
Combining Neprilysin Inhibitor With
AT2R Agonist Is Superior to
Combination With AT1R Blocker in
Providing Reno-Protection in Obese
Rats
Elizabeth Alana Gray1, Sanket N. Patel1, Peter A. Doris2 and Tahir Hussain1*

1Department of Pharmacological and Pharmaceutical Sciences, College of Pharmacy, University of Houston, Houston, TX,
United States, 2The Brown Foundation Institute of Molecular Medicine Center for Human Genetics, The University of Texas Health
Science Center at Houston, Houston, TX, United States

Clinical use of the combination therapy of the neprilysin inhibitor sacubitril and angiotensin II
type 1 receptor blocker valsartan is known to be associated with albuminuria. Albuminuria
is both a risk factor for and an indicator of kidney injury. Earlier work from our laboratory
reported that the agonist of angiotensin II type 2 receptor Compound 21 (C21) prevents
proteinuria, albuminuria, and is reno-protective in obese Zucker rats fed high salt diet
(HSD). Thus, we hypothesized that sacubitril/C21 combination provides superior reno-
protection compared to sacubitril/valsartan. Male obese Zucker rats 10–11 weeks old
were treated daily with vehicle, sacubitril + C21, or sacubitril + valsartan while fed HSD for
16 days. HSD-feeding caused kidney dysfunction, evident by significant increases in
urinary protein, osteopontin, and cystatin C. HSD-feeding lowered plasma cystatin C
and creatinine concentrations suggestive of hyperfiltration, which was not affected by
either treatment. Unlike sacubitril/valsartan, sacubitril/C21 treatment significantly
decreases proteinuria, albuminuria, the expression of nephrin, and kidney weight,
independent of hyperfiltration, compared with HSD alone. Moreover, sacubitril/
valsartan therapy increased plasma renin and did not prevent HSD-induced increases
in renal angiotensin II, while sacubitril/C21 completely prevented these changes. Together,
this study suggests that sacubitril/C21 afforded superior reno-protection compared to
sacubitril/valsartan therapy in high salt-fed obese Zucker rats.

Keywords: angiotensin receptor blocker, angiotensin II type 2 receptor agonist, neprilysin inhibition, reno-
protection, proteinuria, obesity

INTRODUCTION

Prevalence of obesity, a serious and costly condition has been increasing steadily over the past
30 years. With obesity, an abnormally regulated renin angiotensin system (RAS) contributes to the
onset and progression of kidney damage, establishing a link between obesity and kidney dysfunction
(Hall et al., 2020). While obesity is an independent risk factor for kidney diseases (Rutkowski et al.,
2006), obesity is a gateway disease that increases the risk of developing hypertension and diabetes,
two leading causes of end-stage renal disease (Maric-Bilkan, 2013). Hypertension and diabetes are
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similarly associated with an abnormally regulated RAS (Yim
and Yoo, 2008), in which renal concentrations of angiotensin
II (Ang II) and angiotensin II type 1 receptor (AT1R) function
are elevated, and levels of reno-protective angiotensin-(1–7)
[Ang-(1–7)] and natriuretic peptides are decreased, along
with angiotensin-converting enzyme 2 (ACE2) expression
and activity (Tikellis et al., 2012). Together, these changes
accelerate kidney injury via their anti-diuretic, anti-
natriuretic, and pro-inflammatory effects. Thus, the co-
existence of obesity and these common co-morbidities
increases the risk of functional and structural damage to
the kidney (Schiffrin et al., 2007). For these reasons,
clinically used anti-hypertensive mainstay therapies that
provide reno-protection and reduce the risk of progression
to end-stage renal disease including angiotensin converting
enzyme (ACE) inhibitors and angiotensin receptor blockers
(ARBs) were developed (Wenzel, 2005). Despite the
availability and use of these treatments, patients remain at
risk of worsening kidney injury (Haynes et al., 2018) and
some require combination therapy to control blood pressure
(Wenzel, 2005; Shimosawa, 2013; Helmer et al., 2018).

