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ABSTRACT

Purpose: To investigate the role of renal denervation (RDN) on endogenous ouabain (EO) secretion in spontaneously hypertensive rats (SHR). 
Methods: Sixteen 12-week-old male SHR were randomly separated into the renal denervation group (RDNX group) and sham operation 
group (sham group), and eight age-matched Wistar Kyoto rats (WKY) were served as control group. EO concentrations, the Na+- K+-ATPase 
activity, and the expression of Na+-K+-ATPase were assessed. Results: EO levels in serum, kidneys and hypothalamus of sham group 
were higher than in RDNX group (p < 0.05). Renal Na+-K+-ATPase activity subjected to denervation surgery showed significantly reduction 
when compared with the sham groups (p < 0.05). A positive correlation existed between norepinephrine (NE) content and Na+-K+-ATPase 
activity in the kidney (r2 = 0.579). Renal Na+-K+-ATPase α1 subunit mRNA expression was down-regulated in the RDNX group compared 
with the sham group (P < 0.05), while renal Na+-K+-ATPase β1 subunit mRNA expression was no statistical significance between the 
groups (P = 0.63). Immunohistochemical analysis showed that there were significant differences in the renal expression of Na+-K+-ATPase 
between the three groups (P < 0.05). Conclusion: These experiments demonstrate that RDN exerted an anti-hypertensive effect with 
reduction of EO levels and Na+-K+-ATPase activity and Na+-K+-ATPase α1 subunit expression of kidney in SHR.
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Introduction

Endogenous ouabain (EO) was first identified in human plasma in 19911, which was an endogenous Na+-K+-ATPase 
inhibitor2. Hamlyn et al.2,3 found that EO in blood of animals with increased blood volume can regulate the Na+-K+-ATPase 
activity, promote the excretion of sodium from the kidneys and cross-react with digoxin antibody. EO also demonstrated 
the cardiotonic, diuretic, vasoconstrictive, and other digitalis-like effects. The vascular effect of EO includes inhibition of 
the Na+-K+-ATPase α2 subunit that increases intracellular Na+, which promotes Ca2+ entry into the intracellular by reducing 
the activity of the sarcolemmal Na+/Ca2+ exchanger, and thereby increases the vascular smooth muscle tone4. On the other 
hand, the renal effect involves the ability of EO to stimulate Na+ transport across the tubular cell by activating the basolateral 
Na+-K+-ATPase α1 subunit, ultimately contributing to increase blood pressure (BP)5. 

Disorders of water and sodium metabolism are the pathophysiological basis of essential hypertension6. The kidney 
plays a primary role in the regulation of sodium and potassium homeostasis7. Furthermore, the change of EO content in 
the circulation corresponds to the status of sodium balance8. However, the cause of hypertension induced by EO remains 

https://creativecommons.org/licenses/by/4.0/deed.pt_BR
https://doi.org/10.1590/acb371102
https://orcid.org/0000-0002-4261-2238
https://orcid.org/0000-0003-0827-1828
https://orcid.org/0000-0003-0962-0305
https://orcid.org/0000-0001-6475-2306
https://orcid.org/0000-0001-9203-5873
https://orcid.org/0000-0003-2898-9036
https://orcid.org/0000-0002-6845-4901
https://orcid.org/0000-0002-9741-8264
https://orcid.org/0000-0002-9721-8086
https://ror.org/03dveyr97
https://ror.org/03dveyr97
https://ror.org/03dveyr97
mailto:at5056@163.com


2 Acta Cir Bras. 2022;37(11):e371102

Effects of renal denervation on endogenous ouabain in spontaneously hypertensive rats

poorly understood. However, it is generally believed that EO may combine with Na+-K+-ATPase in cell membrane, which 
results in altered gene expression of Na+-K+-ATPase α-subunit and enzyme conformation responsible for its activities9. 
Consequently, it’s suggesting that a possible association between ouabain and the genesis or development and maintenance 
of hypertension and, moreover, ouabain may be a related factor of essential and secondary hypertension8. 

Sympathetic nerve fibers innervate all organs that are involved in cardiovascular control, such as the heart, peripheral blood 
vessels and, perhaps most importantly in the current context, the kidneys. The sophisticated network of efferent sympathetic 
and afferent sensory nerve fibers residing in the kidney and their signaling pathways provide the basis for the modulating 
influence of central integrative structures in the brain stem on renal effectors contributing to BP control10,11. Increased renal 
sympathetic nerve activity promotes the development of hypertension through the activation of the renin-angiotensin-aldosterone 
system (RAAS)12,13. Based on all these mechanisms, recently, several studies indicate that bilateral renal denervation (RDN) 
has emerged as safe and effective, and either prevented, delayed the onset, or reduced the magnitude of the hypertension14-16.

