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Renal denervation ameliorates cardiac metabolic remodeling in
diabetic cardiomyopathy rats by suppressing renal SGLT2
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This study aimed to investigate the effects of renal denervation (RDN) on diabetic cardiomyopathy (DCM) and explore the related
mechanisms. Male Sprague-Dawley rats were fed high-fat chow and injected with low-dose streptozotocin to establish a DCM
model. Six rats served as controls. The surviving rats were divided into three groups: control group, DCM group and DCM + RDN
group. RDN surgery was performed in the fifth week. At the end of the experiment, all rats were subjected to '8F-FDG PET/CT and
metabolic cage studies. Cardiac function and structure were evaluated by echocardiography and histology. Myocardial substrate
metabolism and mitochondrial function were assessed by multiple methods. In the 13th week, the DCM rats exhibited cardiac
hypertrophy and interstitial fibrosis accompanied by diastolic dysfunction. RDN ameliorated DCM-induced cardiac dysfunction
(E/A ratio: RDN 1.07 £0.18 vs. DCM 0.93 £ 0.12, P < 0.05; E/E’ ratio: RDN 10.74 + 2.48 vs. DCM 13.25 + 1.99, P < 0.05) and pathological
remodeling (collagen volume fraction: RDN 5.05 + 2.05% vs. DCM 10.62 + 2.68%, P < 0.05). Abnormal myocardial metabolism in
DCM rats was characterized by suppressed glucose metabolism and elevated lipid metabolism. RDN increased myocardial glucose
uptake and oxidation while reducing the absorption and utilization of fatty acids. Meanwhile, DCM decreased mitochondrial ATP
content, depolarized the membrane potential and inhibited the activity of respiratory chain complexes, but RDN attenuated this
mitochondrial damage (ATP: RDN 30.98 + 7.33 pmol/gprot vs. DCM 22.89 + 5.90 umol/gprot, P < 0.05; complexes |, [l and IV activity:
RDN vs. DCM, P < 0.05). Furthermore, both SGLT2 inhibitor and the combination treatment produced similar effects as RDN alone.
Thus, RDN prevented DCM-induced cardiac dysfunction and pathological remodeling, which is related to the improvement of

metabolic disorders and mitochondrial dysfunction.
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INTRODUCTION
According to the International Diabetes Federation, diabetes is
estimated to cause four million deaths each year worldwide, and
this statistic is still increasing at alarming rates'. This phenom-
enon results from not only the continuously increasing
prevalence of diabetes? but also the high mortality rate caused
by diabetes-related complications, especially cardiovascular
complications®. Among these complications, diabetic cardio-
myopathy (DCM) has attracted increasing attention in recent
years. DCM, which is caused by hyperglycemia and insulin
resistance in the heart, is characterized by ventricular hyper-
trophy and myocardial fibrosis®. This type of cardiovascular
complication can result in cardiac diastolic and systolic
dysfunction and ultimately promote the development of heart
failure, which dramatically increases the mortality of diabetic
patients®. At present, however, there is no specific treatment for
DCM. Thus, any approach to alleviate DCM has the potential to
reduce mortality in patients with diabetes.

Although many factors, such as increased oxidative stress®
and overactive inflammatory pathways’, are implicated in the

pathogenesis of DCM, disrupted substrate utilization and energy
metabolism are the underlying causes of these pathological
changes and cellular injury®. With the development of diabetes,
hyperglycemia and insulin resistance suppress myocardial
glucose uptake and utilization, leading to the accumulation of
advanced glycation end products (AGEs). To maintain the ATP
supply, hearts of patients with diabetes rely heavily on free fatty
acids (FFAs) as the major substrate for mitochondrial oxidative
phosphorylation®. However, the imbalance between FFA avail-
ability and the oxidation rate leads to the accumulation
of triacylglycerol and lipid intermediates in the myocardium®.
The resulting glucotoxicity and lipotoxicity cause the
O-GlIcNAcylation of various proteins and uncoupling of mito-
chondrial oxidative phosphorylation, thus impairing mitochon-
drial function'®, reducing myocardial efficiency and ATP
production'’, and promoting the activation of fibroblasts'?
and apoptosis of cardiomyocytes'?, ultimately leading to cardiac
remodeling and dysfunction®. Therefore, the regulation of
myocardial metabolism may serve as a potential therapeutic
target for DCM.
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Renal denervation (RDN), a new neurohumoral regulation
technique'®, can effectively reduce blood pressure, improve
cardiac function, and delay cardiac remodeling in many
cardiovascular disease models by removing renal sympathetic
nerves'> ' In the clinic, RDN is currently used for the treatment
of resistant hypertension, which is safe for patients and has
long-lasting effects without poor compliance or side effects,
such as oral drugs'’. However, the clinical efficacy of RDN is not
always stable due to the complex pathogenesis of hyperten-
sion'®. Nevertheless, recent basic studies hint that RDN might
have more indications beyond hypertension. Rafiq et al. found
that the hyperactivity of renal sympathetic nerves promoted the
overexpression of sodium-glucose cotransporter 2 (SGLT2) in
renal tubules, thereby promoting urinary glucose reabsorption
and increasing the blood glucose level'®. Meanwhile, clinical
trials have proven that inhibition of renal SGLT2 by inhibitors of
SGLT2, such as dapagliflozin, can improve glycemic control
and alleviate myocardial inflammation and oxidative stress and
is therefore used for the treatment of DCM2% 2. On this basis,
RDN may also play a similar role as SGLT2 inhibitors to reduce
the blood glucose concentration by inhibiting renal sympa-
thetic activity?>. However, the effect of RDN on glucose
metabolism in the DCM model remains to be fully elucidated.
Therefore, we established a rat DCM model to explore the effect
of RDN on the diabetic heart, explained the related mechanisms
from the perspective of myocardial energy metabolism, and
then compared its effect with that of an SGLT2 inhibitor in
DCM rats.

