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HIGHLIGHTS

� Epicardial application of RTX at the time

of MI largely prevented renal dysfunction,

attenuated renal congestion, and partially

restored renal blood flow in rats with CHF.

� RNA sequencing analysis showed that

renal injury, inflammation, hypoxia, and

apoptosis genes were significantly up-

regulated in the renal tissue of CHF rats,

which was largely prevented by epicardial

RTX at the time of MI.

� Cardiac afferent ablation by intra–stellate

ganglia injection of RTX or unilateral

renal denervation 4 weeks after MI had

similar renal protective effects on renal

tubular damage in CHF rats.

� These data provide evidence for cardiac

spinal afferent modulation of renal

function and a potential targeted therapy.
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SUMMARY
AB B
AND ACRONYM S

BUN = blood urea nitrogen

CHF = chronic heart failure

CRS2 = cardiorenal syndrome

type 2

CSAR = cardiac spinal afferent

reflex

EF = ejection fraction

FS = fractional shortening

GFR = glomerular filtration
Cardiorenal syndrome type 2 (CRS2) is defined as a chronic cardiovascular disease, usually chronic heart failure

(CHF), resulting in chronic kidney disease. We hypothesized that the cardiac spinal afferent reflex (CSAR) plays a

critical role in the development of CRS2. Our data suggest that cardiac afferent ablation by resiniferatoxin not

only improves cardiac function but also benefits the kidneys and increases long-term survival in the myocardial

infarction model of CHF. We also found that renal denervation has a similar reno-protective effect in CHF rats.

We believe this novel work contributes to the development of a unique neuromodulation therapy to treat CHF

patients. (J Am Coll Cardiol Basic Trans Science 2022;7:582–596) © 2022 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

rate
HR = heart rate

Kim-1 = kidney injury molecule 1

MAP = mean arterial blood

pressure

MI = myocardial infarction

Ngal = neutrophil gelatinase–

associated lipocalin

RTX = resiniferatoxin

RBF = renal blood flow

RVR = renal vascular resistance

URDN = unilateral renal

denervation
C hronic heart failure (CHF) is a serious and
debilitating disease associated with high
morbidity and mortality.1 About one-half of

patients with CHF also exhibit chronic renal dysfunc-
tion, prolonging hospitalization with a poor prog-
nosis.2 Cardiorenal syndromes (CRSs) describe the
complex and bidirectional interaction between the
heart and kidneys in acute and chronic conditions.
CRSs are divided into 5 categories, among which
CRS types 1 and 2 involve acute and chronic cardio-
vascular disease scenarios leading to acute kidney
injury or chronic kidney disease.3 Insufficient renal
perfusion due to impaired cardiac function, previ-
ously thought to be a primary hemodynamic precipi-
tant in the development of renal dysfunction in CRS
types 1 and 2, fails to explain the worsening renal
function that is observed clinically.4 In addition,
venous congestion and other major pathophysiologic
mechanisms, such as neurohormonal dysregulation,
inflammation, and oxidative stress, exert deleterious
effects on both the heart and the kidneys.2 However,
the upstream factors that drive these changes in the
setting of CHF are not completely understood.

The cardiac spinal afferent reflex (CSAR) is a
pathologic sympathoexcitatory reflex which is nor-
mally silent but becomes activated in cardiovascular
disease, including hypertension, acute myocardial
ischemia, and congestive heart failure.5,6 Previous
work from our laboratory confirmed the presence of
tonically active cardiac afferent reflexes in rats with
CHF that contribute to exaggerated cardiac and renal
sympathoexcitation.5-7 Chemical ablation of cardiac
spinal afferents by epicardial application of resin-
iferatoxin (RTX),8 an ultrapotent analog of capsaicin
that is capable of inducing rapid degeneration of
transient receptor potential cation channel subfamily
V member 1–expressing afferent neurons and fibers,
resulted in the attenuation of exaggerated renal and
cardiac sympatho-excitation and amelioration of
adverse ventricular remodeling after myocardial
infarction.9 However, whether selective
CSAR ablation offers beneficial effects in CRS
type 2 (CRS2) is unknown. The primary aim of
the present study was to investigate the role
of the CSAR in mediating the pathologic
development of renal impairment in CRS2.

METHODS

All animal experimentation was approved by
the Institutional Animal Care and Use Com-
mittee of the University of Nebraska Medical

Center and performed in accordance with the Na-
tional Institutes of Health’s Guide for the Care and
Use of Laboratory Animals. The overall experimental
protocol is outlined in Supplemental Figure 1. Primer
sequences for RT- PCR are listed in Supplemental
Table 1. Detailed methods are provided in the
Supplemental Appendix.

All data are expressed as mean � SD and were
analyzed with the use of GraphPad Prism 9.0. The
Shapiro-Wilk test was used for assessing distribution.
The 2-tailed Student t test and 1-way analysis of vari-
ance (ANOVA) were used for data that were normally
distributed, and the Mann-Whitney U test and
Kruskal-Wallis test were used for data that were not
normally distributed. Differences between groups
were determined with the use of a 2-way ANOVA fol-
lowed by Tukey’s post hoc test for multiple pairwise
comparisons. Survival estimates between vehicle-
treated and RTX-treated rats, conditional on survival
until the end ofweek 1 aftermyocardial infarction (MI),
were calculated with the use of Kaplan-Meier methods
and compared bymeans of the log-rank test. A value of
P < 0.05 was considered to be statistically significant.