The clinical implication and perspectives of RDN-based hypertension management strategy have caught the attention 
of many scientific groups. Animal studies pointed to increase EO content triggering sympathetic nerve activity elevation 
and evoking hypertension17. Angiotensin II (Ang II)-, aldosterone-, or salt and renal injury-induced forms of hypertension 
can be effectively controlled by blockade of any step in a neuromodulatory pathway of local EO18. However, the effect of 
RDN on EO secretion in spontaneously hypertensive rats remains poorly understood. Hence, the aims of this study were 
to investigate the effects of RDN on the expression of Na+-K+-ATPase α1 and β1 subunits in spontaneously hypertensive 
rats (SHR), and further to explore the role of renal sodium handing treatment by RDN.

Methods 

Animals and bilateral renal denervation

All procedures were performed following the Animal Ethics Committee guidelines of Guangxi Medical University and had 
approval. Ten-week-old male spontaneously hypertensive rats (SHR group, n = 16) and age-matched Wistar-Kyoto rats (WKY 
group, n = 8), normotensive controls, were purchased from Vital River Laboratories Co., Ltd. (Beijing, China). Specifically, after 
two weeks of adaptive feeding, the SHR were randomly divided into two groups, the renal denervated group (RDNX, n = 8) 
and sham operation group (sham group, n = 8). Animals were maintained in standard laboratory animal housing conditions. 

After sterilization, a midline incision was made. Then, bilateral RDN was induced by painting the renal vessels with 10% 
phenol under 2% pentobarbital sodium anesthesia [50 mg/kg, i.p.] in RDNX group. While the sham group and the WKY 
group underwent the same procedure as the RDNX group, the renal vessels were painted with normal saline. Two weeks 
after surgery, under ketamine anesthesia [200 mg/kg, i.m.], blood was collected via the abdominal aorta, and the kidneys, 
adrenal glands and hypothalamus were removed and stored at -80 °C until analysis. Furthermore, the effectiveness of RDN 
had already been testified in a previous examination from our laboratory19. 

Determination of endogenous ouabain

After blood collection from the abdominal aorta, the blood samples were allowed to stand at room temperature 
for 30 min. Then, the serum was separated at 1,500 rpm for 10 min. Tissue samples were thawed and minced, and 2% 
homogenate was made by adding appropriate amount of saline on ice and centrifuged at 2,500 rpm for 10 min to extract 
the supernatant. The concentrations of EO in serum and tissue were determined using the radioimmunoassay method with 
an 125I RIA kit. The intra- and inter-assay coefficients of variation, respectively, were less than 10 and 15% for EO.

Na+-K+-ATPase activity assay

The kidneys were thawed, weighed, and homogenized in ice-cold saline to 10%, and the homogenates were centrifuged 
at 2,500 rpm for 10 min at 4 °C. Then, 200 μL of supernatant was extracted and diluted into 2% tissue homogenate by adding 
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800 μL of saline. The concentration of proteins was measured by Coomassie brilliant blue method. The activity of Na+-K+-ATPase 
was determined in the supernatant spectrophotometrically with the corresponding kit (Nanjing Jiancheng Biochemistry Co., 
Nanjing, China). Enzyme activity was expressed as micromoles of Pi released per hour per milligram of protein. 

Real-time polymerase chain reaction

RNA was extracted from kidneys using RNAsimple Total RNA Kit (Tiangen Biotech). Total RNA was reverse transcribed 
using a cDNA Synthesis Kit (Takara) to acquire cDNA. The sequences for the specific primers used are shown in Table 1. 
Real-time polymerase chain reaction (PCR) was conducted using a Realplex4 Mastercycler Real Time PCR System 
(Eppendorf) and a SYBR® Premix Ex Taq™ Kit (TaKaRa), under universal cycling conditions (95 °C for 30 sec, 95 °C for 
5 sec, and 60 °C for 30 sec, 40 cycles). The products were confirmed by appropriate size by agarose gel electrophoresis. 
The samples were assayed in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as endogenous 
control to normalize the transcript levels, and data were analyzed according to the comparative threshold cycle method.

Table 1 - Primer sequences used for quantitative real-time polymerase chain reaction.

Gene Primer sequences (5’-3’) Amplicon size (bp)

Na+-K+-ATPase α1
F CTGATCAGCATGGCCTATGGAC

87
R ACCGTTCTCAGCCAGAATCACA

Na+-K+-ATPase β1
F CTGCTTACCATCAGTGAGCTGAAAC

136
R GCACATAGGCCTCGTAGCTCTTG

GAPDH
F GGCACAGTCAAGGCTGAGAATG

143
R ATGGTGGTGAAGACGCCAGTA

F: forward; R: reverse; bp: base-pairs; GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

Immunohistochemistry 

In brief, kidney slices (3 μm) were deparaffinized in xylene and dehydrated in a graded series of ethanol after formalin 
fixation and paraffin embedding. The sections were incubated in 3% H2O2 for 5 min to suppress endogenous peroxidase 
activity after heating in citrate buffer sodium (pH 6) and blocked with 10% normal goat serum for 10 min to prevent 
nonspecific binding. Next, the slides were incubated with anti-Na+-K+-ATPase antibody for 3 h at room temperature in a 
humidified chamber. All sections were incubated with SP-9000 reagent for 20 min at 37 °C. Immunoreactivity was observed 
with 3,3’diaminobenzidine reagent and applied with Harris hematoxylin to counterstain. All kidney sections were washed, 
dried, and mounted. Images were acquired using Digital Microscope Imaging System (DP70, Olympus, Tokyo Japan) and 
expressed by mean density using computer-assisted image analyzer system (IPP 6). 