In addition to reno-protective Ang-(1–7) and it’s
generating enzymes ACE2 and neprilysin, angiotensin II
type 2 receptor (AT2R) and receptor Mas are similarly
classified as components of the alternative RAS axis. The
actions of the alternative RAS axis oppose those of the
classical RAS axis, which includes Ang II and AT1R. This
knowledge led to the identification of novel RAS targets, such
as AT2R. Developed by Vicore Pharma, the agonist of AT2R
Compound 21 (C21), is a non-peptide agonist that binds
selectively to the receptor, activating the nitric oxide-cyclic
guanosine monophosphate pathway (Matavelli and Siragy,
2015; Pandey and Gaikwad, 2017). Currently in clinical trials
for pulmonary fibrosis, C21 represents a class of drugs with
strong potential for clinical use (Matavelli and Siragy, 2015;
George et al., 2020). Furthermore, recent crystallization of the
AT2R, has revealed its unique structural conformations,
explaining why the receptor does not undergo rapid
desensitization or internalization following agonist
exposure (Zhang et al., 2017), adding to the support of
AT2R as a target for drug therapy. While multiple studies
using different animal models have similarly concluded that
C21 treatment is associated with reno- and tissue-protective
effects, in agreement our laboratory has previously
demonstrated that pharmacological activation of AT2R in
obese rats by C21 has blood pressure lowering, diuretic,
natriuretic, and anti-inflammatory/-oxidant effects (Ali
and Hussain, 2012; Koulis et al., 2015).

Natriuretic peptides including atrial natriuretic peptide
(ANP) similarly drive diuresis and natriuresis and are known
to lower blood pressure (Haynes et al., 2018). The beneficial
effects of preventing the enzymatic breakdown of ANP with
inhibitors of neprilysin has been demonstrated (Helin et al.,
1991). However, neprilysin inhibition via reflex RAS
activation can lead to increases in Ang II concentrations
(Richards et al., 1993). Therefore, a combination therapy
of a neprilysin inhibitor with an ARB to selectively block

the interaction between Ang II and AT1R was developed.
Subsequent to its rapid approval, post-hoc studies focused on
the renal effects of the combined neprilysin inhibitor and
ARB uncovered that compared to enalapril treatment, while
the combination slowed the rate of decline in estimated
glomerular filtration rate (eGFR), the urinary albumin to
creatinine ratio was significantly increased (Damman et al.,
2018). The knowledge that the ratio of urinary albumin to
creatinine, a prognostic marker used to improve the
prediction of end-stage renal disease was increased, and
chronic treatment with C21 in obese Zucker rats (OZR)
prevented albuminuria (Patel et al., 2016), taken together,
led to the hypothesis that combination therapy with the
neprilysin inhibitor sacubitril (SAC) and AT2R agonist
C21 will provide greater reno-protection as compared to
the neprilysin inhibitor combined with the AT1R blocker
valsartan (VAL). Therefore, the goal of this study was to
investigate and compare the kidney-specific outcomes of the
current SAC/VAL therapy to our novel approach of SAC/C21
in chronically treated OZR fed a high salt diet (HSD).
Outcomes from this study suggest that C21 in combination
with neprilysin inhibition is superior in preventing decline in
kidney function, albuminuria, and proteinuria, as well as in
reversing the changes in Ang II and renin, while similarly
preserving ANP.

METHODS

Animals
Male obese Zucker rats (OZR), 10–11 weeks of age, were
purchased from Envigo in Indianapolis. Following arrival,
the rats were housed in the animal care facility at University
of Houston. Experimental protocols were approved by the
IACUC at the University of Houston (protocol number 15-
035) and were conducted in accordance with the NIH Care
and Use of Laboratory Animal Guidelines. All rats were
acclimatized for 7–10 days, prior to beginning any
treatment. Simultaneously on the day that treatment
began, all rats were also placed onto a 0.4% normal salt
diet (NSD) (Teklad custom diet TD.99215, Envigo Teklad
Diet Madison, WI, United States) or 4% high salt diet (HSD)
(Teklad custom diet TD 92034, Envigo Teklad Diets Madison,
WI, United States). Based on prior publications from our
laboratory, 2 weeks of HSD-feeding in OZR resulted in
kidney functional injury, including proteinuria (Patel et al.,
2016). Therefore, treatments were delivered daily for 16 days
via oral gavage at the same time each day and consisted of
either vehicle (20 μl DMSO & 580 μl corn oil), AT2R agonist
C21, 1 mg/kg/day (a gift from Vicore Pharma) & sacubitril,
10 mg/kg/day (Cayman Chemical company Item 21473) or
valsartan, 10 mg/kg/day (Cayman chemical company 14178)
& sacubitril, 10 mg/kg/day. Thus, there were four groups of
OZRs which each consisted of an n � 8; NSD + vehicle (NSD),
HSD + vehicle (HSD), HSD + sacubitril/C21 (SAC/C21), and
HSD + sacubitril/valsartan (SAC/VAL). Dosages for SAC and
VAL in combination, and for C21 were chosen based on prior
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publications (Ali et al., 2015; Kusaka et al., 2015). Urine was
collected from individually housed rats over a 24 h time frame
on day 13 via metabolic cages. The metal wired floor of each
metabolic cage was connected to a funnel that allowed for
urine to be collected separately from feces into 50 ml tubes
containing mineral oil to prevent loss of urine over the