RESULTS

EVALUATION OF BASELINE HEMODYNAMICS.

Echocardiographic and hemodynamic measurements
in all groups are summarized in Supplemental Table 2
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TABLE 1 Blood Analysis in Sham, CHFþVehicle, and CHFþRTX Rats

Sham (n ¼ 8) CHFþVehicle (n ¼ 14) CHFþRTX (n ¼ 8)

6-8 wk 12-14 wk 16-18 wk 6-8 wk 12-14 wk 16-18 wk 6-8 wk 12-14 wk 16-18 wk

Na, mmol/L 140.8 � 1.1 140.6 � 0.9 140.9 � 1.1 140.1 � 1.8 138.6 � 1.8 140.7 � 0.9 139.9 � 1.3 137.7 � 1.4 140.8 � 0.7

K, mmol/L 4.10 � 0.19 4.03 � 0.23 4.00 � 0.16 4.23 � 0.28 4.14 � 0.29 4.71 � 0.25a 4.14 � 0.22 4.07 � 0.16 4.19 � 0.26b

Cl, mmol/L 102.3 � 2.1 101.8 � 2.2 102.5 � 2.5 101.5 � 1.8 101.5 � 1.3 102.5 � 3.1 102.1 � 1.6 102.3 � 1.0 101.9 � 1.5

iCa, mmol/L 1.23 � 0.09 1.22 � 0.13 1.20 � 0.07 1.31 � 0.09 1.32 � 0.03 1.23 � 0.06 1.21 � 0.07 1.25 � 0.07 1.19 � 0.05

TCO2, mmol/L 25.4 � 4.0 25.5 � 3.8 25.9 � 3.3 26.2 � 1.7 26.3 � 1.6 26.1 � 3.0 25.6 � 2.2 26.4 � 1.8 25.4 � 1.5

BUN, mg/dL 20.3 � 1.6 21.3 � 1.3 21.6 � 2.2 22.2 � 2.5 22.9 � 2.6 30.9 � 5.6a 21.8 � 2.3 21.6 � 1.8 25.8 � 2.8b

Crea, mg/dL 0.53 � 0.14 0.54 � 0.13 0.56 � 0.09 0.43 � 0.22 0.47 � 0.09 0.71 � 0.18a 0.43 � 0.19 0.36 � 0.12 0.55 � 0.11b

HCt, %PCV 48.8 � 3.2 49.3 � 3.8 49.0 � 3.3 46.9 � 3.1 45.7 � 2.4 51.7 � 6.2 46.6 � 4.2 43.7 � 1.8 52.5 � 1.9

Hb, g/dL 16.2 � 1.7 16.9 � 1.2 16.7 � 1.1 16.4 � 0.9 15.5 � 0.8 17.5 � 2.2 15.7 � 0.9 14.5 � 0.4 17.9 � 0.6

AnGap 17.5 � 3.9 17.8 � 3.1 17.8 � 3.3 16.3 � 2.4 15.9 � 2.2 17.6 � 2.5 13.3 � 1.9 12.7 � 1.8 18.6 � 1.4

Values are mean � SD. Cardiac spinal afferent reflex ablation by resiniferatoxin prevents the renal dysfunction measured by blood creatinine, BUN, and potassium in rats with chronic heart failure. aP < 0.05
vs 6-8 wk or 12-14 wk. bP < 0.05 vs CHFþVehicle.

AnGap ¼ anion gap; BUN ¼ blood urea nitrogen; Cl ¼ chloride; Crea ¼ creatinine; Hb ¼ hemoglobin; HCt ¼ hematocrit; iCa ¼ ionized calcium; K ¼ potassium; Na ¼ sodium; TCO2 ¼ total carbon dioxide.

Xia et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 6 , 2 0 2 2

Cardiac Afferents and Cardiorenal Syndrome J U N E 2 0 2 2 : 5 8 2 – 5 9 6

584
for rats that had blood chemistry measurements
(i-STAT; Abbott) and Supplemental Table 3 for those
rats in which we examined the acute activation of the
CSAR. CHFþvehicle rats exhibited increased heart
weights, heart weight and lung weight to body weight
ratios, and left ventricular end-diastolic pressure
compared with sham rats, which were all attenuated
by RTX application. CHFþvehicle rats had reduced
ejection fraction (EF), fractional shortening (FS),
and left ventricular end-systolic pressure (LVESP)
compared with sham rats. EF, FS, LVESP, and infarct
sizes of CHFþvehicle and CHFþRTX were, however,
similar. The infarct sizes of rats with CHF at different
time points were similar (1 week after M:, infarct size
46.9% � 5.2%; 4 weeks after MI: infarct size 45.4% �
3.8%; 8 weeks after MI: infarct size 43.5% � 3.8%;
18weeks afterMI: infarct size 44.5%� 3.4%; CHFþRTX
18 weeks after MI: infarct size 44.2% � 2.6%).

CHRONIC CSAR ABLATION WITH RTX PREVENTS

RENAL DYSFUNCTION IN RATS WITH CHF. Blood
analysis of creatinine, blood urea nitrogen (BUN),
potassium, and other parameters are summarized in
Table 1. In CHFþvehicle rats, we did not see any sig-
nificant differences in BUN, creatinine, or potassium
compared with sham rats until 16-18 weeks after MI.
Compared with sham, CHFþvehicle rats exhibited
decreased urine output and increased urinary osmo-
lality (Figures 1A and 1B). Animals treated with RTX
exhibited significantly increased urine output and
decreased blood BUN, creatinine, potassium, and
urinary osmolality compared with CHFþvehicle rats.