Statistical analysis

Results are provided as means ± standard error and processed with SPSS 16.0 statistical software (SPSS Inc. Chicago, IL, 
United States of America). Differences were determined using analysis of variance (ANOVA) when more than two groups 
were compared followed by the Student-Newman-Keuls-q test or Dunnett-t’s test. Pearson correlation analysis was used to 
evaluate the relationship between variables. Significance was declared at p < 0. 05.

Results 

Effect of renal denervation on serum and tissue endogenous ouabain levels

As shown in Fig. 1, renal denervation significantly decreased EO levels of serum as compared to sham group with 
intact renal innervation (12.32 ± 3.02 vs. 22.04 ± 2.68, P < 0.05). The kidneys and hypothalamus of EO concentrations 
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were significantly lower in RDNX group compared with the sham group (P < 0.05), and there was no statistical difference 
between the RDNX and WKY groups. Interestingly, no significant difference in EO content of adrenal was observed among 
all the groups (P = 0.90).
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EO: endogenous ouabain; RDNX: renal denervation group; WKY: Wistar Kyoto rats. Significances (P < 0.05) are * vs. sham.
Figure 1 - EO content in different parts in different groups: (a) serum from abdominal aorta; (b) kidney; (c) adrenal 

gland; (d) hypothalamus. 

Effect of renal denervation on renal tissue Na+-K+-ATPase activity

As shown in Fig. 2, Na+-K+-ATPase activity of renal tissue homogenate was significantly increased in the sham group 
compared with the WKY group (3.95 ± 0.97 vs. 5.02 ± 0.86 μmolpi/mgPro/hour, P = 0.02). Na+-K+-ATPase activity was 
slightly higher in RDNX group than in WKY group, but the difference was not significant (p > 0.05). Results of the above 
experiments indicated that RDN significantly decreased Na+-K+-ATPase activity of renal tissue. Data on norepinephrine 
(NE) renal tissue content was as previously reported19. Correlation analysis showed that NE content was positively correlated 
with Na+-K+-ATPase activity of kidney (r2 = 0.579, β = 0.733, p < 0.001), as shown in Fig. 2, which implied that the increased 
Na+-K+-ATPase activity in kidney may have been upregulated by NE. However, the correlation analysis showed no statistical 
difference between EO levels and Na+-K+-ATPase activity in the kidney (P = 0.93). 
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Figure 2 - Na+-K+-ATPase activity in the kidneys: (a) Na+-K+-ATPase activity in different groups; (b) relationship 

between NE content and Na+-K+-ATPase activity in kidneys; (c) relationship between EO 
levels and Na+-K+-ATPase activity in kidneys.

Expression of Na+-K+-ATPase α1 and β1 subunits mRNA in the kidney of spontaneously hypertensive 
rats with and without renal denervation

As shown in Figure 3, there was visible difference between the experimental groups in the levels of mRNA of Na+-K+-ATPase 
α1 subunit in the renal tissue (0.69 ± 0.23 vs. 1.28 ± 0.29 vs. 0.62 ± 0.16, respectively, P = 0.003). In addition, the mRNA of 
Na+-K+-ATPase α1 subunit was markedly downregulated under chemical sympathectomy conditions compared to sham 
group with intact renal innervation (P < 0.05). A similar decrease was detected in the WKY group (P < 0.05). However, there 
was no significant difference in mRNA of Na+-K+-ATPase β1 subunit between groups (P = 0.63).
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GAPDH: glyceraldehyde-3-phosphate dehydrogenase; RDNX: renal denervation group; WKY: Wistar Kyoto rats. 
Significances (P < 0.05) are * vs. Sham.

Figure 3 - Na+-K+-ATPase α1 and β1 subunits mRNA expressions in the kidneys: 
(a) Na+-K+-ATPase α1 subunit mRNA expressions in different groups; 
(b)Na+-K+-ATPase β1 subunit mRNA expressions in different groups.