duration of urine collection. Food and water intake, and
body weight were measured every other day. All animals
were euthanized under isoflurane, and blood for plasma
collection was acquired via cardiac puncture and collected
in EDTA coated tubes containing a mixture of protease and
phosphatase inhibitors. Blood samples were spun at 1,000 g

TABLE 1 | General parameters.

NSD HSD SAC/C21 SAC/VAL

Day 1 body weight (g) 459 ± 8.6 485 ± 9.8 474 ± 13.88 484 ± 10.25
Day 16 body weight (g) 526.5 ± 9.8 542.6 ± 12.1 510.1 ± 14.9 529.6 ± 10.9
Weight gain (g) 67.3 ± 8.0 57.6 ± 6.8 37.3 ± 3.9† 45.4 ± 7.6
Total food intake (g) 517.0 ± 37.9 394.1 ± 11.1* 367.6 ± 4.4 369.3 ± 10.5
Total water intake (ml) 366.1 ± 15.1 741.8 ± 15.0* 718.8 ± 34.5 677.6 ± 25.3
24 h urine vol. (ml) 8.8 ± 1.4 28.4 ± 2.6* 22.6 ± 2.5 20.7 ± 2.3†

Plasma sodium (mg/L) 3015 ± 58.0 2886 ± 77.0 2982 ± 112.2 2880 ± 62.3

Data shown as mean ± SEM, analyzed by one-way ANOVA, followed by Fisher’s LSD test. Results are considered significant at *p < 0.05 and †p < 0.05 with a 95% confidence interval;
*significantly different from NSD, †significantly different from HSD; n � 8 for all parameters.

FIGURE 1 | (A) kidney weight, (B) urinary protein normalized to 24 h urine volume, (C) urinary albumin normalized to 24 h urine volume in obese Zucker rats on NSD
or HSD and treated with vehicle, SAC/C21, or SAC/VAL. Data shown as mean ± SEM, analyzed by one-way ANOVA, followed by Fisher’s LSD test. Results are
considered significant at *p < 0.05, with a 95% confidence interval; n � 8. NSD—normal salt diet fed + vehicle treated obese control, HSD—high salt diet fed + vehicle
treated obese control, SAC/C21—high salt diet fed obese rat treated with sacubitril + C21, SAC/VAL—high salt diet fed obese rat treated with sacubitril + valsartan.
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for 30 min at 4°C for collection of plasma, which was
aliquoted and stored at −80°C, along with all urine and
tissue samples which were snap frozen in liquid nitrogen
immediately after collection. For detailed methods, please
refer to the Supplementary Material.

Statistical Analysis
GraphPad Prism Version 8.4.3 was used for data analysis via
one-way ANOVA with Fisher’s LSD test. Data is presented as
mean ± SEM, *p < 0.05, **p < 0.01, ****p < 0.0001; n � 6–8
per group.