We found that in CHF rats, urinary kidney injury
molecule 1 (Kim-1) concentration and 24-hour Kim-1
excretion were markedly increased compared with
those of sham rats. Cardiac spinal afferent ablation
by RTX significantly decreased urinary Kim-1
concentration and 24-hour Kim-1 excretion in CHF
rats (Figure 1C). Compared with sham rats, the average
urinary microalbumin concentration and 24-hour
microalbumin excretion in CHFþvehicle rats was
significantly higher and was normalized in CHFþRTX
rats (Figure 1D). Compared with sham rats, the
glomerular filtration rate (GFR) of CHFþvehicle rats
was significantly reduced at 16-18 weeks after MI,
which was improved by epicardial application of RTX
(Figure 1E).

Histologic examination showed that compared
with sham rats, there were more dilated tubules,
more cast-filled tubules, and more necrotic tubules in
the kidneys of the rats with CHF, which were all
reduced by RTX (Figures 2A and 2B). Masson tri-
chrome analysis demonstrated that there was sub-
stantial fibrosis in the cortex and medulla of the CHF
rats. However, RTX significantly decreased collagen
deposition in the kidneys of the CHF rats (Figures 2C
and 2E). In addition, periodic acid–Schiff staining
analysis showed that thickening of glomerular base-
ment membranes was observed in CHF rats, which
was also attenuated by CSAR ablation (Figure 2D).

RNA SEQUENCING ANALYSIS IN KIDNEY TISSUES OF

RATS WITH CHF TREATED WITH EPICARDIAL

VEHICLE OR RTX. To further investigate the patho-
physiologic mechanisms of CRS2 following RTX
treatment, RNA sequencing of the whole kidneys was
performed in sham, CHFþvehicle, and CHFþRTX
rats. In general, the RNA sequencing data showed
that gene expressions of Kim-1 (Havcr1), neutrophil
gelatinase–associated lipocalin (Ngal; Lcn2),
interleukin-24 (Il24), and Il6 were increased by 30–
100-fold in whole-kidney tissues of CHFþvehicle rats
compared with sham rats (Supplemental Figure 2).
Gene expressions of nephroblastoma overexpressed

https://doi.org/10.1016/j.jacbts.2022.02.008
https://doi.org/10.1016/j.jacbts.2022.02.008


FIGURE 1 Cardiac Spinal Afferent Reflex Ablation by RTX Prevents Renal Dysfunction

As measured by (A) urine output, (B) urinary osmolality, (C) urinary KIM-1, (D) microalbuminuria, and (E) GFR in CHF rats. Sham group: n ¼ 9

for A to C, n ¼ 8 for D, n ¼ 6 for E; CHFþVeh group: n ¼ 12 for A and B, n ¼ 10 for C, n ¼ 9 for D, n ¼ 5 for E; CHFþRTX group: n ¼ 11 for

A to C, n ¼ 9 for D, n ¼ 6 for E. *P < 0.05 vs Sham. †P < 0.05 vs CHFþVeh. CHF ¼ chronic heart failure; Kim-1 ¼ kidney injury molecule 1; GFR

¼ glomerular filtration rate; RTX ¼ resiniferatoxin; Veh ¼ vehicle.
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(Nov), receptor-type tyrosine-protein phosphatase
zeta (Ptprz1), and hypoxia-inducible factor 3 alpha
(Hif3a) were increased by 4–7-fold in CHF rats.
Significantly enriched Gene Ontology categories for
differentially expressed genes including renal injury,
inflammation, hypoxia, and apoptosis between sham
and CHFþvehicle groups are presented in Table 2,
Supplemental Figures 3 to 9, and Supplemental
Tables 4 and 5.

Comparison of the gene expression profile of
CHFþvehicle and CHFþRTX rats revealed an entirely
different profile, with the majority of the differen-
tially expressed genes down-regulated in CHFþRTX
rats (Figure 3, Supplemental Figures 2, 4 and 10 to 12,
Table 2, Supplemental Table 6). Kim-1 (Havcr1)
expression was decreased by w25-fold in CHFþRTX
rats compared with CHFþvehicle rats (Figure 3C).
However, Ngal was similarly elevated in both
CHFþvehicle and CHFþRTX rats. Gene expression for
Il24, Nov, and Ptprzl1 were reduced compared with
CHFþvehicle rats. Enriched Gene Ontology categories
showed that pathways that regulate Il-1b secretion
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FIGURE 2 Cardiac Spinal Afferent Reflex Ablation by RTX Reduced Renal Fibrosis and Tubular Injury in CHF Rats

(A) Representative images of Masson trichrome staining and PAS staining in the kidneys from Sham, CHFþVeh, and CHFþRTX rats. Scale bar: 50 mm. Arrows: cast-filled

tubules. (B) Percentages of renal tubular profiles categorized as normal, dilated, cast-filled, and necrotic in the cortex and medulla. (C) Quantitative analysis for

Masson trichrome positive area. (D) Quantitative analysis for PAS-positive area. (E) Scores of tubular injury. For Masson trichrome staining: Sham group, n ¼ 4;

CHFþVeh group, n ¼ 5; CHFþRTX group, n ¼ 4. For PAS staining: Sham group, n ¼ 5; CHFþVeh group, n ¼ 7; CHFþRTX group, n ¼ 4. *P < 0.05 vs Sham. †P < 0.05 vs

CHFþVeh. PAS ¼ periodic acid–Schiff; other abbreviations as in Figure 1.
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were enhanced after RTX treatment (Supplemental
Figure 5). Ingenuity Pathway Analysis (Qiagen) iden-
tified that several pathways involved in Il-12 signaling
and production in macrophages, liver X receptor and
retinoid X receptor activation, and Wnt/b-catenin
signaling were enriched (Supplemental Table 7). More
detailed analysis is described in the Supplemental
Appendix.