Expression of Na+-K+-ATPase proteins in the kidney of spontaneously hypertensive rats with and 
without renal denervation

With positive expression as cytoplasm into brownish-yellow staining, the mean density of Na+-K+-ATPase staining in 
the kidneys of the experimental groups was illustrated as shown in Fig. 4. Immunohistochemical analysis using computer-
assisted image analyzer system (IPP 6) showed that renal denervation significantly decreased expression of Na+-K+-ATPase 
proteins in the renal cortex, outer stripe and inner stripe of the outer medulla as compared to sham group (0.0956 ± 0.0144, 
0.1310 ± 0.0175, 0.1693 ± 0.0136, respectively, P < 0.05), while RDNX group was not significantly different from WKY 
group (p > 0.05). Sham and WKY groups showed significant differences for the expression of Na+-K+-ATPase proteins in 
the renal cortex, outer stripe and inner stripe of the outer medulla (all P < 0.05).
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Figure 4 - Na+-K+-ATPase immunoreactivity in different parts. (a) The slides are shown at 40× magnification. The 
expression of Na+-K+-ATPase was visible in epithelial cells of cortical distal convoluted tubules (A, arrow) and 

straight distal tubules (C, arrow), also detected in some of proximal tubule (B, arrow) and medullary tubule 
(D, arrow) epithelial cells, but not in glomerular epithelial cells. (b) The mean density of Na+-K+-ATPase 

staining in the kidneys of different groups is showed in the graph.

Discussion 

In this study, we explored whether sympathetic nerve involve water and sodium balance by regulating EO secretion and 
kidney Na+-K+-ATPase activity in SHR. The main findings of our study are as follows: first, EO levels significantly reduced after 
decreasing renal sympathetic nerve activity in SHR kidneys. Second, renal denervations decreased Na+-K+-ATPase activity of 
kidney, the expression of Na+-K+-ATPaseα1 subunit mRNA of kidney and the expression of Na+-K+-ATPase proteins in the 
renal cortex, outer stripe and inner stripe of the outer medulla in SHR compared with the sham group. Third, we observed 
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a positively correlation between NE content and Na+-K+-ATPase activity. However, the correlation analysis showed no 
statistical difference between Na+-K+-ATPase activity and EO levels in the kidney. EO has high intrinsic affinity and selectivity 
for the Na+-K+-ATPase by interacting with the cardenolide receptor on the Na+-K+-ATPase20. This result may be limited by 
the number of animals involved in the experiment or more complicated relationship between EO and Na+-K+-ATPase in the 
kidney. Taken together, these new results speculate that sympathetic nerve is involved in the regulation of Na+-K+-ATPase 
activity through reduction of hypothalamic EO secretion, thus playing an important role in the water and sodium balance.

EO can regulate the sodium pump on the membrane of central nervous system (CNS), heart, blood vessel wall and renal tubules, 
and EO functions as regulator of water and sodium metabolism and blood vessel wall tension, which indicates that EO is essential to 
the pathogenesis of hypertension21,22. Circulating EO is elevated and positively correlated with BP in a variety of hypertensive states, 
including essential hypertension and secondary hypertension, especially in the normal renin or low-renin essential hypertensive 
patients23. Moreover, in several hypertensive animal models, especially in rats genetically predisposed to hypertension such as 
SHR and Milan hypertensive rats, the levels of EO were increased not only peripherally but also centrally and in relatively high 
concentrations in the hypothalamus and pituitary8,21. Subsequent work implicated that BP returned to normal after administration of 
EO specific antagonist Canrenone or anti-ouabain antibody24,25. Bigazzi et al.26 collected data from 2,638 white adolescents, including 
BP, anthropometric measurements, genomic DNA extraction collecting from saliva and urine sample and renal function evaluation, 
finding BP values were associated with LSS (lanosterol synthase, rs2254524), a missense variant of EO-related gene. Our present 
study explored whether EO levels reduced after decreasing renal sympathetic hyperactivity in SHR kidneys. 

EO elevated BP by inhibiting the reuptake of NE from the perivascular adrenergic nerve endings and increasing sympathetic 
nerve activity27. Vatta et al.28 have found that EO may increase NE availability in the synaptic gap by affecting the release and 
uptake of neurotransmitter in hypothalamus, and in turn enhance sympathetic nervous system activity. Raina et al.29 examined 
the effects of EO-induced vasoconstriction in endothelium of mesenteric arterial or renal interlobar arterial, establishing that 
ouabain-induced vasoconstriction dependent on increasing NE release from nerve endings in arterial wall, and a component 
of ouabain-mediated vasoconstriction was increased possibly via sympathetic activation. This has been confirmed in our 
previous studies that surgical renal denervation can reduce sodium retention while could attenuate sympathetic nervous system 
activity in CNS, kidney and peripherals in SHR19. The present findings suggest that renal denervation reduced peripheral 
and hypothalamic sympathetic activity of SHR while lowered EO in serum, kidney, and hypothalamus. Thus, the interaction 
between EO and sympathetic nervous system is crucial for the development of hypertension.

EO is closely associated with the metabolism of water and sodium in hypertension. EO-induced modulatory pathway may 
be the key roles resulting to the long-term elevation of BP in central and peripheral17. Paczula et al.30 reported that EO have a 
role in the adaptation to both sodium depletion and loading. EO concentration was higher in salt-sensitive group compared 
to salt resistant group and decrease after low salt diet, suggesting EO involve in the development of sodium induced, low 
renin, and salt-sensitive hypertension31. Manunta et al.32 conducted a cohort study of 301 hypertensive patients and found 
a significant increase in BP with elevated plasma EO levels, whereas the relationship between BP and renin activity (PRA) 
was reversed. Meanwhile, the fractional excretion of sodium (FENa) was negatively correlated with EO from the first to 
the third quartiles, although the pressure–natriuresis relationship was inversely related to PRA. 

