. Notably, both the component
of the combination therapy that we are targeting; NEPi and ACE2 ac-
tivator could increase the levels of cGMP through two independent
mechanisms. ACE2 activator will act on the soluble guanylyl cyclase
(sGC) through Ang-(1-7)/ACE2/MasR or AT2R axis while NEPi will act
on NPR-A/pGC-A by increasing the bioavailability natriuretic peptides,
both resulting into increase the cGMP level [16-18]. Therefore, the
present study conceived to test a hypothesis that, “the novel combina-
tion of NEPi and ACE2 activator possibly will protect the kidney against
the development of DN”.

2. Materials and methods
2.1. Materials

Supplementary Table 1.
2.2. Animals studies

All animal care and experimental procedures were approved by the
Institutional Animal Ethics Committee (IAEC), Birla Institute of
Technology and Science Pilani (BITS-Pilani) under protocol No: IAEC/
RES/20/07/Rev-1/22/11. Animal studies are reported following the
ARRIVE guidelines [19]. Male Wistar rats (200 = 10 g) were supplied
by the Central Animal Facility of BITS-Pilani and were maintained
under standard environmental conditions, with fed food and water ad
libitum. We have injected a single dose of streptozotocin (55 mg/kg,
i.p.) to induced diabetes in male Wistar rats [1,11,20]. Age-matched
normal control (NC) rats received only vehicle (sodium citrate buffer).
After 48h of streptozotocin-injection, rats with plasma glucose le-
vels > 16 mmol/L were considered as diabetic and included in the
further studies.

2.3. Treatments regimens

Four weeks after the streptozotocin-injection, we randomly sub-
divided diabetic rats into six groups. i) DC-diabetic control, ii)
DC + Th-thiorphan (0.1 mg/kg/day, p.o.), iii) DC + Tel-telmisartan
(10 mg/kg/day, p.o.) and iv) DC + Dize-Dize (5mg/kg/day, p.o.)
monotherapies receiving DC, v) DC + Th/Tel-thiorphan/telmisartan,
and vi) DC + Th/Dize-thiorphan/Dize combination therapies receiving
DC [1,11]. All the treatments duration was four weeks. We kept eight
rats in each group and maintained NC rats throughout the study
(n=8).

2.4. Plasma and urine biochemistry
At the end of the study, biochemical estimations for plasma glucose

(PGL), albumin (PAL), creatinine (PCr), and blood urea nitrogen (BUN)
were done using commercially available kits. Urine collection was done
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as per the protocol described previously and supernatant utilised for
estimation of urine glucose (UGL), albumin (UAL) and creatinine (UCr)
using commercially available kits [21]. Creatinine clearance (CrCL) was
calculated by using formula; (CrCL) = [(UCr * Urine volume)/PCr] and
represented as ml/min per 100 g of body weight.

2.5. Assessment of RAS and NPS components levels by ELISA

We homogenised whole kidney in a recommended buffer solution,
following by estimation of protein levels of ACE, ACE2, Ang-II, Ang-
(1-7), neprilysin and ¢cGMP using commercially available ELISA kits
[1].

2.6. Picrosirius red staining

Picrosirius red (PSR) staining was performed as described pre-
viously [20]. Briefly, kidney sections of five-micro meter were cut,
deparaffinized by using xylene, and stained with PSR. At least 25-30
kidney sections from each group were observed (4-5 section/kidney,
total n = 6 kidney per group), and images of the glomerular and tu-
bulointerstitial area were captured using an Olympus-BX41 microscope
(Melville, NY, USA). Then, captured images were analysed semi-quan-
titative by using ImageJ software for measurement of % glomerular and
tubulointerstitial fibrosis.