To validate the effects of RTX on mRNA expression
of Kim-1, subsequent real-time polymerase chain re-
action experiments were performed. In the renal
cortex of CHFþvehicle rats, Kim-1 mRNA level was
increased by w300-fold, which was largely prevented
in CHFþRTX rats (only 4-fold increase). However, the
mRNA expressions of Ngal were similar in the renal
cortex and medulla of CHFþvehicle rats and
CHFþRTX rats compared with sham rats (Figures 4A
to 4D). mRNA expressions of Il6 in the renal cortex
and medulla were increased in CHF rats regardless of
treatment. However, mRNA expression of Il1b in the
renal cortex was increased by w4-fold in CHFþve-
hicle rats, which was attenuated by RTX treatment. In
the renal medulla, RTX did not alter mRNA expres-
sion of Il1b in the CHFþvehicle rats (Figures 4E to 4H).
TIME-COURSE CHANGES OF KIDNEY DAMAGE

MARKERS AFTER MI. To determine the time course of
renal damage markers, mRNA expression of Kim-1
and Ngal were measured in the renal cortex and me-
dulla (Figures 4I to 4L). We found that both Kim-1 and
Ngal levels were increased at 4 weeks after MI,
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TABLE 2 Common Differentially Expressed Genes

Gene
Fold Difference,

CHFþVeh vs Sham
Fold Difference,

CHFþRTX vs Sham

15 common elements in
“Up(sham/CHFþVeh)”
and “Dn(CHFþVeh/CHFþRTX)”

Havcr1 (Kim1) 104.19 4.88

Il24 55.28 0.85

Cyp3a9 16.69 1.82

Adra1d 9.89 1.97

Gpnmb 7.32 1.16

Kng1l1 5.98 0.95

Ptprz1 5.68 1.26

C4b 5.54 1.03

Cd44 4.54 1.54

Alox15 3.76 1.08

Nov 3.61 1.07

Cfi 3.48 0.87

Fcrl2 3.38 1.09

Ccl19 2.77 0.67

Lum 2.75 0.60

5 common elements in
“Dn(sham/CHFþVeh)”
and “Up(CHFþVeh/CHFþRTX)”

Slco1a1 0.35 1.23

Spata22 0.19 0.59

Ptprq 0.18 1.00

Ros1 0.16 0.79

Cyp2c11l 0.07 0.75

3 common elements in
“Up(Sham/CHFþVeh)”
and “Up(CHFþVeh/CHFþRTX)”

Sds 7.03 37.22

Pou3f1 4.90 15.00

Gnat1 4.00 11.28

CHF ¼ chronic heart failure; Dn ¼ down; RTX ¼ resiniferatoxin; Veh ¼ vehicle.
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suggesting the occurrence of acute kidney injury in
the early stages after MI. Surprisingly, 8 weeks after
MI, Kim-1 and Ngal expression was undetectable.
Eighteen weeks after MI, Kim-1 and Ngal expression
increased again.

Gene expression of inflammatory cytokines,
including Il1b, Il6, and inducible nitric oxide synthase
(iNos), was increased during the early stage (1 week
and/or 4 weeks) after MI. The expression in rats
8 weeks after MI was similar to that in sham rats,
whereas the expression increased again at 4 months
after MI (Supplemental Figures 13A to 13D, 13G, and
13H). However, the expression of tumor necrosis
factor alpha (Tnfa) increased only at 4 weeks after MI
(Supplemental Figures 13E and 13F).

Expression of hypoxia-inducible factor 1 alpha
(Hif1a) and Hif3a was increased at 1 month after MI
(Supplemental Figures 14C to 14F). However, gene
expression of erythropoietin (Epo) was increased
at the late stage after MI (Supplemental Figures 14A
and 14B).

Expression of activating transcription factor 3
(Atf3) was increased immediately (1 week) after MI
and at the late stage (4 months after MI). Interest-
ingly, gene expression of Atf3 between 1 week and
8 weeks after MI was normal (Supplemental
Figures 15A and 15B).

Gene expression of heme oxygenase 1 (Hmox1) was
increased at 4 weeks after MI. Similarly, 8 weeks after
MI, the expression of Hmox1 was similar to that in
sham rats. However, the expression increased again at
4 months after MI (Supplemental Figures 15C and 15D).
In addition, gene expression for arginine vasopressin
receptor 2 was decreased at 4 months after MI in
CHFþvehicle rats (Supplemental Figures 15E and 15F).

ACUTE CSAR ACTIVATION EXAGGERATES RENAL

HYPOPERFUSION IN CHF RATS, WHICH IS REDUCED

BY RTX. As shown in Figures 5A to 5E, acute CSAR
activation by bradykinin slightly increased mean
arterial blood pressure (MAP), heart rate (HR), and
renal vascular resistance (RVR) and decreased renal
blood flow (RBF) in sham rats. However, compared
with sham rats, CHFþvehicle rats exhibited exagger-
ated increases in MAP, HR, and RVR along with a
marked reduction in RBF in response to bradykinin.
RVR was significantly increased in the CHFþvehicle
rats whereas RBF was significantly decreased
compared with sham rats (Figures 5F and 5G).
Epicardial RTX application partially restored the
abnormal RBF and RVR seen in CHFþvehicle rats.