These findings indicated the mutually independent and compensatory relationship between RAAS and EO in water and 
sodium metabolism. Leenen et al.33 demonstrated that the tissue and plasma EO content were significantly higher in SHR 
than in WKY rats on a normal diet. The increase of EO in central and peripheral SHR was more obvious after long-term 
high-Na+ diet. In addition, our previous studies showed that RDN improved impaired sodium excretion metabolism, delayed 
glomerular damage and reduced renal vascular resistance in RDNX group compared with the Sham group19. The results of 
the present study demonstrates that RDN could reduce the content of EO in kidney, as well as serum and hypothalamus.

The hypothalamus and adrenal glands are the main sites of EO synthesis and secretion34. EO mainly distributed in 
the adrenal gland with the concentration about 100 times higher than in plasma3. EO content of plasma was significantly 
reduced after adrenalectomy in rats, suggesting that the adrenal gland may be the main source of EO35. Murrell et al.36 
explored the pathway of EO biosynthesis in Milan hypertensive rats by applying bioinformatics combined with microarray 
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analysis and gene interference technology, and found that the key enzyme gene of EO biosynthesis could be detected 
in hypothalamus and adrenal gland. Moreover, the two genes coding for P450 side chain cleavage enzyme and Δ5-3β-
hydroxysteroid dehydrogenase/Δ5-Δ4-isomerase enzyme were remarkably upregulated in hypothalamus, but not in adrenal 
gland, compared with normotensive Milan rats. Our study found that RDN caused decrease of EO levels in the peripheral, 
renal, and hypothalamus of SHR. Notably, it had no effect on EO levels in adrenal tissue. We speculate that the synthesis 
and secretion of EO may have self-feedback regulation in adrenal, which need further investigation. 

Na+-K+-ATPase pumped sodium ions outside and potassium ions inside living cells, converting chemical energy into 
work. EO existing in human circulation has high intrinsic affinity and selectivity for the Na+ pump by interacting with 
the cardenolide receptor on the Na+ pump2,20, suggesting that EO may play an important role in the regulation of cellular 
electrolyte homeostasis20,37. Specifically, Na+-K+-ATPase incorporates in the cell membrane, which obtains energy through 
ATP hydrolysis and transports ions depending on an inverse electrochemical gradient to regulate intracellular sodium-
potassium homeostasis, cell membrane excitability and metabolism38. NE uptake in the presynaptic membrane of adrenergic 
nerve endings depends on Na+-K+-ATPase activity. 

Our previous study showed that the renal sympathetic nerve may play an important role in the regulation of Na+-H+exchange 
(NHE) in the kidney39. Low EO concentrations can ascend Na+-K+-ATPase and NHE1 activity, as well as NHE1 is required 
for the ouabain-induced increase in BP40. Recent investigation suggested that the cooperative effects Na+-K+-ATPase and 
NHE1 activities on renal tubular was involved in endogenous ouabain-like factors stimulated hypertension41. Ferrandi et al.42 
suggested that the increase of circulating EO level was related to the elevation of BP and the activity of Na+-K+-ATPase in 
renal tubules. The activity of Na+-K+ -ATPase was upregulated after oral administration of EO inhibitor (PST 2238) at the 
dose of 10 mg/kg/day for four weeks in rats with hypertension. After five days with EO inhibitor (PST 2238), the expression 
of Na+ -K+ -ATPase was increased in renal tubular epithelial cells.

A series of clinical trials had evidenced efficacy and safety of RDN to treat hypertension43-45. The significant decrease of 
BP following RDN had already been confirmed in the previous examination from our laboratory19. However, early trials 
of RDN showed conflicting results, and RDN is unsuitable for all patients with hypertension46. The lack of significant 
improvement in BP may be related to multiple possible causes, including the technical failure of RDN procedure, partial 
regrowth of renal nerves after renal denervation, variable patient drug compliance and patient selection criteria.

Conclusions 

Several experimental and clinical studies provide insights into the notion that EO and Na+-K+-ATPase play an important 
role in hypertension and related organ complications. The EO content and Na+-K+-ATPase activity were both reduced after 
treatment through RDN, indicating that the hypertensive patients may benefit from RDN. However, extensive clinical trials 
were required to solve existing problems including patient selection criteria and the indicators for evaluating RDN efficacy. 
So, RDN may be a viable option and a promising approach for hypertension in the future.

Authors’ contribution

Intellectual and scientific content: Lai X and Wen H; Design the study: Li J; Analysis and interpretation of data: Yang 
T and Qin F; Technical procedures: Zhong X and Pan Y; Histopathological examinations: Yu J and Huang J; Manuscript 
preparation: Lai X and Wen H; Manuscript writing: Lai X and Wen H. Lai X and Wen H contributed equally to this work.