2.7. Immunoblotting

Protein isolation and immunoblotting were performed as per pre-
viously described protocols using rabbit/mouse monoclonal antibodies
against p-NFk-B(S-536) (#3033), IkBa (#4814), c-PARP (#5625), c-
Caspase-3 (#9664), TGF-B (#3711), Smad7 (sc-11392) and B-actin (sc-
4778) [Dilution 1:1000 (v/v)]. As secondary antibody, HRP conjugated
anti-rabbit/mouse IgG was used at 1:20,000 (v/v) dilution. ECL system
and Hyperfilm were used to detect proteins. Followed by densitometric
analysis of immunoblots by using Image J software and obtained final
data were analysed by using GraphPad Prism software (San Diego, CA,
USA). We have expressed results as fold change over NC [1,11,20].

2.8. Statistical analysis

Statistical analysis of the data is complying with the recommenda-
tions on experimental design and analysis in pharmacology [22]. Ex-
perimental values are represented as Means + S.E.M. (n = number of
samples studied). One-way analysis of variance (ANOVA) was used for
statistical comparison between different groups. If F value is significant,
then Tukey test was applied for multiple comparisons. Data were con-
sidered as statistically significant if p < 0.05. GraphPad Prism, version
7.00 (San Diego, CA, USA) was used for data analysis.

3. Results

3.1. Telmisartan or Dize in combination with thiorphan prevented renal
functional decline associated with DN

After eight weeks of streptozotocin-injection, levels of plasma glu-
cose, creatinine and BUN were significantly higher, and plasma al-
bumin level was significantly lower in DC rats in comparison to NC rats.
Thiorphan (NEPi) and Dize (ACE2 activator) monotherapies had no
effect on plasma glucose, whereas telmisartan (ARB) monotherapy and
thiorphan/telmisartan (NEPi/ARB) and thiorphan/Dize (NEPi/ACE2
activator) combination therapies significantly reduced plasma glucose
when compared to DC rats. Furthermore, telmisartan and Dize mono-
therapies, and both combination therapies abridged plasma creatinine
and BUN levels and augmented plasma albumin levels when compared
to DC rats. Interestingly, combination therapies significantly improved
metabolic perturbations when compared to thiorphan monotherapy
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Fig. 1. Plasma and urine biochemistry.

Plasma and urine biochemistry were performed at the end of treatment period using commercially available spectrophotometric kits. Scattered plots, A)-D) displayed
plasma levels of glucose (PGl), creatinine (PCr), albumin (PAl) and blood urea nitrogen (BUN), likewise, scattered plots, E)-G) represented urine levels of glucose
(UG), albumin (UCr) and urine creatinine clearances (CrCl), respectively. All the values are represented as mean = SEM;n = 8. [(*) p < 0.05 vs NC; * p < 0.05

vs DC; (©) p < 0.05vs DC + Th; (&)p < 0.05 vs DC + Dize].

also (Fig. 1A-D).

Moreover, urine biochemistry revealed that DC rats had increased
urinary glucose, albumin and decreased creatinine clearance when
compared to NC rats, which are clear indications of renal functional
decline associated with DN. Thiorphan monotherapy did not affect
urine biochemistry, whereas telmisartan and Dize monotherapies sig-
nificantly reduced urinary glucose and albumin excretion with no
change in creatinine clearance when compared to DC rats. Interestingly,
both combination therapies significantly reduced urinary glucose and
albumin excretion when compared to DC and thiorphan monotherapy
receiving rats, and increased creatinine clearance when compared to
DC rats (Fig. 1E-G).

3.2. Effects of thiorphan, telmisartan and Dize treatments on morphometric
alterations associated with diabetes

DC rats displayed significantly decreased in body weight and in-
creased kidney weight when compared to NC rats. Monotherapies did
not affect body weight and kidney weight, while combination therapies
only could reduce kidney weight significantly with no change in body
weight when compared to DC rats. Relative kidney weight [(KW/
BW) % 100] which serves an index of renal hypertrophy (a marker of
DN), was increased in DC rats compared to NC rats [1,20]. Mono-
therapies showed no change in relative kidney weight, whereas com-
bination therapies significantly reduced relative kidney weight when
compared to DC rats (Table 1).

Table 1

Morphometric measures.