CHRONIC CSAR ABLATION WITH RTX ATTENUATES

CENTRAL VENOUS PRESSURE IN CHF. As shown in
Figures 6A and 6B, the sham rats displayed typical
central venous pressure (CVP), from which we can see
a rise in pressure (a-wave) caused by right atrial sys-
tole, a decrease in pressure (x-descent) due to right
atrial relaxation, a second small peak pressure
(v-wave) induced by rapid filling of right atrium, and
a second mild decrease of pressure (y-descent) due to
atrial emptying. Compared with sham rats, in the
setting of CHF the average CVP levels increased,
which were ameliorated by CSAR ablation with
RTX (Figure 6C).

CHRONIC CSAR ABLATION WITH RTX IMPROVES

SURVIVAL IN RATS WITH CHF. A subgroup of rats
with CHF that were treated with vehicle or RTX were
followed for 6 months so that survival could be
assessed (Figure 6D). A significant improvement in
long-term survival in the RTX-treated CHF group was
observed (P < 0.05).

INTRASTELLATE INJECTION OF RTX 4 WEEKS AFTER MI

PREVENTS RENAL DYSFUNCTION IN RATS WITH CHF. To
determine if cardiac spinal afferents traverse through
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FIGURE 3 RNA Sequencing Results

(A) Heat map of RNA sequencing data showing altered gene profiles in whole-kidney tissues from CHF rats with and without RTX treatment along with sham. Kidney

injury molecule 1 (Kim1; a specific proximal tubular damage marker) was increased in whole-kidney tissues of CHF rats, which was largely prevented by RTX. (B) Venn

diagram highlighting the number of genes differentially expressed between CHF/Sham and CHF/CHF-RTX. (C) Table showing the common genes changed between

different comparisons and the fold change. Sham group: n ¼ 5; CHFþVeh group: n ¼ 3; CHFþRTX group: n ¼ 3. Dn ¼ down; other abbreviations as in Figure 1.
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the stellate ganglion (SG), local application of RTX
into the SG effectively reduced the CSAR without
significant change in cardiac function (Supplemental
Figures 16 and 17).

Blood analysis of creatinine, BUN, and electrocytes
is summarized in Table 3. Compared with SG vehicle,
SG RTX reduced BUN.

The mRNA level of Kim1 in the renal cortex was
significantly increased in the CHFþSG vehicle rats but
not in the CHFþSG RTX rats compared with sham rats
(Figure 7A). The mRNA levels of Ngal in both renal
cortex and medulla were similar between CHFþSG
vehicle and CHFþSG RTX rats (Figures 7C and 7D). The
mRNA expression of Il6 tended to increase in the
kidneys of CHFþSG vehicle and CHFþSG RTX rats
(Figures 7E to 7H).
UNILATERAL RENAL DENERVATION (URDN) 4

WEEKS AFTER MI IMPROVES CARDIAC AND RENAL

FUNCTION IN RATS WITH CHF. Unilateral renal
denervation reduced the NE and dopamine in the
denervated kidneys (Supplemental Figures 18 and
19). Left ventricular dimensions and volumes were
increased in a temporal manner after MI, which was
not observed in the CHFþURDN rats (Supplemental
Figures 20C to 20F). At 18 weeks after MI, the EF
and FS of CHFþURDN were significantly improved
compared with CHFþsham (Supplemental
Figures 20A and 20B).

Compared with control rats, the GFR of CHFþsham
denervation rats was significantly reduced at
16 weeks after MI, which was improved in the
CHFþURDN group (Supplemental Figure 21). In the
renal cortexes from the left and right kidneys of
CHFþsham rats, Kim1 and Ngal mRNA levels were
significantly increased, which were largely prevented
by the unilateral denervation in the left renal cortexes
of CHFþURDN rats (Figures 7I to 7L). Similar trends
were observed in the renal medulla (Figures 7I to 7L).
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FIGURE 4 Effect of Epicardial RTX Application on Renal Injury and Inflammatory Biomarkers Post-Myocardial Infarction

Real-time PCR data showing (A, B) Kim1, (C, D) Ngal, (E, F) Il6, and (G, H) Il1b mRNA expressions in the renal cortex and medulla from Sham,

CHFþVeh, andCHFþRTX rats. Shamgroup: n¼ 12 forA toH; CHFþVehgroup: n¼ 14 forA toH; CHFþRTXgroup: n¼9 forAandC toH, n¼8 for

B. Real-time PCR data showing the time-course for alterations in (I, J) Kim-1 and (K, L) NgalmRNA expressions in renal cortex and medulla from

Sham and CHF rats. (I, J) For 1 week, 4 weeks, 8 weeks, and 18 weeks, respectively, after surgery: Sham group, n ¼ 6, 5, 7, and 12; CHF group,

n¼ 8, 8, 8, and 12. (K, L) For 1 week, 4 weeks, 8 weeks, and 18 weeks, respectively, after surgery: Sham group, n¼ 6, 5, 6, and 12; CHF group,

n ¼ 8, 8, 6, and 12. *P < 0.05 vs Sham. †P < 0.05 vs CHFþVeh. Actb ¼ actin-beta; Il6 ¼ interleukin-6; Il1b ¼ interleukin-1beta; Kim1 ¼ kidney

injury molecule 1; Ngal ¼ neutrophil gelatinase–associated lipocalin; PCR ¼ polymerase chain reaction; other abbreviations as in Figure 1.
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FIGURE 5 Hemodynamic Measurements After Acute Cardiac Afferent Activation and Chronic Cardiac Afferent Ablation in Response to