FIGURE 2 | Analysis of renal injury via markers and indicators of glomerular and tubular damage (A) urinary osteopontin normalized to 24 h urine volume, (B) urinary
cystatin C normalized to 24 h urine volume, (C) urinary creatinine, (D) plasma cystatin C, (E) plasma creatinine, (F) eGFR, (G) nephrin expression in kidney cortex, (H)
podocin expression in kidney cortex, and (I) megalin expression in kidney cortex from obese Zucker rats on NSD or HSD and treated with vehicle, SAC/C21, or SAC/
VAL. Data shown as mean ± SEM, analyzed by one-way ANOVA, followed by Fisher’s LSD test. Results are considered significant at *p < 0.05, **p < 0.01, ****p <
0.0001 with a 95% confidence interval; n � 6–8 for urinary osteopontin, plasma creatinine, and eGFR and n � 8 for urinary and plasma cystatin C, urinary creatinine,
nephrin, podocin, and megalin expression. NSD—normal salt diet fed + vehicle treated obese control, HSD—high salt diet fed + vehicle treated obese control, SAC/
C21—high salt diet fed obese rat treated with sacubitril + C21, SAC/VAL—high salt diet fed obese rat treated with sacubitril + valsartan.
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RESULTS

General Parameters
In comparison to OZR fed NSD, those on HSD drank
significantly more water over the 16 days study period (NSD
366 ± 15 ml vs HSD 742 ± 15 ml), which resulted in an increased
daily urine volume (NSD 8.8 ± 1.4 ml/24 h vs HSD 28.4 ± 2.6 ml/
24 h). Though water intake was not impacted by either treatment,
SAC/VAL treated OZR produced modestly less urine volume
over a 24 h period. HSD-fed OZR took in less food over the
duration of the study compared to the NSD-fed OZR (HSD 394 ±
11 g vs NSD 517 ± 38 g), neither treatment affected total food
intake. While initial body weight did not differ between the
groups, one interesting outcome was that SAC/C21 treatment
significantly prevented weight gain (HSD 57.6 ± 6.8 g vs SAC/C21
37.3 ± 3.9 g) (Table 1).

Kidney Function
Kidney weight at the time of euthanasia in SAC/C21 treatment
group was lower compared to that of HSD-fed rats (HSD 2.7 ±
0.1 g vs SAC/C21 2.3 ± 0.05 g) (Figure 1A). Total urinary protein
and urinary albumin measurements revealed that HSD-feeding
increased proteinuria and albuminuria. Combination treatment
with SAC/C21 provided protection against increases in
proteinuria and albuminuria (HSD 48.5 ± 6.3 vs SAC/C21
25.9 ± 3.7 mg protein/24 h urine, and HSD 14.3 ± 2.7 vs SAC/
C21 4.9 ± 1.5 mg albumin/24 h urine, respectively) (Figures
1B,C). SAC/VAL treatment did not reduce HSD-induced
proteinuria and albuminuria.

Markers of Kidney Damage
Urinary concentrations of osteopontin, a marker used to predict
incident chronic kidney disease (CKD) were normalized to 24 h
urine volume and determined to be increased by HSD-feeding
and modestly decreased by treatment with SAC/C21 (NSD 163 ±
19.8 vs HSD 333.3 ± 62.3 vs SAC/C21 216.1 ± 17 ng/24 h urine)
(Figure 2A). Urinary cystatin C was similarly increased by HSD-
feeding, a response that was inhibited by both treatments (HSD
79.5 ± 10.4 vs SAC/C21 43.23 ± 8.2 vs SAC/VAL 52.8 ± 4.7 µg/
24 h urine) (Figure 2B). Urine creatinine excretion was
significantly increased by HSD-feeding and lowered by SAC/
VAL (HSD 7.6 ± 0.8 vs SAC/VAL 5.0 ± 0.9 mg/24 h urine)
(Figure 2C). Measurements of plasma cystatin C and
creatinine revealed that both were lowered by HSD-feeding
(NSD 2.2 ± 0.17 vs HSD 1.7 ± 0.14 μg/ml and NSD 0.54 ±
0.03 vs HSD 0.39 ± 0.05 mg/dl) (Figures 2D,E respectively).
Calculation of eGFR showed it to be increased by HSD-feeding
for 16 days (NSD 0.7 ± 0.1 vs HSD 1.5 ± 0.3 ml/min) (Figure 2F).
Western blot analysis on the expression of two slit diaphragm
proteins, nephrin and podocin suggest that similarly only SAC/
C21 treatment limited damage to the glomerular filtration barrier
as evidenced by the lack of nephrin upregulation compared to
HSD-fed rats (HSD 1.7 ± 0.3 vs SAC/C21 0.97 ± 0.15)
(Figure 2G). The expression of podocin and megalin, a
proximal tubule transporter were not significantly different
among the four groups (Figures 2H,I).