MATERIALS AND METHODS

Animals and experimental protocols

All animal experiments in this study were approved by the Ethics Committee
of Nanjing Medical University (IACUC-2011003) and conducted according to
the European Convention for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes. A total of 30 five-week-old
Sprague-Dawley rats were provided by Nanjing Medical University Labora-
tory Animal Center. After a one-week adaptation period, 24 rats were fed a
high-fat diet (HFD) for 4 weeks and then given a single intraperitoneal (i.p.)
injection of streptozotocin (STZ, 35 mg/kg) to induce type 2 diabetes (T2D),
while six rats received standard commercial rat chow and an i.p. injection of
an equal volume of citrate buffer served as the control group. After successful
induction of T2D, the 24 diabetic rats were randomly divided into two groups
by a random number method: the RDN group (n = 12), which received real
RDN surgery and HFD for another 8 weeks; the DCM group (n = 12), which
received sham RDN surgery and HFD for another 8 weeks; and the six rats in
the control group, which received sham RDN surgery and standard
commercial rat chow for 8 weeks. Sham surgery or RDN treatment was
performed bilaterally 1 week after the STZ injection. All animals were housed
in a room with controlled temperature and humidity, a 12-h light/dark cycle,
and ad libitum access to drinking water. All data from this research were
collected under blinded conditions.

To verify that the therapeutic effect of RDN on DCM is mediated by
the regulation of renal SGLT2 expression, a separate experiment was
carried out on an additional 40 Sprague-Dawley rats. After successful
induction of T2D, 40 diabetic rats were randomly divided into four
groups: the DCM group (n = 10), which received sham RDN surgery and
normal saline; the RDN group (n = 10), which received real RDN surgery
and normal saline; the SGLT2 inhibitor (SGLT2i) group (n= 10), which
received sham RDN surgery and SGLT2i treatment; and the RDN +
SGLT2i group (n=10), which received real RDN surgery and SGLT2i
treatment. One week after the STZ injection, all rats were fed a HFD for
another 8 weeks. Sham surgery or real RDN surgery was performed
bilaterally 1 week after the STZ injection. Empagliflozin (Boehringer
Ingelheim Pharma GmbH & Co KG, Biberach, Germany) or normal saline
was administered intragastrically at a dosage of 20 mg/kg/day for
8 weeks beginning in the fifth week?.

Diabetic cardiomyopathy model
DCM was established using a T2D model?*. To induce T2D, rats were fed a
HFD (D12492, fat energy ratio = 60 kcal%; Research Diets, New Brunswick,
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New Jersey, USA) for four weeks. On the 28th day, rats were fasted
overnight and then given a single i.p. injection of low-dose STZ (35 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA), which was dissolved in citrate buffer
(0.1 mol/L, pH 4.5, 4°C). One week following the STZ injection, blood
samples were collected from the tail vein to measure the blood glucose
level. Rats with fasting blood glucose (FBG)=11.1 mmol/L or random
blood glucose =16.7 mmol/L were considered diabetic and fed a HFD for
another 8 weeks. Rats in the control group received only standard
commercial rat chow for 13 weeks, and they were given a single i.p.
injection of an equivalent volume of citrate buffer in the 4th week.

Renal denervation

One week after STZ injection, rats in all groups were subjected to RDN or
sham RDN surgery. The detailed surgical procedures for RDN were as
follows. First, the rats were anesthetized with 2% sodium pentobarbital by
i.p. injection (50 mg/kg). Next, the skin was cut ~3 cm below the costal-
spinal angle to locate the kidneys and perirenal adipose tissue. Once the
renal vessels were fully exposed, all visible nerves were severed by a glass
dissecting needle. Next, 20% phenol dissolved in alcohol was painted on
bilateral renal vessels to destroy the remaining nerves. Rats in the DCM
group and the control group were subjected to the same procedures but
without destruction of the bilateral renal nerves. The rats were given
carprofen (5 mg/kg, subcutaneous injection) 10 min before anesthesia to
relieve pain and penicillin (400,000 U/day, intramuscular injection) for
3 days to prevent infection® 2°,

Metabolic cage study

At week 12, a metabolic cage study was performed to collect urine
samples. In detail, each rat was placed into an individual metabolic cage.
All rats maintained their high-fat chow or standard commercial rat chow
and had free access to water. After a one-week adaptation period (with no
significant changes in body weight), the 24-h fluid intake and urine volume
of rats were recorded, and 24-hour urine samples were collected for urine
glucose assessment.

Echocardiography and blood pressure measurement

At week 13, echocardiography was performed to evaluate cardiac systolic
and diastolic function using a Vevo2100 (VisualSonics, Toronto, Canada)
system. Cardiac systolic function was evaluated by left ventricular ejection
fraction (EF) and fractional shortening (FS), while cardiac diastolic function
was assessed by the E/A ratio (early diastolic inflow E-wave, late diastolic
inflow A-wave, E/A = ratios of E to A waves) as well as the E/E’ ratio (early
diastolic inflow E-wave, early diastolic annular e’-wave, E/E’ = ratios of E to
E’ waves). A non-invasive computerized tail-cuff system (Kent Scientific,
Torrington, CT, USA) was used to measure blood pressure. The systolic
blood pressure (SBP) and diastolic blood pressure (DBP) were obtained in
the tail artery of conscious rats.