Epicardial Application of BK

(A to E) Cardiac afferent activation caused exaggerated renal vasoconstriction in the post-MI rats. (F, G) Cardiac spinal afferent reflex ablation

by RTX partially restored the decreased renal blood flow and reduced RVR in CHF rats. Sham group, n ¼ 8; CHFþVeh group, n ¼ 7; CHFþRTX

group, n ¼ 7. *P < 0.05 vs Sham. †P < 0.05 vs CHFþVeh. AP ¼ arterial blood pressure; BK ¼ bradykinin; HR ¼ heart rate; MAP ¼mean arterial

blood pressure; RF ¼ renal blood flow; RVR ¼ renal vascular resistance; other abbreviations as in Figure 1.
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FIGURE 6 CSAR Ablation by RTX Reduced the Increased CVP and Improved Survival in CHF Rats

(A, B) Original recording and (C) summary data showing that cardiac spinal afferent ablation by RTX reduced the increased CVP in CHF rats. R,

respiratory wave; a-wave, atrial contraction; x-descent, atrial relaxation; v-wave, systolic filling of atrium; y-descent, early ventricular filling.

Sham group, n ¼ 4; CHFþVeh group, n ¼ 5; CHFþRTX group, n ¼ 7. *P < 0.05 vs Sham. †P < 0.05 vs CHFþVeh. (D) Kaplan-Meier survival

rates between CHF rats treated with epicardial application of RTX (n ¼ 19) or vehicle (n ¼ 20) at the time of myocardial infarction.

CVP ¼ central venous pressure; other abbreviations as in Figure 1.
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There was a tendency for the mRNA expression of Il1b
and Il6 in the left and right kidneys to increase, which
was not attenuated by URDN (Figures 7M to 7P).

DISCUSSION

Approximately 41% of all-cause mortality in CHF pa-
tients is attributed to coexisting renal failure.10 CRS2
is used to describe renal dysfunction caused by CHF.
TABLE 3 Blood Analysis in CHFþSham and CHFþSG RTX Rats

CHFþSG Veh (n ¼ 6) CHFþSG RTX (n ¼ 6)

Na, mmol/L 140.2 � 0.8 140.5 � 1.4

K, mmol/L 5.17 � 1.15 4.50 � 0.62

Cl, mmol/L 101.3 � 1.2 101.5 � 1.5

iCa, mmol/L 1.35 � 0.09 1.35 � 0.04

TCO2, mmol/L 29.7 � 3.3 30.3 � 2.6

BUN, mg/dL 30.5 � 5.9 23.2 � 1.7a

Crea, mg/dL 0.62 � 0.19 0.43 � 0.15

HCt, %PCV 51.2 � 4.9 46.2 � 1.8

Hb, g/dL 17.5 � 1.7 15.7 � 0.6a

AnGap 15.2 � 2.4 14.2 � 1.6

Values are mean � SD. aP < 0.05 vs CHFþVeh.

SG ¼ stellate ganglion; other abbreviations as in Tables 1 and 2.
However, the mechanism underlying the develop-
ment of CRS2 remains unclear owing to a lack of an
appropriate animal model to mimic this pathologic
process. Previously, Lekawanvijit et al11 found that
renal cortical fibrosis and 24-hour urinary albumin
increased and were both maximal in rats at 16 weeks
after MI. In the present study, we confirmed that at
least 16-18 weeks is required for the development of
chronic kidney damage in a rat MI model. We also
found that the mRNA expression of renal injury genes
(Kim1 and Ngal) and proinflammatory genes (Il1, Il6,
Tnfa, and iNos) in both renal cortex and medulla were
higher in MI rats compared with sham at 1, 4, and
18 weeks after MI. However, at 8 weeks after MI,
mRNA expression of these genes in MI animals were
similar to those of sham, suggesting that there may be
a compensatory stage between temporary kidney
damage and chronic kidney disease after MI. The
advantage of this model is that it resembles the
chronic pathologic progression of renal dysfunction in
the setting of heart failure that is observed clinically.

Hemodynamic changes due to decreased cardiac
output in CHF and dysregulation of neurohumoral
systems contribute to the pathophysiology of CRS2.



FIGURE 7 Real-Time PCR Data

(A, B) Kim1, (C, D) Ngal, (E, F) Il1b, and (G, H) Il6 mRNA expression in the kidneys from Sham, CHFþSG Veh, and CHFþSG RTX rats. A to H: Sham group, n ¼ 3-5; CHFþ
SG Veh group, n ¼ 4-5; CHFþSG RTX group, n ¼ 5-6; *P < 0.05 vs Sham. (I, J) Kim1, (K, L) Ngal, (M, N) Il1b, and (O, P) Il6 mRNA expression in kidneys from Sham,

CHFþSham, and CHFþURDN rats. I to P: Sham group, n ¼ 5-8; CHFþSham group, n ¼ 6-7; CHFþURDN group, n ¼ 5-8. *P < 0.05. **P < 0.01. SG ¼ stellate ganglion;