Data availability statement

Data will be available upon request.



8 Acta Cir Bras. 2022;37(11):e371102

Effects of renal denervation on endogenous ouabain in spontaneously hypertensive rats

Funding

National Natural Science Foundation of China

[https://doi.org/10.13039/501100001809]

Grant No. 81660075

Opening Project of the Science Experiment Center

Grant No. KFJJ2011-35

Guangxi Provincial Education Office

Grant No. 201202ZD025

Postdoctoral Research Foundation of China

[https://doi.org/10.13039/501100010031]

Grant No. 2017M612871 

References 

1. Bova S, Blaustein MP, Ludens JH, Harris DW, DuCharme DW, Hamlyn JM. Effects of an endogenous ouabainlike 
compound on heart and aorta. Hypertension. 199117(6 Pt 2);944-50. https://doi.org/10.1161/01.hyp.17.6.944

2. Hamlyn JM, Blaustein MP, Bova S, DuCharme DW, Harris DW, Mandel F, Mathews WR, Ludens JH. Identification 
and characterization of a ouabain-like compound from human plasma. Proc Natl Acad Sci U S A. 1991;88(4):6259-63. 
https://doi.org/10.1073/pnas.88.14.6259

3. Hamlyn JM, Lu ZR, Manunta P, Ludens JH, Kimura K, Shah JR, Laredo J, Hamilton JP, Hamilton MJ, Hamilton BP. 
Observations on the nature, biosynthesis, secretion and significance of endogenous ouabain. Clin Exp Hypertens. 
1998;20(56-6):523-33. https://doi.org/10.3109/10641969809053230

4. Blaustein MP, Chen L, Hamlyn JM, Leenen FH, Lingrel JB, Wier WG, Zhang J. Pivotal role of α2 Na(+) pumps and their high affinity 
ouabain binding site in cardiovascular health and disease. J Physiol. 2016;594(21):6079-103. https://doi.org/10.1113/jp272419

5. Ferrandi M, Manunta P, Ferrari P, Bianchi G. The endogenous ouabain: molecular basis of its role in hypertension and 
cardiovascular complications. Front Biosci. 2005;10(3):2472-7. https://doi.org/10.2741/1711

6. Bankir L, Bichet DG, Bouby N. Vasopressin V2 receptors, ENaC, and sodium reabsorption: a risk factor for 
hypertension? Am J Physiol Renal Physiol. 2010;299(5):F917-28. https://doi.org/10.1152/ajprenal.00413.2010

7. Norlander AE, Madhur MS. Inflammatory cytokines regulate renal sodium transporters: how, where, and why? Am J 
Physiol Renal Physiol. 2017;313(2):F141-F4. https://doi.org/10.1152/ajprenal.00465.2016

8. Simonini M, Casanova P, Citterio L, Messaggio E, Lanzani C, Manunta P. Endogenous ouabain and related genes in the 
translation from hypertension to renal diseases. Int J Mol Sci. 2018;19(7):1948. https://doi.org/10.3390/ijms19071948

9. Słabiak-Błaż N, Piecha G. Endogenous mammalian cardiotonic steroids-a new cardiovascular risk factor? A mini-
review. Life (Basel). 2021;11(8):727. https://doi.org/10.3390/life11080727

10. Zhong M, Kim LK, Swaminathan RV, Feldman DN. Renal denervation to modify hypertension and the heart failure 
state. Interv Cardiol Clin. 2017;6(3):453-64. https://doi.org/10.1016/j.iccl.2017.03.013

11. Schlaich MP, Krum H, Sobotka PA, Esler MD. Renal denervation and hypertension. Am J Hypertens. 2011;24(6):635-
42. https://doi.org/10.1038/ajh.2011.35

https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100010031
https://doi.org/10.1161/01.hyp.17.6.944
https://doi.org/10.1073/pnas.88.14.6259
https://doi.org/10.3109/10641969809053230
https://doi.org/10.1113/jp272419
https://doi.org/10.2741/1711
https://doi.org/10.1152/ajprenal.00413.2010
https://doi.org/10.1152/ajprenal.00465.2016
https://doi.org/10.3390/ijms19071948
https://doi.org/10.3390/life11080727
https://doi.org/10.1016/j.iccl.2017.03.013
https://doi.org/10.1038/ajh.2011.35


9Acta Cir Bras. 2022;37(11):e371102

Lai X et al.