Morphometric parameters like body weight (BW), kidney weight (KW), and

relative kidney weight (KW/BW s 100) were measured at the end of study.

BW () KW (g) (KW/BW) * 100
NC 221 =+ 18.6 1.12 = 0.03 0.50 + 0.02
DC 163 + 12.8 1.55 + 0.09 0.95 * 0.07
DC + Th 172 + 15.0 1.52 + 0.04 0.88 + 0.06
DC + Tel 180 * 12.2 1.42 + 0.06 0.78 = 0.04
DC + Dize 174 + 7.45 1.40 + 0.08 0.81 = 0.06
DC + Th/Tel 191 + 14.3 1.30 + 0.05 0.61 * 0.04
DC + Th/Dize 184 * 10.1 1.25 + 0.07 0.66 = 0.03

Note: All the values are represented as mean + SEM; n = 8.
* p < 0.05 vs NC.

** p < 0.05 vs DC.

3.3. Telmisartan or Dize in combination with thiorphan normalised renal
RAS components levels in diabetic rats

In the kidney, DC rats showed a significant upsurge in ACE, ACE2,
Ang-II, and reduction in Ang-(1-7) protein levels when compared to
NG, resulting into significant augmentation in ACE/ACE2 and Ang-I1/
Ang-(1-7) ratio which has detrimental consequences on renal system
(Fig. 2A-F). Thiorphan monotherapy exhibited no change in RAS
components levels when compared with DC rats. Moreover, telmisartan
monotherapy showed a reduction in ACE levels, ACE/ACE2 and Ang-1I/
Ang-(1-7) ratio with no change in ACE2, Ang-II and Ang-(1-7) levels,
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Fig. 2. Protein expressions of ACE, ACE2, Ang-II, Ang-(1-7), neprilysin and cGMP.
A) ACE, B) ACE2, C) Ang-II, D) Ang-(1-7), G) neprilysin and H) cGMP protein expressions in kidney were measured using commercially available ELISA Kits.
Similarly, scattered plots C) and F) represent ACE/ACE2 and Ang-II/Ang-(1-7) ratio in kidney, respectively. All the values are represented as mean * SEM; n = 6.
[(*) p < 0.05 vs NC; ($) p < 0.05 vs DC; S p < 0.05 vs DC + Th; ® p < 0.05 vs DC + Dize].

whereas Dize monotherapy demonstrated reduction in Ang-II levels,
Ang-1I/Ang-(1-7) and ACE/ACE2 ratio with no effect on ACE2, Ang-II,
and Ang-(1-7) levels in kidney when compared with DC rats. In con-
trast, we have observed substantial normalisation of RAS component
levels by combination therapies, evinced by a significant reduction in
ACE and Ang-II levels, ACE/ACE2 ratio and Ang-1I/Ang-(1-7), and in-
crease in ACE2 (only by Th/Dize combination) and Ang-(1-7) levels
when compared with DC rats. Interestingly, the reduction in Ang-II
levels, ACE/ACE2, and Ang-II/Ang-(1-7) ratio was significant when
compared with thiorphan monotherapy also (Fig. 2A-F).

3.4. Effects of thiorphan, telmisartan and Dize treatments on renal
neprilysin and cGMP levels in diabetic rats

DC rats showed significantly increased neprilysin levels and no
change in cGMP levels in the kidney when compared to NC rats. Renal
neprilysin levels were not altered by telmisartan and Dize monotherapy
whereas significantly reduced by thiorphan monotherapy and combi-
nation therapies when compared to DC rats. Th/Dize combination
therapy reduced neprilysin levels in the kidney when compared to Dize
monotherapy. Renal ¢cGMP levels significantly increased by all the
therapies when compared with DC rats. Interestingly, Th/Tel combi-
nation therapy showed increased ¢cGMP levels when compared to

162

thiorphan monotherapy, and Th/Dize combination treatment demon-
strated increased cGMP levels when compared to thiorphan and Dize
monotherapy (Fig. 2G-H).