Small-animal PET imaging

At week 13, a fluorodeoxyglucose ('®F)-positron emission tomography/
computed tomography ('®F-FDG PET/CT) imaging protocol was performed
to evaluate cardiac glucose metabolism. All rats were fasted overnight
before examination. Anesthesia was induced and maintained throughout
the scanning procedure by isoflurane inhalation. PET/CT measurements
were performed on a 3-dimensional small-animal MicroPET system
(Siemens, Berlin, Germany), and "8E.FDG was synthesized in-house as an
imaging agent (Nanjing First Hospital, Nanjing, China). All rats were
injected with ~400 uCi '®F-FDG via the tail vein and allowed to move freely
for 45min. Then, a 10-min PET scan was obtained under isoflurane
anesthesia. The standardized uptake value (SUV) was calculated to
characterize the myocardial '8F-FDG uptake level.

Biochemical parameter analysis

At the end of the experiment, the control, DCM and RDN groups included
six, nine and ten rats that survived all procedures, respectively. Before
sacrifice, all rats were fasted overnight, and blood samples were collected
from the inferior vena cava under anesthesia. Levels of serum total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density
lipoprotein cholesterol (LDL-C), triglyceride (TG) and FBG were detected
using a Roche Cobas 8000 modular analyzer system (Roche, Rotkreuz,
Switzerland). In addition, urinary glucose concentration was also measured
by the same method.

Laboratory Investigation (2022) 102:341 -351



Histopathology

All rats were sacrificed by an overdose of pentobarbital sodium (200 mg/
kg), and then the heart, kidneys, and renal vessels were collected after
perfusion with normal saline. Each harvested heart was weighed and used
to calculate the ratio of heart weight to body weight (HW/BW).
Hematoxylin-eosin (HE) staining was used to evaluate the cardiac
pathological changes. Masson’s trichrome staining was performed to
assess myocardial fibrosis, and the collagen volume fraction (CVF) was
quantified to determine the extent of fibrosis. Heart sections were stained
with periodic acid-Schiff (PAS) reagent to evaluate glycogen content, while
myocardial frozen sections were stained with oil red-O to detect lipid
accumulation. All images were processed using Image-Pro Plus 6.0 software
(National Institutes of Health, NIH, Bethesda, Maryland, USA).

Immunohistochemistry

To verify the efficacy of RDN, renal vessels and renal cortex were stained
with an anti-tyrosine hydroxylase (TH) antibody (Abcam, Cambridge, UK) to
identify renal sympathetic nerves. Heart sections were stained with anti-
glucose transporter 4 (GLUT4) antibody (Abcam, Cambridge, UK) and anti-
fatty acid transporter (FAT/CD36) antibody (Abcam, Cambridge, UK) to
evaluate the myocardial glucose uptake and fatty acid uptake levels. In
addition, immunohistochemical (IHC) staining with an anti-AGE antibody
(Bioss, Beijing, China) was performed to quantify the generation of AGEs in
cardiac tissues. Five fields were randomly selected for analysis, and the
integrated optical density (IOD) per field was measured by Image-Pro Plus
6.0 software (NIH, Bethesda, Maryland, USA).

Immunofluorescence

Immunofluorescence (IF) staining with an anti-SGLT2 antibody (Protein-
tech, Rosemont, lllinois, USA) was performed to detect the distribution of
SGLT2 in the kidney. Wheat germ agglutinin (WGA) staining was
performed to quantify the diameters of cardiomyocytes in the heart
tissues. Five fields were randomly selected for analysis, and the myocyte
size was calculated by ImageJ software (NIH, Bethesda, Maryland, USA).

Measurement of myocardial mitochondrial membrane
potential

Mitochondria were isolated from fresh cardiac tissues according to the
instructions of the Mitochondria Isolation Kit (Beyotime Biotechnology,
Shanghai, China). The mitochondrial membrane potential (MMP) was
detected using a JC-1 detection kit (Beyotime Biotechnology, Shanghai,
China). The level of MMP was reflected by the ratio of red and green
fluorescence intensity?’.

Electron microscopy

Transmission electron microscopy (JEM 1200, Tokyo, Japan) was used to
observe the morphological changes of mitochondria in the heart tissues. In
brief, ~1 mm? of tissue was quickly removed from the left ventricular
myocardium. These specimens were immediately immersed in 2.5%
glutaraldehyde buffer for 24 h and then fixed with 1% buffered osmium
tetroxide for postfixation. After dehydration and embedding, these
specimens were cut into 70nm slices and observed using electron
microscopy after double staining with lead citrate and uranyl acetate.

Western blotting

Western blotting (WB) was used to semiquantitatively analyze the
expression levels of related proteins. Total proteins, sarcolemmal
proteins and mitochondrial proteins in the tissue homogenates were
extracted according to the manufacturer’s instructions (Beyotime
Biotechnology, Shanghai, China). The bicinchoninic (BCA) method or
Bradford method was used to detect the protein concentrations in all
groups. After electrophoresis, transfer, and blocking, these samples were
probed with specific primary antibodies, including anti-SGLT2 (Abcam,
Cambridge, UK), anti-GLUT4 (Abcam, Cambridge, UK), anti-FAT/CD36
(Abcam, Cambridge, UK), anti-PDH (pyruvate dehydrogenase, Cell
Signaling Technology, Boston, Massachusetts, USA), anti-CPT1 (carnitine
palmitoyltransferase-1, Abcam, Cambridge, UK), anti-BDH1 (3-hydroxy-
butyrate dehydrogenase 1, Cell Signaling Technology, Boston, Massa-
chusetts, USA), anti-SCOT (succinyl CoA:3-oxoacid CoA transferase, Cell
Signaling Technology, Boston, Massachusetts, USA) and anti-O-GIcNAc
(Bioss, Beijing, China). Then, the membranes were incubated with the
appropriate secondary antibodies. Protein bands were visualized via
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enhanced chemiluminescence and analyzed with ImageJ software (NIH,
Bethesda, Maryland, USA).