URDN ¼ unilateral renal denervation; other abbreviations as in Figures 1 and 4.
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Other factors, such as inflammation, oxidative
stress, and metabolic and nutritional changes, also
contribute to the pathologic development of renal
dysfunction in heart failure.2 However, the upstream
factors that drive these changes are still unclear. In the
setting of CHF, one of the most common and signifi-
cant problems is excessive sympathoexcitation.12

There are several cardiovascular reflexes contrib-
uting to sympathetic excitation including an
increased chemoreflex, blunted arterial baroreflex,
and enhanced CSAR.13 The CSAR, a pathologic sym-
pathoexcitatory reflex, is silent in the normal state but
becomes tonically activated in CHF and contributes to
global sympathoexcitation to the heart and the kid-
neys.5,6 We previously provided evidence9 showing
that chronic and selective CSAR ablation by epicardial
application of RTX at the time of MI prevented the
exaggerated renal and cardiac sympathoexcitation in
rats with MI-induced CHF. The present study further
demonstrates that epicardial RTX at the time ofMI also
benefits the kidneys in CHF, as evidenced by
improvement in GFR, blood creatinine, BUN, and po-
tassium, and prevention of microalbuminuria by RTX.
At the molecular level, we show that epicardial RTX
has a selective protective effect on the renal cortex,
especially on proximal tubular injury as supported by
the reduced mRNA expression of Kim1 and reduced
urinary Kim-1 levels in CHF after RTX application. We
also provided additional evidence that CSAR ablation
by intrastellate injection of RTX at 4 weeks after MI
had a similar renal protective effect, suggesting that
CSAR ablation after CHF still exhibits renal beneficial
effects. Furthermore, this novel intrastellate RTX
injection approach may have more translational
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therapeutic potential. Clinically, although epicardial
application of RTX is feasible, the MI-induced scar
formation and cardiac interstitial fibrosis could affect
the efficiency of epicardial RTX on CSAR ablation.
Compared with epicardial delivery, injection of RTX
into the SG at the post-MI stage may be a better
approach to perform CSAR ablation. Anatomically, the
stellates not only contain soma for sympathetic
efferent fibers but also fibers of passage for thoracic
afferents as they course through the dorsal root ganglia
and enter the spinal cord. It should be noted that in
humans the SG can be easily identified, and that this
type of transcutaneous procedure can be performed
with the use of fluoroscopic or ultrasound guidance
(intraganglionic or nerve “block” approach).
Compared with epicardial delivery, which requires
relatively larger injection volume (80-100 mL per rat),
intrastellate injection requires a much smaller volume
(10 mL for bilateral injection), which minimizes the risk
of systemic absorption of RTX. Although we did
observe similar renal-protective effects between
epicardial RTX at the time of MI and SG injection of
RTX at 4 weeks after MI, we think that these 2 ap-
proaches may still have differential effects due to the
intervention time window. Our previous studies sug-
gested that epicardial RTX application at the time ofMI
largely prevented cardiac remodeling, such as cardiac
fibrosis, hypertrophy, and apoptosis, in CHF rats. In
rats at 4 weeks after MI, cardiac fibrosis, hypertrophy,
and apoptosis have been well developed. We think
that cardiac afferent denervation by either epicardial
or SG application of RTX at 4 weeks after MI is not
capable of reversing the established cardiac remodel-
ing but may prevent or slow the ongoing remodeling
process. In other words, the earlier intervention could
achieve expanded beneficial effects on both the heart
and the kidneys.

Based on our data, it is likely that chronic CSAR
ablation improves renal damage by partially restoring
RBF in CHF. We confirmed that in the setting of CHF,
overactive CSAR modulates renal function through
further exacerbation of renal ischemia. CSAR ablation
ameliorated the renal vasoconstriction and partially
restored RBF, suggesting a protective effect on renal
perfusion. Although one could argue that renal
autoregulation could counteract the vasoconstrictive
effect of CSAR activation, this possibility would be
low because autoregulation would simply keep flow
constant, whereas CSAR activation caused a long-
lasting vasoconstrictor effect in CHF rats.

In the present study, we observed that an increase
in CVP in rats with CHF may contribute to renal
venous hypertension and loss of renal function,
which can be attenuated by RTX. Tonic activation
of the CSAR in CHF provides a continuous sympa-
thetically mediated vasoconstrictor tone to visceral
vascular beds. The latter, in combination with the
decreased intrinsic myocardial contractility, causes a
volume shift from the peripheral circulation to the
thorax, thus increasing CVP and contributing to renal
venous congestion. Based on our hemodynamic data,
we propose that both CSAR-induced renal ischemia
and venous congestion contribute to chronic kidney
dysfunction, which were attenuated by chronic abla-
tion of the CSAR by epicardial RTX.