3.5. Impact of thiorphan, telmisartan and Dize treatments on glomerular
and tubulointerstitial fibrosis

PSR stained microscopical images analysis revealed that DC rats had
substantial increased glomerular and tubulointerstitial fibrosis when
compared to NC rats (Fig. 3). Thiorphan and Dize monotherapies did
not affect renal fibrosis, while telmisartan monotherapy could reduce
only glomerular fibrosis with no change in tubulointerstitial fibrosis
when compared to DC rats. In contrast, combination therapies sig-
nificantly abridged glomerular and tubulointerstitial fibrosis when
compared to DC and thiorphan monotherapy receiving rats. In addition
to this Th/Dize combination therapy significantly reduced tubu-
lointerstitial fibrosis when compared to Dize monotherapy receiving
rats (Fig. 3).

3.6. Telmisartan or Dize in combination with thiorphan prevented
activation of NF-kB signalling in DN

In the kidney, DC rats exhibited increased p-NF-kB(S536)
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Fig. 3. Glomerular and tubulointerstitial fibrosis.

Representative microscopical images of PSR stained, kidney sections portraying A) glomerular and C) perivascular fibrosis (original magnification 1000 X and Scale
bar - 50 um). Likewise, scattered plots B) and D) demonstrated percentage glomerular and perivascular fibrosis, respectively. All the values are represented as

+

mean

expressions and reduced IkBa (an inhibitory kinase for NF-xB activity)
expressions when compared to NC rats, indicative of NF-kB signalling
activation. Thiorphan monotherapy showed no change in p-NF-xB
(S536) and IkBa expressions, whereas telmisartan and Dize mono-
therapies and combination therapies significantly reduced p-NF-xB
(S536) and increased IkBa expressions when compared to DC.
Interestingly, we observed reduction in p-NF-kB(S536) expressions by
Th/Tel combination therapy in compared to thiorphan monotherapy
and by Th/Dize combination therapy in compared to respective
monotherapies (Figs. 4A-C and 5A-C).

3.7. Telmisartan or Dize in combination with thiorphan attenuated
profibrotic TGF-B signalling in DN

DC rats showed increased TGF-f3 and reduced Smad7 (TGF-f} nega-
tive regulator) expressions when compared to NC rats. Thiorphan
monotherapy did not affect TGF- and Smad7 expressions, while tel-
misartan monotherapy and Th/Tel combination therapy significantly
reduced TGF-B expression when compared to DC rats and increased
Smad7 expressions when compared to DC and thiorphan monotherapy
(Fig. 4A, D-E). In contrast, Dize monotherapy could only increase
Smad?7 expression with no change in TGF-f expression when compared

163

SEM; n=6. [(*) p < 0.05vs NC; (}) p < 0.05 vs DC; (®) p < 0.05 vs DC + Th; (¥) p < 0.05 vs DC + Dize].

to DC, while Th/Dize combination significantly abridged TGF-f ex-
pression and elevated Samd7 expression when compared to DC and
respective monotherapies (Fig. 5A, D-E).

3.8. Telmisartan or Dize in combination with thiorphan reduced apoptosis
in DN

Expression of cell apoptosis markers, like c-PARP and c-Cas-3, were
significantly increased in DC rats' kidney when compared to NC rats.
Thiorphan monotherapy did not affect apoptosis markers expressions,
whereas telmisartan, Dize monotherapies, and combination therapies
reduced c-PARP and c-Cas-3 expressions when compared to DC
(Figs. 4A, F-G, and 5A, F-G). Interestingly, Th/Tel combination therapy
could only reduce c-PARP expression when compared to thiorphan
monotherapy (Fig. 4A, F), while Th/Dize combination therapy reduced
expression of both c-PARP and c-Cas-3 when compared to respective
monotherapies (Fig. 5A, F-G).