The Activity of Neprilysin and ACE2,
Expression of Neprilysin, ACE2, and NPR-C
and Plasma ANP and Bradykinin
Circulating ANP was decreased by HSD-feeding, but the
treatments preserved plasma levels of ANP (Figure 3A). Renal
activity of neprilysin was significantly decreased in the kidney of
both treated groups compared with HSD-fed control OZR (HSD
0.05 ± 0.007 vs SAC/C21 0.005 ± 0.001 and SAC/VAL 0.01 ±
0.004) (Figure 3B). Western blot measurement of neprilysin
expression revealed no change by HSD-feeding, but there was
a significant increase in SAC/C21 treated OZR (HSD 0.63 ± 0.2 vs
SAC/C21 1.4 ± 0.2) (Figure 3C). Expression of the clearance
natriuretic peptide receptor type C (NPR-C) in the kidney cortex
was modestly increased by HSD-feeding (NSD 1.0 ± 0.3 vs. HSD
1.5 ± 0.3), but unchanged in epididymal white adipose tissue
(Figures 3D,E). Circulating levels of bradykinin (BK) remained
unchanged among all groups and were not elevated by SAC/C21
treatment (Figure 3F). The expression of ACE2 was significantly
decreased in HSD-fed OZR compared to NSD-fed OZR and
preserved by only SAC/C21 treatment (NSD 1.0 ± 0.15 vs HSD
0.39 ± 0.05 vs SAC/C21 0.82 ± 0.13) while ACE2 activity between
the groups was unchanged (Figures 3G,H).

RAS Components
HSD-feeding caused a 5-fold increase in cortical levels of Ang II,
which was significantly decreased by SAC/C21 but not SAC/VAL
treatment (HSD 7.5 ± 3.4 vs SAC/C21 1.4 ± 0.1 and SAC/VAL
4.2 ± 1.3 pg/mg tissue) (Figure 4A). Only SAC/C21 treatment
afforded a nearly significant reduction in cortical renin activity
compared to HSD-fed OZR (HSD vs SAC/C21; p � 0.0538)
(Figure 4B). Plasma renin was decreased by HSD feeding, but
significantly increased by SAC/VAL treatment (HSD 50.7 ± 6.4 vs
SAC/VAL 147.9 ± 17.1 pg/ml) (Figure 4C). There was a slight
increase (not significant) in renal expression of AT1R in the
kidney cortex of SAC/VAL treated rats, along with a significant
increase in AT2R expression compared to SAC/C21 treated rats
(Figures 4D,E).

DISCUSSION

This study highlights the superior renal benefits of a novel
combinatory approach targeting neprilysin and AT2R, with the
neprilysin inhibitor SAC and AT2R agonist C21 (SAC/C21),
compared to SAC and AT1R blocker VAL (SAC/VAL) therapy
in OZR. SAC/VAL therapy is commonly associated with
albuminuria (Voors et al., 2015; Damman et al., 2018), a risk
factor for and indicator of kidney injury. Obese rats develop
kidney injury ∼9 weeks of age, evidenced by increases in urinary
albumin excretion and mesangial matrix (Schmitz et al., 1992),
and are a model known to be salt sensitive (Carlson et al., 2000;
Pamidimukkala and Jandhyala, 2004). HSD-feeding accelerates
the severity of injury to the kidney and onset of proteinuria shown
by prior studies in our laboratory (Patel et al., 2016). We herein
report for the first time that SAC/C21 prevented a decline in
kidney function and afforded stronger reno-protection than SAC/
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VAL as evidenced by completely preventing proteinuria
[measured with pyrogallol red-molybdate complex (Watanabe
et al., 1986)] and albuminuria in HSD-fed OZR. Persistent

proteinuria is a reliable risk factor for kidney failure that also
plays a pathogenic role in the progression of kidney disease
(Gorriz and Martinez-Castelao, 2012). On the other hand,