Enzyme-linked immunosorbent assay

The activities of PDH, CPT1, BDH1 and SCOT in the cardiac tissues were
detected with a commercial ELISA kit according to the manufacturer’s
protocol (mlbio, Shanghai, China). The concentrations of cardiac AGEs,
ceramide, FFAs and serum fasting insulin were measured with a
commercial ELISA kit according to the manufacturer’s instructions (mlbio,
Shanghai, China). The level of renal norepinephrine (NE) was measured by
using a commercial ELISA kit (Cusabio, Wuhan, China). The levels of
mitochondrial ATP and the activities of complexes I-V in the myocardium
were measured according to instructions provided by commercial ELISA
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis

All data in this study were analyzed and processed using SPSS 16.0 software
(SPSS, USA). For two-group comparisons, data were analyzed with two-
tailed unpaired t-tests. For multiple-group comparisons, data were
processed using one-way ANOVA followed by the Newman-Keuls test.
Fisher's exact test was used for qualitative data analysis. Quantitative data
are presented as the mean * standard deviation (SD). P <0.05 was
considered indicative of statistical significance.

RESULTS

RDN removed renal sympathetic nerves and attenuated
sympathetic activity

Tyrosine hydroxylase is a key enzyme involved in catecholamine
biosynthesis?®. We first evaluated the efficacy of RDN in removing
renal sympathetic nerves by TH staining of the renal vessels and
renal cortex. As shown in Fig. 1A, RDN effectively reduced the TH
intensity around the renal artery and the TH density in the renal
cortex compared with sham RDN. Kidney norepinephrine level is
another important biomarker for assessing renal sympathetic
outflow?®. There was a significant decrease in renal NE in the RDN
group compared with that in the control group and the DCM
group. Together, these results verified the high efficacy of RDN in
ablating renal nerves and inhibiting sympathetic activity.

RDN promoted urinary glucose excretion by downregulating
the expression of renal SGLT2

SGLT2, a sodium-glucose cotransporter located in the proximal
tubule of the kidney, is responsible for the majority of glucose
reabsorption in the kidney*°. As shown in Fig. 1B, representative
photomicrographs demonstrated that the expression of renal
SGLT2 was significantly increased in the DCM group but markedly
decreased in the RDN group. Consistent with this finding, WB
results also showed that RDN effectively attenuated the over-
expression of renal SGLT2 induced by T2D.

Considering the important role of SGLT2 in urinary glucose
reabsorption, we also collected urine samples through a metabolic
cage study. Compared with the rats in the control group, the
24-hour urine volume and urinary glucose concentration of
diabetic rats were significantly increased, and RDN further
augmented the urinary glucose concentration and increased the
24-hour urine volume, thus promoting urinary glucose excretion
(UGE). Accordingly, these findings demonstrated that RDN could
facilitate UGE by regulating the expression of SGLT2 in the kidney.

RDN regulated systemic metabolic disorders

Urinary glucose reabsorption is closely related to blood glucose
homeostasis. Therefore, we further assessed the effect of RDN on
systemic glucose metabolism. The blood biochemical parameters
indicated that diabetic rats had hyperglycemia and hyperinsuli-
nemia. In addition, lipid metabolism-related indicators such as
triglycerides and total cholesterol were also significantly increased
in the DCM group. RDN effectively reduced fasting blood glucose
and fasting insulin. Furthermore, RDN decreased the levels of
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Fig. 1 RDN effectively promoted urinary glucose excretion in DCM rats. A RDN removed renal sympathetic nerves and attenuated
sympathetic outflow. a Representative images of TH immunohistochemical staining in the renal vessels (magnification, 100x) and renal cortex
(magnification, x200). b Quantitative analysis of TH-positive areas in the renal cortex. ¢ ELISA quantification of renal norepinephrine levels. B RDN
facilitated UGE by regulating renal SGLT2 expression. a Representative images of SGLT2 immunofluorescence staining in the kidney (magnification,
%200). b WB analysis of protein levels of SGLT2 in the kidney. ¢ Quantitative analysis of SGLT2 fluorescence intensity in the kidney. d The relative
levels of SGLT2 calculated from the WB. e The 24-h urine volume of rats from three groups collected in the metabolic cage study. f Urinary glucose
concentration of rats from three groups. (P < 0.05; n =6, 9, and 10 in the control, DCM, and RDN groups, respectively; five sections were randomly
selected per sample.) *P < 0.05 vs. the control group; #P < 0.05 vs. the DCM group. RDN renal denervation, DCM diabetic cardiomyopathy, TH

tyrosine hydroxylase, UGE urinary glucose excretion, SGLT2 sodium-glucose cotransporter 2.

serum TC, LDL-C and triglyceride (all data are presented in
Table 1). In summary, these results suggested that RDN had a
beneficial effect on systemic metabolic abnormalities.