4. Discussion

The prime aim of present investigation was to search a novel
therapy for the treatment of DN, targeting the neprilysin inhibition and
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Fig. 4. Effect of Th/Tel combination therapy on protein expression of inflammatory, profibrotic and apoptotic markers.
A) Represented Western blot images and scattered plots B)-G) depicted fold change in protein expressions of p-NF-kB(S-536), IkBa, TGF-3, Smad7, c-PARP and c-
Caspase-3 when compared with NC rats' kidney, respectively. B-actin was used as a loading control to normalised protein amount. All the values are represented as
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mean

RAS modulation, simultaneously. Given due consideration to existing
literature and our previous reports, we have designed two combination
therapies; i) thiorphan (NEPi)/telmisartan (ARB) and ii) thiorphan
(NEPi)/Dize (ACE2 activator) to evaluate its efficacy against strepto-
zotocin-induced DN in male Wistar rats. Diabetic rats exhibited sub-
stantial renal functional decline, as revealed by plasma and urine me-
tabolic perturbations which were significantly prevented by four weeks
of treatments with proposed combination therapies (Fig. 1). Ad-
ditionally, the characteristic features of renal hypertrophy and DN such
as increased actual and relative kidney weights were considerably at-
tenuated by combination therapies (Table 1). As the combination
therapies targeted both, NPS and RAS simultaneously, it normalised DN
associated unfavourable changes in both the systems (Fig. 2). We ob-
served elevated kidney cGMP levels in combination therapies receiving
diabetic rats. Besides, histopathological evaluation by PSR staining
confirmed augmented glomerular and tubulointerstitial fibrosis in the
diabetic kidney which was significantly attenuated by combination
therapies (Fig. 3). At molecular levels, combination therapy inhibited
activation of inflammatory NF-kB signalling as evinced by decreased p-
NF-kB(S536) and augmented IkBa levels in the kidney when compared
to diabetic rats (Figs. 4-5). Likewise, combination treatments repressed
profibrotic cascade by reducing TGF-$ and increasing Smad7 expres-
sion in the kidney of diabetic rats (Figs. 4-5). The combination thera-
pies also prevented diabetes-induced renal cell apoptosis as demon-
strated by the significant reduction in c-PARP and c-Caspase-3
expression (Figs. 4-5). Hence, to the best of our knowledge, this is the
first report, representing the renoprotective potential of a NEPi thior-
phan in combination with either an ARB telmisartan or an ACE2
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SEM; n= 3. [(*) p < 0.05 vs NG; Q) p < 0.05 vs DC; (&) p < 0.05 vs DC + Th].

activator Dize against the development streptozotocin-induced DN in
male Wistar rats.

Chronic hyperglycaemia plays a crucial pathogenic role in the de-
velopment of DN. Hence, it should be of little surprise that therapeutic
regimens ensuring good glycaemic control help in preventing or de-
laying the development of DN and the DCCT/EDIC study results con-
firmed the same [3,23]. Here, we observed that diabetic rats subjected
to combination therapy showed a significant reduction in plasma glu-
cose and urinary glucose excretion (Fig. 1). Clinically DN is char-
acterised by albuminuria and glomerular hyperfiltration (reduced
creatinine clearance) [3,23]. Here, we observed similar changes in
diabetic rats which were significantly attenuated by combination
therapies. Plasma biochemical measures governing kidney functions
like PCr, PAL and BUN also normalised by combination therapies.
Moreover, diabetic rats showed renal hypertrophy as indicated by in-
creased actual and relative kidney weights, which were significantly
reduced by combination therapy. In contrast, the body weight of dia-
betic rats remains unaltered by all the therapeutic regimens (Table 1).