FIGURE 3 | (A) plasma ANP, (B) Neprilysin activity in kidney cortex, (C) Neprilysin expression in kidney cortex, (D) NPR-C expression in kidney cortex, (E) NPR-C
expression in white adipose tissue, (F) plasma bradykinin, (G) ACE2 expression in kidney cortex, and (H) ACE2 activity in kidney cortex from obese Zucker rats on NSD
or HSD and treated with vehicle, SAC/C21, or SAC/VAL. Data shown as mean ± SEM, analyzed by one-way ANOVA, followed by Fisher’s LSD test. Results are
considered significant at *p < 0.05, with a 95% confidence interval; n � 6–8 for neprilysin activity and renal NPR-C and ACE2 expression and n � 8 for plasma ANP
and bradykinin, expression of renal neprilysin and adipose NPR-C, and renal ACE2 activity. NSD—normal salt diet fed + vehicle treated obese control, HSD—high salt
diet fed + vehicle treated obese control, SAC/C21—high salt diet fed obese rat treated with sacubitril + C21, SAC/VAL—high salt diet fed obese rat treated with sacubitril
+ valsartan.
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albuminuria reflects an increased glomerular permeability
(Benzing and Salant, 2021), which is suggestive of a greater
degree of damage to the glomerulus that would occur during
later stages of injury, and explains why urinary albumin is
moderately though insignificantly increased in HSD-fed OZR
compared to NSD-fed OZR. Nevertheless, the combination of
SAC/C21 completely prevented or decreased albuminuria
compared with HSD-fed animals.

Cystatin C, a protein that after being freely filtered at the
glomerulus, is reabsorbed along the proximal tubules of the
nephron and degraded. Thus, plasma cystatin C
concentrations are inversely related to eGFR, and increased
urinary concentrations are a reflection of tubular damage
(Mijuskovic et al., 2007). Urinary cystatin C was increased by
HSD, an effect prevented by both treatments, but by a greater
degree of significance in SAC/C21 treated rats. On the other hand,
the decreased plasma cystatin C concentrations in HSD-fed OZR
are suggestive of hyperfiltration, a response corroborated by
decreased plasma creatinine, increased urinary creatinine
[based on high-performance liquid chromatography

measurements (Yuen et al., 2004)] and eGFR in HSD-fed
OZR. Taken together, 16 days of HSD-feeding in OZR was
associated with renal hyperfiltration, a response that can be
maladaptive over time in the progression of chronic kidney
disease (CKD) (Brenner et al., 1996) and one that is typically
associated with a progressive increase in albumin excretion rate
(Palatini, 2012). The HSD-induced hyperfiltration was not
prevented by either treatment, suggesting that the superior
anti-proteinuric effects of SAC/C21 compared to SAC/VAL
are independent of hyperfiltration. We acknowledge that
measurements in this study were acquired after 16 days of
HSD-feeding and treatment, and therefore do not know how
SAC/C21 and SAC/VAL would affect these indices at later stages
of CKD. As it relates to sex-difference, it cannot be definitively
stated that these beneficial effects would be similar or greater in
female OZR. Since AT2R is located on the X chromosome
(Matavelli and Siragy, 2015) and has been shown to have
greater kidney function in females (Hilliard et al., 2012;
Hilliard et al., 2014), in part due to its higher renal expression
(Armando et al., 2002), it’s likely that the benefit would be greater

FIGURE 4 | Angiotensin peptides, receptors and downstream signaling markers in obese Zucker rats on NSD or HSD and treated with vehicle, SAC/C21, or SAC/
VAL. (A) cortical Ang II, (B) renin activity in kidney cortex, (C) plasma renin, (D) AT1R expression in kidney cortex, (E) AT2R expression in kidney cortex from obese Zucker
rats on NSD or HSD and treated with vehicle, SAC/C21, or SAC/VAL. Data shown as mean ± SEM, analyzed by one-way ANOVA, followed by Fisher’s LSD test. Results
are considered significant at *p < 0.05, with a 95% confidence interval; n � 6–8 for Ang II, plasma renin and AT2R expression and n � 8 renin activity and AT1R
expression. NSD—normal salt diet fed + vehicle treated obese control, HSD—high salt diet fed + vehicle treated obese control, SAC/C21—high salt diet fed obese rat
treated with sacubitril + C21, SAC/VAL—high salt diet fed obese rat treated with sacubitril + valsartan.
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in females. However, for a definitive conclusion, a comparative
study is warranted, and should also include older females with
reduced estrogen levels.