RDN improved diastolic function and cardiac remodeling in
diabetic cardiomyopathy

DCM is a serious T2D-related cardiovascular complication and is
closely related to systemic metabolic disorders®'. As shown in
Fig. 2A, echocardiography demonstrated that rats in the DCM
group exhibited an enlarged left atrial diameter (LAD) and
thickened left ventricular wall. A reversed E/A ratio and an
increased E/E’ ratio were also observed in the DCM group,
suggesting that diabetic rats developed diastolic dysfunction. In
addition, we evaluated the cardiac pathological changes in the
hearts of diabetic rats. As shown in Fig. 2B, the HW/BW ratio was
significantly elevated in the DCM group. Consistent with this
finding, myocyte size calculated from cardiac WGA staining was
also significantly increased in the DCM group, suggesting that
myocardial hypertrophy occurred in the diabetic rats. Further-
more, cardiac HE staining revealed that hypertrophic myocardial
cells were arranged in a disorderly manner with inflammatory cell
infiltration. Cardiac Masson staining showed that diabetic rats
generated obvious perivascular and interstitial fibrosis. All of the
above results suggested that diabetic rats developed cardiac
dysfunction and pathological remodeling. However, compared
with those in the DCM group, rats in the RDN group showed
decreased LAD and E/E’ ratios as well as normalized E/A ratios. In
addition, RDN also reduced the myocyte size and mitigated
interstitial fibrosis. These results all confirmed that RDN could
effectively improve cardiac dysfunction and pathological remo-
deling caused by DCM.

RDN ameliorated myocardial glucose metabolism in diabetic
cardiomyopathy
Cardiac metabolic abnormalities are an important component of
the progression of DCM. We next evaluated the effects of RDN on
substrate metabolism. We first assessed the role of RDN in
myocardial glucose metabolism.

First, '8F-FDG PET/CT in vivo demonstrated that rats in the DCM
group exhibited significantly lower cardiac glucose uptake than
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rats in the control group, while compared with rats in the DCM
group, rats in the RDN group showed higher cardiac glucose
uptake, as evidenced by the SUV level (Fig. 3Aa, c). Similarly, the
results from IHC and WB led to the same conclusion. GLUT4, a
glucose transporter mainly stored in intracellular compartments,
can be translocated to the sarcolemma under various stimuli, thus
playing an important role in myocardial glucose uptake®?. As
shown in Fig. 3A, the majority of GLUT4 in the control group and
the RDN group gathered near the sarcolemma, while GLUT4 in the
DCM group was mainly distributed in the cytosolic fraction. In
addition, WB results showed that the expression of sarcolemmal
GLUT4 was significantly reduced in the DCM group, while RDN
preserved the expression of GLUT4 in the sarcolemma. All of the
above results indicated that RDN could restore myocardial glucose
uptake.

Second, we assessed myocardial glucose oxidation. PDH is an
important rate-limiting enzyme for glucose aerobic oxidation®:.
Compared with those in the control group, both the protein level
and enzyme activity of PDH decreased significantly in the DCM
group, indicating that DCM impaired the utilization of glucose in
the myocardium. In contrast, RDN increased the expression and
activity of PDH in cardiac tissues, thus partially restoring
myocardial glucose utilization.

Third, we detected various glycotoxic products in the myocar-
dium. As shown in Fig. 3C, DCM caused the accumulation of
glycogen and AGEs in cardiac tissues. Furthermore, quantitative
detection of AGEs in myocardial homogenates also demonstrated
the same results. In addition, hearts from diabetic rats in the DCM
group had a higher O-GlcNAcylation of various proteins. However,
RDN markedly decreased the deposition of glycogen and AGEs in
the myocardium, as well as the level of O-GIcNAcylation. These
results suggested that RDN could alleviate cardiac glucotoxicity. In
summary, RDN promoted myocardial glucose uptake and utiliza-
tion but attenuated the detrimental effects of glucotoxicity on the
myocardium.

RDN regulated myocardial fatty acid metabolism in diabetic
cardiomyopathy

The relationship between glucose utilization and FFA utilization is
reciprocal and governed by the Randle cycle in the heart®'. Since
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RDN acted on myocardial glucose metabolism, we next evaluated
the effects of RDN on myocardial fatty acid metabolism.

First, we evaluated myocardial FFA uptake in the hearts of all
groups. FAT/CD36 is one of the main transporters involved in FA
uptake. FAT/CD36 can translocate from intracellular vesicles to the

Table 1.
disorders.

Body weight (g)
Heart weight (g)

HW/BW (mg/g)
FBG (mmol/L)
FINS (mIU/L)
LDL-C (mmol/L)

HDL-C (mmol/L)

TC (mmol/L)
TG (mmol/L)
FFA (mmol/L)
SBP (mmHg)
DBP (mmHg)

Control
436.0 + 27.36
1.11+£0.13
2.55+0.26
5.57+0.74
14.86 = 4.09
0.30+0.03
0.71 £0.05
1.25+0.12
0.46 £ 0.07
0.69 +0.03
114.72 £ 14.16
83.25+9.05

DCM
445.1 £39.11
1.52+0.10°
3.44+0.30
16.67 +2.07"
44.60+7.66"
0.43+0.08"
0.70+0.11
242+0.23"
1.27+021"
0.96+0.07"
124.23 +20.30
92.70 +23.67

RDN improved cardiac hypertrophy and systemic metabolic

RDN
395.7 + 56.80
1.22+0.17*
3.11£0.52"
13.87+2.51%
31.61+9.52™
0.34+0.08%
0.74+0.13
1.87 £0.38™
0.69+0.27""
0.98+0.09"
117.53 +12.94
86.69 + 8.63

Data are presented as the mean + SD. *P < 0.05 vs. the control group; #P <
0.05 vs. the DCM group.
RDN renal denervation, FBG fasting blood glucose, FINS fasting insulin,
LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein
cholesterol, TC total cholesterol, TG triglyceride, FFA free fatty acids, SBP
systolic blood pressure, DBP diastolic blood pressure.
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plasma membrane to increase myocardial FA absorption®’. As
shown in Fig. 4A, compared with that in the control group, CD36 in
the DCM group mainly gathered near the sarcolemma. RDN induced
the translocation of CD36 back to the cytoplasm, thereby reducing
the uptake of FAs. Similarly, the expression of sarcolemmal CD36
increased in the hearts of the DCM group but decreased in the
hearts of the RDN group. These results suggested that RDN could
reduce the excessive uptake of FAs in DCM.