The RAS itself has two counter regulatory arms, the pressor arm
consists of Ang-II/ACE/AT1R axis, and the depressor arm comprises of
Ang-(1-7)/ACE2/MasR or AT2R axis. In the development and pro-
gression of DN, detrimental role of the RAS is primarily attributed to the
pressor arm, whereas the depressor arms components are reported for
beneficial effects on the renal system [1,2,12-15]. Moreover, now it is
established that autonomous paracrine and autocrine acting RASs exist
in the kidney and its activation is key to the development of DN [24]. In
the present study, diabetic rats exhibited an unfavourable alteration in
intrarenal RAS (Fig. 2). Along with its AT1R antagonistic activity,
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Fig. 5. Effect of Th/Dize combination therapy on protein expression of inflammatory, profibrotic and apoptotic markers.
A) Represented Western blot images and scattered plots B)-G) depicted fold change in protein expressions of p-NF-kB(S-536), IkBa, TGF-f, Smad7, c-PARP and c-
Caspase-3 when compared with NC rats' kidney, respectively. B-actin was used as a loading control to normalised protein amount. All the values are represented as

+

mean

telmisartan reported to reduced Ang-II and increased ACE2 and MasR
expressions in preventing diabetic renal complications [25,26]. In
contrast, we observed that telmisartan monotherapy reduced ACE le-
vels with no change in Ang-II, Ang-(1-7) and ACE2 levels in diabetic
kidney. Previously, we reported that Dize (15 mg/kg/day) treatment
decreased Ang-II and increased Ang-(1-7) and ACE2 levels in whole
kidney and isolated glomeruli of diabetic rats [1]. Since we have used
lower dose (5 mg/kg/day) of Dize in the present study, its monotherapy
could reduce Ang-II levels only with no change in ACE, ACE2 and Ang-
(1-7) levels in diabetic kidney. Although thiorphan monotherapy did
not affect RAS components levels, its combination therapy with either
telmisartan or Dize significantly reduced ACE and Ang-II levels and
increased ACE2 (by Th/Dize combination only) and Ang-(1-7) levels in
preventing DN (Fig. 2A-B and D-E). Augmented ACE/ACE2 and Ang-I1/
Ang-(1-7) ratio reported to damage normal renal physiology [1,27].
Here, we observed increased renal ACE/ACE2 and Ang-II/Ang-(1-7)
ratio in diabetic rats, which were significantly attenuated by telmi-
sartan and Dize monotherapy and both combination therapies (Fig. 2C
and F).

On the other hand, the conventional RAS opposing natriuretic
peptides act through the NPR-A/pGC-A pathway and induces vasodi-
lation, natriuresis, and diuresis, thereby helps in maintaining blood
pressure, fluid and electrolytes balance. Neprilysin, a zinc-dependent
type II integral membrane metallopeptidase catabolized natriuretic
peptides thus clear them from systemic circulation [4]. Diabetic in-
dividuals showed increased neprilysin level in urine, and neprilysin
inhibition on the top of ARB delayed the development of DN, clinically
[28,29]. In our study, diabetic rats showed augmented neprilysin levels

SEM; n = 3. [(*) p < 0.05 vs NC; ($) p < 0.05 vs DC; (@ p < 0.05 vs DC + Th; ® p < 0.05 vs DC + Dize].

in the kidney which were significantly attenuated by thiorphan
monotherapy and its combination therapy with telmisartan or Dize
(Fig. 2G). Besides, faulty NPR-A/pGC-A/cGMP/PKG and NO/sGC/
c¢GMP signalling involved in the renal dysfunctions.

Consequently, agents increasing cGMP levels by acting on either of
these pathways (e.g., phosphodiesterase-5 inhibitors, NEPi, re-
combinant natriuretic peptides, and sGC stimulator) found beneficial in
preventing renal complications including DN [16-18,30]. Here, we
have observed that thiorphan, telmisartan and Dize monotherapies, and
both combination therapies increased renal cGMP levels when com-
pared to diabetic rats. However, the increase was more pronounced in
rats receiving combination therapies.