Osteopontin is a glycoprotein normally expressed along
the loop of Henle and distal convoluted tubules (Xie et al.,
2001). Studies using rat models of accelerated anti-
glomerular basement membrane glomerulonephritis (Lan
et al., 1998), subtotal (5/6) renal mass ablation (Yu et al.,
2000), and streptozotocin-induced diabetes (Fischer et al.,
1998) have similarly concluded that with injury renal
osteopontin expression is upregulated. The upregulated
osteopontin in said models is correlated with proteinuria,
and macrophage and monocyte accumulation within the
kidney (Fischer et al., 1998; Lan et al., 1998; Yu et al.,
2000) making its urinary excretion a biomarker of kidney
injury (Phillips et al., 2016; Feldreich et al., 2017). Urinary
osteopontin concentrations were increased by HSD-feeding,
and among the HSD-fed groups were lowest in SAC/C21
treated OZR. To gain insight into the mechanism involved in
the anti-proteinuric effects of SAC/C21, the expression of
glomerular and tubular proteins was determined. Nephrin
and podocin are proteins expressed by podocyte epithelial
cells which are recognized for their critical role in the
maintenance of the glomerular filtration barrier and slit
diaphragm function (Levidiotis and Power, 2005).
Interestingly, we found that renal nephrin expression was
significantly increased upon HSD-feeding, an effect
prevented by only SAC/C21 treatment. These changes
occurred in parallel with proteinuria and albuminuria.
Although the changes in renal expression of podocin and
megalin, an endocytic receptor localized along the apical
surface of proximal tubular epithelial cells for protein
uptake (Mahadevappa et al., 2014) remained insignificant,
the modest changes mirrored those of nephrin. Thus, it is
likely that the increased fractional excretion of proteins led to
a compensatory upregulation of nephrin (Schaefer et al.,
2004), podocin, and megalin in HSD-fed and SAC/VAL
groups, which was prevented by SAC/C21 treatment.

The renal AT2R and the reno-protective ACE2/Ang-(1–7)
RAS axis have been increasingly studied in multiple animal
models. ACE2 and neprilysin are peptidases that metabolize
Ang II and Ang I, respectively into the reno-protective Ang-
(1–7). However, neprilysin is also involved in one of the
mechanisms of ANP elimination via enzymatic degradation;
natriuretic peptide receptor type C (NPR-C) is involved in the
receptor-mediated clearance of ANP (McMurray, 2015).
Renal neprilysin activity was equally decreased in both
treated groups and confirmed to be a direct effect of SAC
because renal neprilysin expression was not changed by either
treatment. However, as plasma ANP levels were unchanged
by both treatments compared to HSD-fed OZR, NPR-C
expression was measured in both the kidney and white
adipose tissue (WAT), which in obesity is a major
contributor to ANP clearance (Rubattu et al., 2010). The
expression of NPR-C remained unchanged in the kidney and
adipose tissue of all groups, suggesting NPR-C is not
contributing to a greater ANP degradation in the

treatment groups. Nevertheless, neprilysin inhibition via
SAC in both of the treatment groups caused a modest
increase in ANP compared with HSD-fed controls, which
was not significantly different from NSD-fed OZR controls. It
is worth it to mention that SAC treatment in combination
with ACE inhibition was associated with high rates of
angioedema (Kostis et al., 2004), resulting from increased
bradykinin, a substrate of both neprilysin and ACE. Plasma
bradykinin concentrations remained unchanged among the
groups, suggesting that similar to SAC/VAL, SAC/C21 may
also offer lower incidences of angioedema if pursued for
further clinical investigation. As ACE2 is a known
contributor to Ang-(1–7), ACE2 activity and expression
were also measured. It was determined that while ACE2
expression was preserved in SAC/C21 treated OZR, the
activity was only slightly, but non-significantly, increased.
While almost all HSD-fed OZR controls had lower neprilysin
expression than NSD-fed OZR, which was accompanied by a
significant decrease in activity, this was not the case with
ACE2 expression and activity. The explanation for the
significant change in ACE2 expression but not activity
could be the result of the phosphorylation status of ACE2.
ACE2 activity has been reported to depend on the state of
phosphorylation (Zhang et al., 2018), not on the expression
alone, suggesting that the change in expression may not
necessarily reflect enzyme activity.