Our time-course study showed that gene expres-
sion of Kim-1 is elevated in the early and late stages
after MI, whereas in the intermediate stage, Kim-1
expression was similar to that in sham animals.
Tubular expression of Kim-1 is strongly related to
interstitial fibrosis and inflammation and negatively
associated with renal function.14 Recently Veach et al
showed that human proximal tubule cells responded
to various stimuli, including hypoxia (1% O2), indic-
ative of the up-regulation of KIM-1 expression.15

Renal ischemia plus the reduction in capillary den-
sity due to endothelial cell apoptosis after the initial
insult may cause renal hypoxia.16 Our RNA
sequencing data show that hypoxia pathways and
several hypoxia-related genes, including Hif1, Epo,
and Ptprz1, were up-regulated in CHF, suggesting the
existence of and the involvement of renal hypoxia in
CHF. CSAR ablation attenuated the increased
expression of Ptprz1, suggesting that the effects of
cardiac afferent ablation may reduce hypoxia in CHF.
Our RNA sequencing analysis and polymerase chain
reaction results also showed that proinflammatory
gene expression and inflammatory pathways were
up-regulated in the kidneys of CHF rats and were
attenuated by CSAR ablation, indicating the involve-
ment of inflammation in the development of renal
impairment in CHF. The enhanced sympathetic tone
and the activation of RAAS in CHF, which leads to
renal vasoconstriction, is considered to be a major
cause of local inflammation.17 In addition, biome-
chanical stress due to volume overload and venous
congestion in CHF promotes the release of proin-
flammatory mediators from activated vascular endo-
thelium that, in turn, may further impair renal
function.18,19 Venous congestion causes a significant
increase in plasma Il-6 and Tnf-a, as well as norepi-
nephrine (NE), in a dog model of CHF.20 The present
study shows that in the renal cortex, the increased
gene expression of Il1b was attenuated by RTX,
which may explain the beneficial effect of CSAR
ablation. Overall, chronic CSAR ablation attenuates
renal dysfunction by reducing renal ischemia and
renal congestion, which may also reduce renal
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inflammation. Moreover, apoptosis also contributes
to tubular damage and interstitial fibrosis during the
progression of chronic kidney damage.21 In the pre-
sent study, several genes and pathways related to
apoptosis were up-regulated in the setting of CHF,
indicating that apoptosis was involved in the patho-
logical process mediating renal damage.

Activation of renal efferent nerves leads to
increased RVR and activation of the renin-
angiotensin-aldosterone system (RAAS) contributing
to sodium and water retention. If CSAR ablation has a
beneficial effect on renal function via a renal sym-
pathoexcitatory mechanism in CHF, renal denerva-
tion should, at least in part, mimic the beneficial
effects of CSAR ablation in CHF rats. In this study, we
used a URDN strategy to compare renal injury makers
between denervated vs intact kidneys in CHF rats.
Surprisingly, we found that URDN significantly
reduced gene expressions of Ngal and Kim1 in both
denervated and intact kidneys in CHF rats. We also
observed that URDN significantly improved cardiac
systolic function and reduced cardiac chamber dila-
tion in CHF rats. Previous studies have shown that
bilateral RDN prevents the progression of CHF
through attenuation of left ventricular fibrosis,
reduction in renal sympathetic efferent nerve activ-
ity, inhibition of the RAAS, and restoration of
impaired natriuresis.22,23 Our study strongly suggests
that URDN is sufficient to improve cardiac dysfunc-
tion in CHF rats. Furthermore, this study provided
the first data, to our knowledge, suggesting that
URDN also improves renal dysfunction in CHF rats.
The phenomenon that URDN improves the ipsilateral
renal damage in CHF rats could well be explained by a
renal efferent nerve–dependent mechanism, which
supports our original hypothesis that a decrease in
renal sympathetic nerve activity, at least in part,
mediates the beneficial effect of CSAR ablation on
renal function in CHF rats. However, the beneficial
effect of URDN on the contralateral kidney in CHF rats
could be explained by renal afferent and/or efferent
mechanisms. It is possible that URDN could suffi-
ciently attenuate the RAAS activation via ipsilateral
renal efferent nerve, which causes systemic beneficial
effects on the heart and the contralateral kidney.
Finally, because URDN improved cardiac systolic
function in MI rats, it is also possible that URDN has a
beneficial effect on the contralateral kidney via its
indirect cardioprotective mechanism. Future studies
are required to address these questions.

STUDY LIMITATIONS. We acknowledge a limitation
that only male rats were used in this study. Sex
differences in CSAR ablation/URDN-mediated car-
dioprotective and renoprotective effects in CHF rats
remains unclear, and further work will have to be
done to determine if such differences exist. Another
limitation is that we measured the NE content only
in the renal cortex in this study. However, renal NE
spillover rather than renal NE content would be
more accurate in reflecting renal sympathetic nerve
activity,24 which may explain the similar renal NE
content between sham and CHF rats in this study.
Nevertheless, renal NE content itself is sufficient to
validate the efficacy of RDN, which is a standard
and well accepted method used for most
RDN studies.22,25

CONCLUSIONS

Both CSAR ablation and URDN have a renoprotective
effect in the setting of CHF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: CHF is a

pathologic condition in which the heart is unable to

provide sufficient blood flow to meet the needs of the

body. CRS2 is used to describe renal dysfunction caused

by CHF. However, the mechanism underlying the

development of CRS2 remains unclear. We found that in

the setting of MI–induced CHF, CSAR–induced sympa-

thetic activation impaired renal function through renal

hypoperfusion and potentially through exacerbated

renal venous congestion. RTX has been shown to pro-

duce analgesic effects in animal models of arthritis and

chronic pain when delivered intra-articularly or intra-

thecally.26,27 This study suggests that either epicardial

or intrastellate application of RTX may have transla-

tional potential in the treatment of heart failure pa-

tients with CRS. URDN after MI also produced long-

term improvements in renal and cardiac function in rats

with CHF. This study also suggests a translational po-

tential of URDN in the treatment of heart failure

patients.

TRANSLATIONAL OUTLOOK: Further large animal

and clinical studies are warranted to investigate

whether CSAR ablation benefits heart failure patients

with CRS2.
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