Next, to explore the underlying molecular mechanisms responsible
for the renoprotective potential of proposed combination therapies, we
have checked the expressions of important molecules of inflammatory,
profibrotic and apoptotic pathways. Hyperglycaemia driven activation
of these pathways contributes to the pathogenesis of DN hence its
suppression is a good tactic to prevent the development of DN
[1,31-33]. In diabetic condition, NF-xB signalling gets activated by
dissociation of inactive NF-xB/IxBa complex and subsequent nuclear
translocation of transcription factor phosphorylated NF-kB, ultimately
resulting into increased expressions of proinflammatory cytokines, ad-
hesion molecules and angiogenic mediators [32]. In this regard, we
observed augmented p-NF-kB(S536) and abridged IkBa expression in
diabetic rats' kidney indicating activation of the NF-kB signalling. In
CKD induced by 5/6 nephrectomy in male Sprague-Dawley rats,
LCZ696 treatment inhibited NF-xB activation and reduced expressions
of its downstream molecules like MCP-1, NADP oxidase-4,
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myeloperoxidase, and cyclooxygenase-2, consequently limiting cardio-
vascular and renal functional decline [7,9]. Since we are the first ex-
ploring NEPi and ACE2 activator combination against DN, no reports
are available on thiorphan/Dize combination's effects on the patholo-
gical signalling. Rajapaksha et al. reported that Dize exposure to lipo-
polysaccharide-stimulated Kupffer cells inhibited NF-kB activity, re-
duced MCP-1 and IL-6 gene expressions [34]. In the present study,
telmisartan and Dize monotherapy and combination therapies showed
significant inhibition of NF-xB signalling in diabetic rats' kidney
(Figs. 4-5).

In progressive DN, profibrotic TGF-f signalling considered as the
‘master regulator’. It drives extracellular matrix accumulation, glo-
merular and tubulointerstitial fibrosis and subsequent normal tissue
structure damage, resulting in end-stage renal disease [20,31]. We
observed increased TGF-} and decreased Smad7 (negative regulator of
TGF-f) expressions and resulting augmented glomerular and tubu-
lointerstitial fibrosis in diabetic rats' kidney. Recently, we have de-
monstrated inhibition of TGF-$ signalling and myocardial fibrosis by
thiorphan/telmisartan combination in preventing DCM [11]. ACE2
activation by Dize (15 mg/kg/day) reduced TGF-f and fibrotic marker
collagen IV and fibronectin expressions in glomeruli of streptozotocin-
induced diabetic male Wistar rats [1]. Interestingly, in the present study
combination therapies inhibited TGF-f} signalling and attenuated glo-
merular and tubulointerstitial fibrosis thus halted DN progression
(Figs. 3-5).

Furthermore, diabetic rats' kidney exhibited substantial apoptosis
evinced by increased expressions of c-PARP and c-Caspase when com-
pared normal control rats. Our previous studies unveiled that thior-
phan/telmisartan combination therapy and Dize monotherapy reduced
apoptosis in heart and kidney of diabetic rats, thereby prevented the
development of DCM and DN, respectively [1,11]. Similarly, in the
present study, we have observed markedly reduced apoptosis in the
kidney of rats receiving telmisartan and Dize monotherapy and thior-
phan/telmisartan and thiorphan/Dize combination therapy (Figs. 4-5).
One of the notable findings of the present study is that the re-
noprotection against DN achieved by proposed combination therapies
of NEPi/ARB (ARNi) and NEPi/ACE2 activator was superior than the
respective monotherapies in all the aspect. Nevertheless, we have not
observed statistically significant deference in any of the measured
parameters among both combination therapies. If we take degree of
improvement into the consideration than, Th/Dize combination was
better over Th/Tel combination in attenuating renal functional decline
and pathological signalling cascades.

5. Conclusion

Streptozotocin-induced diabetic male Wistar rats when subjected to
NEPi/ARB (ARNi) and NEPi/ACE2 activator combination therapies
demonstrated alleviated metabolic alteration, improved renal func-
tions, normalised RAS and NPS components, reduced glomerular and
tubulointerstitial fibrosis and suppressed inflammatory, profibrotic and
apoptotic signalling, ultimately prevented the development of DN.
Hence, we can say that NEPi/ARB and NEPi/ACE2 activator combina-
tion therapies might be novel therapies in preventing the development
of DN and other diabetic complications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/].1f5.2019.02.027.
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