Second, we assessed the level of FA oxidation in the
myocardium. CPT1 is a rate-limiting enzyme for mitochondrial
uptake of FAs and plays a crucial role in FA metabolism®. As
shown in Fig. 4B, the expression and activity of CPT1 in the
myocardial homogenates were significantly increased in the DCM
group, suggesting that hearts of diabetic rats were more
dependent on FA oxidation for ATP production. No change was
observed in CPT1 activity or expression between the RDN group
and the DCM group.

Third, we evaluated lipotoxicity in the hearts of all groups. As
shown in Fig. 4C, oil red O staining showed that myocardial lipid
accumulation was significantly increased in the DCM group. In
addition, the levels of toxic metabolites, including ceramide and
triglycerides, were also elevated in the DCM group. In contrast,
RDN alleviated myocardial lipid deposition and reduced ceramide
and triglyceride levels. In conclusion, we found that RDN could
reduce the uptake of FAs, maintain the utilization of FAs and thus
attenuate the accumulation of lipotoxic products.

RDN promoted the use of ketone bodies as a supplemental
fuel in diabetic cardiomyopathy

As an alternative energy source, KBs are characterized by high
efficiency and low oxygen consumption. The role of KBs in DCM is
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Fig.3 RDN improved myocardial glucose metabolism abnormalities. A RDN facilitated myocardial glucose uptake. a Representative images
of "8F-FDG PET/CT and GLUT4 immunohistochemical staining in the myocardium (magnification, x400) of rats from the three groups. b WB
analysis of the protein levels of sarcolemmal GLUT4 and total GLUT4 in the heart. ¢ Quantitative analysis of SUV calculated from '8F-FDG PET/
CT images. d-e The relative levels of sarcolemmal GLUT4 and total GLUT4 calculated from WB. B RDN enhanced myocardial glucose utilization.
a WB analysis of protein levels of PDH in the hearts. b The relative levels of PDH calculated from WB. c ELISA quantification of myocardial PDH
activity. € RDN alleviated myocardial glucotoxicity. a Representative images of PAS staining (magnification, x400) and AGEs
immunohistochemical staining (magnification, x400) in the hearts of rats from the three groups. b WB analysis of protein levels of
O-GIcNAcylation in the hearts. ¢ Quantitative analysis of PAS-positive areas in the hearts. d Quantitative analysis of AGEs-positive regions in
the heart. e ELISA analysis of myocardial AGEs levels. f The relative levels of O-GIcNAcylation calculated from WB. (P < 0.05; n=6, 9, and 10 in
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the DCM group. GLUT4 glucose transporter 4, SUV standardized uptake value, AGEs advanced glycation end products, PDH pyruvate

dehydrogenase.

still unknown. Therefore, we further evaluated the effect of RDN
on myocardial KB metabolism. As shown in Fig. 4D, BDH1 and
SCOT are important rate-limiting enzymes for KB utilization in the
mitochondria. The protein expression and enzyme activity of
BDH1 in the myocardium were significantly decreased under
diabetic conditions. In addition, the enzyme activity of SCOT was
also reduced, although the protein expression showed no change.
RDN increased the expression and activity of BDH1, as well as the
enzyme activity of SCOT, suggesting that RDN could improve
DCM-induced inhibition of ketone metabolism.

RDN ameliorated mitochondrial dysfunction in diabetic
cardiomyopathy

In light of the mitochondrial damage caused by glucotoxicity
and lipotoxicity, we further evaluated the effect of RDN on
mitochondrial function in the DCM model. As shown in Fig. 5,
electron microscopy images showed that the mitochondria of
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the myocardium were conspicuously damaged under diabetic
conditions, as observed by the large, swollen mitochondria with
an extensive loss of cristae. RDN ameliorated these mitochon-
drial morphological abnormalities caused by DCM. In addition to
mitochondrial morphology, we also evaluated the enzyme
activity of the mitochondrial electron respiratory chain. The

activities of complexes I, Il, lll, IV and V were significantly
decreased in the DCM group. RDN partially restored the activity
of complexes |, Ill and IV. As a result, the level of mitochondrial

ATP was decreased in the DCM group but increased in the RDN
group. In addition, MMP is an important indicator for assessing
mitochondrial function. The results shown in Fig. 5G demon-
strated that the MMP in the DCM group declined to different
degrees, but RDN treatment significantly improved the MMP. In
summary, RDN could improve mitochondrial morphological and
functional abnormalities caused by DCM, thereby promoting
ATP production.
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oxoacid CoA transferase.