Use of ARBs via a feedback loop drives a compensatory
increase in plasma renin levels (Chen et al., 2010), in addition
to increases in Ang I and Ang II (Gavras and Gavras, 1999).
Azizi et al. have shown that combining VAL with the renin
inhibitor aliskiren was essential to prevent increases in
plasma Ang I, Ang II, and renin activity (Azizi et al.,
2004). Therefore, the effects of SAC/C21 and SAC/VAL on
the aforesaid RAS components along with the expression of
angiotensin receptors were analyzed. Salt sensitivity in
humans is commonly associated with low circulating renin
levels (Richardson et al., 2013; Williams et al., 2014), which is
in accordance with our data on plasma renin concentrations
in salt sensitive HSD-fed OZR. On the other hand, circulating
renin was significantly increased by only SAC/VAL
treatment. Furthermore, while the expression of AT1Rs
was moderately increased, the increase in AT2R expression
was significant in SAC/VAL treated OZR compared to SAC/
C21, which is perhaps related to treatment with VAL (Barker
et al., 2006). Renal Ang II concentrations were not decreased
by SAC/VAL treatment, suggesting the modest increase in
AT1R expression was compensated for by a modest increase
in AT2R expression, a consequence as mentioned that is likely
to be associated with VAL therapy. Furthermore, cortical
renin activity and total kidney weight were attenuated by only
SAC/C21. The significance of these findings could be related
to renin, and its precursor prorenin, which bind the (pro)
renin receptor expressed in the kidney, heart, adipose, and
other tissues of the body (Ames et al., 2019). Also, a decrease
in kidney weight by SAC/C21 treatment could be explained in
light of its comparison with the kidney weight of age matched
lean Zucker rats (LZR). As obesity causes increases in kidney
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weight, OZR typically present with increased kidney weight
compared with LZR (LZR 2.1 ± 0.15 vs OZR 2.6 ± 0.06 g).
While HSD-feeding did not affect OZR weight, SAC/C21
treatment did attenuate increases in kidney weight, which
may have physiological relevance. However, to address this
important question a detailed study evaluating changes in
kidney structure is needed. While the exact involvement in
the pathophysiological mechanisms of renal and/or
cardiovascular disease are not yet fully understood, it is
known that high renin levels also have detrimental effects
independent from Ang II, via binding (pro)renin receptor
(Nguyen et al., 2004). Moreover, high concentrations of tissue
Ang II induce pro-fibrotic, pro-inflammatory, and pro-
hypertrophic effects that damage the kidney (Ames et al.,
2019), influence urinary excretion of albumin (Clavant et al.,
2003), and increased the fractional excretion of protein
(Lapinski et al., 1996). Despite the involvement of
alternate pathways involving enzymes such as chymase in
the generation of Ang II, the predominant enzymes involved
in Ang II generation include renin and ACE. While ARBs like
VAL inhibit the deleterious actions of Ang II at AT1R
regardless of its origin, studies have found that use of
ARBs is associated with significant increases in Ang II, and
that when given in combination with ACE inhibitors, ACE
inhibition dose-dependently prevents the increases in Ang II
induced by AT1R blockade (Ménard et al., 1997). Other
reports have found differences in the ability of ARBs to
produce sustained vascular and intrarenal blockade of
AT1Rs (Coltamai et al., 2010). This evidence, taken
together with the increased renal Ang II levels and
increased renal AT1R expression in SAC/VAL treated OZR
suggests that it is likely that the dose of VAL used in this study
might not have been sufficient to offset and block the AT1R
from the 3-fold increase in intrarenal Ang II levels. Though
this should be taken into consideration for the development
of reno-protective approaches, our study presents an
innovative approach that eliminates the kidney specific
problems associated with ARB monotherapy and SAC/VAL
therapy via a novel combination of SAC with C21.
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