12. Mancia G, Dell’Oro R, Quarti-Trevano F, Scopelliti F, Grassi G. Angiotensin-sympathetic system interactions 
in cardiovascular and metabolic disease. J Hypertens. 2006;24:S51-6. https://doi.org/10.1097/01.
hjh.0000220407.84363.fb

13. Xiao L, Kirabo A, Wu J, Saleh MA, Zhu L, Wang F, Takahashi T, Loperena R, Foss JD, Mernaugh RL, Chen W, Roberts J, 
2nd, Osborn JW, Itani H A, Harrison D G. Renal denervation prevents immune cell activation and renal inflammation 
in angiotensin II-induced hypertension. Circ Res. 2015;117(6):547-57. https://doi.org/10.1161/circresaha.115.306010

14. Aronow HD, Sardar P. Renal Sympathetic denervation for hypertension: outside-in and inside-out. Cardiovasc Revasc 
Med. 2020;21(4):538-9. https://doi.org/10.1016/j.carrev.2020.03.006

15. Skrzypecki J, Gawlak M, Huc T, Szulczyk P, Ufnal M. Renal denervation decreases blood pressure and renal tyrosine 
hydroxylase but does not augment the effect of hypotensive drugs. Clin Exp Hypertens. 2017;39(3):290-4. https://doi.
org/10.1080/10641963.2016.1267191

16. Versaci F, Sciarretta S, Scappaticci M, Di Pietro R, Calcagno S, Del Prete A, Gaspardone C, Biondi Zoccai G. Renal 
arteries denervation: from the treatment of resistant hypertension to the treatment of atrial fibrillation. Eur Heart J 
Suppl. 2021;23(Suppl. E):E177-E83. https://doi.org/10.1093/eurheartj/suab117

17. Adrogué HJ, Madias NE. Sodium and potassium in the pathogenesis of hypertension: focus on the brain. Curr Opin 
Nephrol Hypertens. 2017;26(2):106-13. https://doi.org/10.1097/mnh.0000000000000301

18. Leenen FH. Actions of circulating angiotensin II and aldosterone in the brain contributing to hypertension. Am J 
Hypertens. 2014;27(8):1024-32. https://doi.org/10.1093/ajh/hpu066

19. Li J, He Q, Wu W, Li Q, Huang R, Pan X, Lai W. Role of the renal sympathetic nerves in renal sodium/potassium handling and 
renal damage in spontaneously hypertensive rats. Exp Ther Med. 2016;12(4):2547-53. https://doi.org/10.3892/etm.2016.3669

20. Hamlyn JM, Harris DW, Clark MA, Rogowski AC, White RJ, Ludens J H. Isolation and characterization of a sodium 
pump inhibitor from human plasma. Hypertension. 1989;13(6 Part 2):681-9. https://doi.org/10.1161/01.hyp.13.6.681

21. Leenen FHH, Wang HW, Hamlyn JM. Sodium pumps, ouabain and aldosterone in the brain: A neuromodulatory 
pathway underlying salt-sensitive hypertension and heart failure. Cell Calcium. 2020;86:102151. https://doi.
org/10.1016/j.ceca.2019.102151

22. Hamlyn JM, Blaustein MP. Endogenous ouabain: recent advances and controversies. Hypertension. 2016;68:526-32. 
https://doi.org/10.1161/hypertensionaha.116.06599

23. Takahashi H. Upregulation of the renin-angiotensin-aldosterone-ouabain system in the brain is the core mechanism 
in the genesis of all types of hypertension. Int J Hypertens. 2012;2012:242786. https://doi.org/10.1155/2012/242786

24. Citterio L, Bianchi G, Scioli G A, Glorioso N, Bigazzi R, Cusi D, Staessen JA, Cavuto S, Ferrandi M, Lanzani C, Li 
X, Lau LF, Chiang CE, Wang TD, Wang KL, Ferrari P, Manunta P. Antihypertensive treatment guided by genetics: 
PEARL-HT, the randomized proof-of-concept trial comparing rostafuroxin with losartan. Pharmacogenomics J. 
2021;21:346-58. https://doi.org/10.1038/s41397-021-00214-y

25. Lanzani C, Gatti G, Citterio L, Messaggio E, Delli Carpini S, Simonini M, Casamassima N, Zagato L, Brioni E, Hamlyn 
JM, Manunta P. Lanosterol Synthase gene polymorphisms and changes in endogenous ouabain in the response to low 
sodium intake. Hypertension. 2016;67(2):342-8. https://doi.org/10.1161/hypertensionaha.115.06415

26. Bigazzi R, Zagato L, Lanzani C, Fontana S, Messaggio E, Delli Carpini S, Citterio L, Simonini M, Brioni E, Magnaghi 
C, Colombo GI, Santini G, Nistri F, Cellai F, Lenti S, Bianchi S, Pertosa GB, Rocchetti MT, Papale M, Mezzolla V, 
Gesualdo L, Pina Concas M, Campese V, Manunta P. Hypertension in high school students: genetic and environmental 
factors: The HYGEF study. Hypertension. 2020;75:71-8. https://doi.org/10.1161/hypertensionaha.119.13818

27. Deng LY, Li JS, Schiffrin EL. Endothelium-dependent relaxation of small arteries from essential hypertensive 
patients: mechanisms and comparison with normotensive subjects and with responses of vessels from spontaneously 
hypertensive rats. Clin Sci (Lond). 1995;88(6):611-22. https://doi.org/10.1042/cs0880611