The protective effects of RDN against diabetic
cardiomyopathy are mediated by regulation of renal SGLT2
expression

To further confirm that the therapeutic effect of RDN on DCM is
mediated by regulating renal SGLT2 expression, we conducted a
separate experiment to elucidate the mechanism by adding an
SGLT2 inhibitor. As shown in Fig. 6, both RDN and SGLT2i
decreased cardiac AGEs levels and O-GlcNAcylation, suggesting
that both treatments could alleviate the glycotoxicity caused by
DCM. However, the combination of RDN and SGLT2i did not
further ameliorate glycotoxicity. In addition, both RDN and SGLT2i
improved DCM-induced lipotoxicity, but the combination of RDN
and SGLT2i had no additive therapeutic effect. Finally, we also
evaluated cardiac mitochondrial damages in all groups and
observed that the combination of RDN and SGLT2i did not further
improve mitochondrial dysfunction compared with the RDN
group or the SGLT2i group alone. In summary, these results
collectively verified that the therapeutic effect of RDN on DCM is
mediated by the regulation of renal SGLT2 expression.

Comparison between RDN and SGLT2i on the effect of DCM
As shown in Fig. 6, RDN and SGLT2i showed similar effects in
improving cardiac metabolic disorders and mitochondrial
damage. On this basis, we further compared their effects on
cardiac function and pathological changes in the DCM model.
Echocardiography results showed that both RDN and SGLT2i
improved diabetes-induced diastolic dysfunction, and no signifi-
cant difference was observed between the RDN group and the
SGLT2i group (Fig. 7A). In addition, the histopathology results also
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suggested that RDN was not inferior to SGLT2i in delaying cardiac
pathological remodeling, as evidenced by cardiac WGA staining,
HE staining and Masson staining (Fig. 7B). In summary, these
results collectively verified that the therapeutic effect of RDN on
DCM is not inferior to that of SGLT2i.

DISCUSSION

In this study, we established a DCM model to evaluate the effect of
RDN on cardiac energy metabolism and mitochondrial function.
The major findings were as follows: (1) RDN effectively down-
regulated the expression of renal SGLT2, promoted UGE and
decreased blood glucose concentration; (2) RDN improved cardiac
diastolic dysfunction and prevented the progression of cardiac
remodeling; (3) RDN attenuated cardiac glucose and lipid
metabolism disorders, thus reducing cardiac glucotoxicity and
lipotoxicity; and (4) RDN protected mitochondria from damage
induced by glucotoxicity and lipotoxicity, ameliorated mitochon-
drial dysfunction and increased mitochondrial ATP production.

RDN and SGLT2

Recently, crosstalk between SGLT2 and the autonomic nervous
system (ANS) has attracted widespread attention. Matthews et al.
found that dapagliflozin markedly decreased HFD-induced eleva-
tions in TH and NE levels in the heart and kidney>®. Similarly,
empagliflozin was shown to normalize heart rate baroreflexes and
renal sympathetic reflexes in a diabetic rabbit model®”. Several
clinical studies also confirmed the important role of SGLT2i in
regulating the ANS. Jordan et al. found that empagliflozin

SPRINGER NATURE

347



J-Y. Huo et al.

348

Control

elipuoydoUiN | B>

= = =
B Céi- D &

g - 2 2

=6 AA = =

2 & 4 218 * Zos L= . *#

= ry 2 * a > % A

- = 9 L = 02

E) 2 - 3 - A ! I ﬁ - A

£ g " H

S 0. - - -

©  Control DCM RDN 8 Control DCM RDN 3 Control DCM RDN

E g F g 120 g 20 H =

S 30 - = -
= > 2 & S a0 #
22 u 2 e 15 *# g N .
z D zol| | X ¢ 3= .y Sy [ » A
18 b . 2 = O 1.0 o T aal A 2 = [
S e 8 . 3 = AR 520 ) &g
> > 40 4 uw o L]
: > - £ os “E | Ee
56 k) s <
- o
g E ol =0 . : . . ; .
S  Control DCM RDN o Control DCM RDN Control DCM RDN Control DCM RDN

Fig. 5 RDN ameliorated mitochondrial dysfunction in DCM rats. A Representative images of mitochondria (magnification, x7000) of rats
from the three groups. B-F The activity of respiratory chain enzyme complexes |, II, lll, IV, and V measured by ELISA. G The analysis of
mitochondrial membrane potential. H ELISA quantification of myocardial ATP levels. (P < 0.05; n =6, 9, and 10 in the control, DCM, and RDN
groups, respectively.) *P < 0.05 vs. the control group; #P < 0.05 vs. the DCM group.

eliminated reflex-mediated sympathetic overactivation in patients
with T2D*. In summary, the regulatory effect of SGLT2i on the
ANS has been widely recognized, especially in diseases with
sympathetic overactivity, such as prediabetes, obesity, T2D and
metabolic syndrome. However, the role of the ANS in SGLT2 needs
to be further elucidated. Matthews et al. found that norepinephr-
ine could significantly elevate the expression of SGLT2 in human
renal proximal tubule cells and facilitate the translocation of
SGLT2 to the cell surface®. In our study, we evaluated the
sympathetic inhibitory effect of RDN on renal SGLT2 expression. IF
staining showed that RDN significantly reduced the distribution of
SGLT2 in the kidney. WB analysis confirmed that RDN decreased
the protein levels of SGLT2 in renal homogenates. Furthermore,
the increased urinary glucose concentration and 24-hour urine
volume further illustrated the effectiveness of RDN on SGLT2
inhibition.

RDN and energy metabolism

Abnormal myocardial metabolism is an important factor leading
to the progression of DCM, especially disturbed glucose metabo-
lism*. Disorders of glucose metabolism present as reduced
myocardial glucose uptake, reduced pyruvate oxidation, and the
accumulation  of  glycolytic  intermediates as well as
0-GlcNAcylation®. Numerous studies have confirmed the bene-
ficial effects of restoring glucose metabolism in DCM. Verma et al.
found that an increase in the rate of glucose oxidation could
significantly augment cardiac ATP production and prevent cardiac
failure in diabetic mice®®. Furthermore, Ramirez et al. demon-
strated that the protective effect of the GLP-1 enhancer on cardiac
function is mediated by shifting from FA to glucose utilization in a
T2D rat model®. In the present study, we observed that RDN
increased the protein levels of sarcolemmal GLUT4 and promoted
the translocation of GLUT4 to the cell surface, thus partially
restoring myocardial glucose uptake. Moreover, RDN facilitated
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the utilization of pyruvate, as reflected by enhanced PDH
expression and activity. In addition, RDN attenuated the accumu-
lation of glycolytic intermediates and alleviated glucotoxicity. All
these results indicated that RDN could correct glucose metabolism
disturbances caused by DCM.

Lipid metabolism disorders are another hallmark of energy
metabolism in DCM and are characterized by increased FA uptake,
elevated FA [-oxidation, and the deposition of toxic lipid
metabolites*'. These metabolic disturbances can reduce cardiac
efficiency by increasing oxygen consumption, ultimately causing
cardiac dysfunction. Therefore, the normalization of myocardial
lipid metabolism is an important therapeutic strategy. In the
present study, we observed that RDN decreased the expression of
sarcolemmal CD36 and promoted the translocation of CD36 back
to the cytoplasm, thus attenuating myocardial FFA uptake. In
addition, RDN significantly reduced lipid metabolite deposition,
thus ameliorating the cellular damage caused by lipotoxicity. We
speculated that this phenomenon may be due to RDN reducing
the uptake of FAs but maintaining the rate of FA oxidation. Ketone
bodies, with a relatively high phosphate/oxygen ratio, are
regarded as a thrifty substrate®”. The beneficial effects of KBs on
heart failure have been extensively studied®’, but their role in
DCM is still controversial. Our study demonstrated that RDN could
promote the utilization of myocardial ketone bodies. In summary,
we discovered for the first time that RDN can regulate SGLT2 and
glucose homeostasis, which regulates cardiac metabolic abnorm-
alities and provides a potential strategy for the treatment of DCM.

RDN and mitochondria

Numerous studies have verified that mitochondrial impairment is
closely related to cardiac metabolic disorders. Hu et al. found that
increased mitochondrial O-GlcNAcylation impaired the activity of
respiratory chain enzyme complexes, thus lowering the mitochon-
drial ATP level and leading to mitochondrial dysfunction**. Cole
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Fig. 6 The protective effects of RDN were mediated by regulation of renal SGLT2 expression. A The combination of RDN and SGLT2i did
not further ameliorate glycotoxicity. a Representative images of AGEs staining in the myocardium (magnification, x400) of rats from the four
groups. b WB analysis of protein levels of O-GlcNAcylation in the hearts. ¢ Quantitative analysis of AGEs-positive regions in the heart. d The
relative levels of O-GIcNAcylation calculated from WB. B The combination of RDN and SGLT2i did not further ameliorate lipotoxicity.
a Representative images of oil red O staining in the hearts (magnification, x400) of rats from the four groups. b Quantitative analysis of lipid
accumulation in the heart. ¢ ELISA quantification of myocardial ceramide levels. d ELISA quantification of myocardial triglyceride levels. C The
combination of RDN and SGLT2i did not further ameliorate mitochondrial dysfunction. a Representative images of mitochondria
(magnification, x7000) of rats from the four groups. (b) ELISA quantification of myocardial ATP levels. ¢ The analysis of mitochondrial
membrane potential. (P < 0.05; n =6, 10, 8, and 9 in the DCM, RDN, SGLT2i and RDN + SGLT2i groups, respectively; five sections were randomly
selected per sample.) *P < 0.05 vs. the DCM group. AGEs advanced glycation end products.
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et al. observed that lipometabolic disturbances could aggravate can further exacerbate disturbances in oxidative stress, mitochon-
respiratory uncoupling by increasing mitochondrial uncoupling drial dynamics, Ca®" handling and energy metabolism. The
protein 3 and mitochondrial thioesterase 1 levels*. All these synergistic effect of these factors ultimately results in cardiac
findings indicated that mitochondrial function is tightly regulated dysfunction and myocardial remodeling®®. In our study, we
by myocardial metabolism. On this basis, damaged mitochondria observed that RDN effectively improved mitochondrial
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morphology and function. In addition, RDN increased mitochon-
drial ATP production by restoring the activity of electron
respiratory chain enzymes. Together, the findings of the present
study confirmed that RDN could ameliorate the glucotoxicity and
lipotoxicity of the myocardium under diabetic conditions and that
the beneficial effect of RDN on mitochondria may be closely
related to the improvement of energy metabolism.

Limitations

Several limitations in the present study should be acknowledged.
First, the RDN procedure was performed by phenol ablation to
remove the sympathetic nerves. Although this method is widely
recognized in small animals, it cannot completely simulate clinical
methodology. Therefore, the efficacy of RDN on DCM needs to be
further verified in clinical studies. Second, our follow-up time was
13 weeks. Previous studies have confirmed that the DCM model at
this stage has typical features of cardiac pathological remodeling
and diastolic dysfunction. Therefore, this stage is suitable for
investigating the effects of RDN. However, the further accumula-
tion of drugs over time and nerve regeneration after RDN may
affect the outcome. Finally, future investigations are required to
elucidate the signaling mechanisms underlying RDN-related
suppression of renal SGLT2 expression.

CONCLUSIONS

RDN can effectively improve metabolic disturbances and mito-
chondrial damage in diabetic cardiomyopathy. This protective
effect of RDN is mediated by regulation of the expression of SGLT2
in the kidney.

DATA AVAILABILITY
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