28. Vatta M, Peña C, Fernández BE, Rodríguez de Lores Arnaiz G. Endobain E, a brain Na+, K+ -ATPase inhibitor, decreases 
norepinephrine uptake in rat hypothalamus. Life Sci. 2004;76(4):359-65. https://doi.org/10.1016/j.lfs.2004.09.004

https://doi.org/10.1097/01.hjh.0000220407.84363.fb
https://doi.org/10.1097/01.hjh.0000220407.84363.fb
https://doi.org/10.1161/circresaha.115.306010
https://doi.org/10.1016/j.carrev.2020.03.006
https://doi.org/10.1080/10641963.2016.1267191
https://doi.org/10.1080/10641963.2016.1267191
https://doi.org/10.1093/eurheartj/suab117
https://doi.org/10.1097/mnh.0000000000000301
https://doi.org/10.1093/ajh/hpu066
https://doi.org/10.3892/etm.2016.3669
https://doi.org/10.1161/01.hyp.13.6.681
https://doi.org/10.1016/j.ceca.2019.102151
https://doi.org/10.1016/j.ceca.2019.102151
https://doi.org/10.1161/hypertensionaha.116.06599
https://doi.org/10.1155/2012/242786
https://doi.org/10.1038/s41397-021-00214-y
https://doi.org/10.1161/hypertensionaha.115.06415
https://doi.org/10.1161/hypertensionaha.119.13818
https://doi.org/10.1042/cs0880611
https://doi.org/10.1016/j.lfs.2004.09.004


10 Acta Cir Bras. 2022;37(11):e371102

Effects of renal denervation on endogenous ouabain in spontaneously hypertensive rats

29. Raina H, Zhang Q, Rhee AY, Pallone TL, Wier WG. Sympathetic nerves and the endothelium influence the 
vasoconstrictor effect of low concentrations of ouabain in pressurized small arteries. Am J Physiol Heart Circ Physiol. 
2010;298(6):H2093-101. https://doi.org/10.1152/ajpheart.01045.2009

30. Paczula A, Wiecek A, Piecha G. Cardiotonic steroids - A possible link between high-salt diet and organ damage. Int J 
Mol Sci. 2019;20(3):590. https://doi.org/10.3390/ijms20030590

31. Kantaria N, Pantsulaia I, Andronikashvili I, Simonia G. Association of endogenous cardiotonic steroids with salt-
sensitivity of blood pressure in georgian population. Georgian Med News. 2016;33-7. 

32. Manunta P, Hamlyn JM, Simonini M, Messaggio E, Lanzani C, Bracale M, Argiolas G, Casamassima N, Brioni E, Glorioso 
N, Bianchi G. Endogenous ouabain and the renin-angiotensin-aldosterone system: distinct effects on Na handling and 
blood pressure in human hypertension. J Hypertens. 2011;29(2):349-56. https://doi.org/10.1097/HJH.0b013e32833ea821

33. Leenen FH, Harmsen E, Yu H, Ou C. Effects of dietary sodium on central and peripheral ouabain-like activity in 
spontaneously hypertensive rats. Am J Physiol. 1993;264(6):H2051-5. https://doi.org/10.1152/ajpheart.1993.264.6.H2051

34. Lu J, Wang HW, Ahmad M, Keshtkar-Jahromi M, Blaustein MP, Hamlyn JM, Leenen FHH. Central and peripheral 
slow-pressor mechanisms contributing to Angiotensin II-salt hypertension in rats. Cardiovasc Res. 2018;114(2):233-
46. https://doi.org/10.1093/cvr/cvx214

35. Ludens JH, Clark MA, Robinson FG, DuCharme DW. Rat adrenal cortex is a source of a circulating ouabainlike 
compound. Hypertension. 1992;19(6 Part 2):721-4. https://doi.org/10.1161/01.hyp.19.6.721

36. Murrell JR, Randall JD, Rosoff J, Zhao JL, Jensen RV, Gullans SR, Haupert GT, Jr. Endogenous ouabain: upregulation 
of steroidogenic genes in hypertensive hypothalamus but not adrenal. Circulation. 2005;112(9):1301-8. https://doi.
org/10.1161/circulationaha.105.554071

37. Ferrandi M, Manunta P, Rivera R, Bianchi G, Ferrari P. Role of the ouabain-like factor and Na-K pump in rat and 
human genetic hypertension. Clin Exp Hypertens. 1998;20(5-6):629-39. https://doi.org/10.3109/10641969809053241

38. Bagrov AY, Shapiro JI, Fedorova OV. Endogenous cardiotonic steroids: physiology, pharmacology, and novel 
therapeutic targets. Pharmacol Rev. 2009;61(1):9-38. https://doi.org/10.1124/pr.108.000711

39. Li J, He Q, Li Q, Huang R, Wei X, Pan X, Wu W. Decreased expression of Na(+)-H(+) exchanger isoforms 1 and 3 in denervated 
spontaneously hypertensive rat kidney. Clin Exp Hypertens. 2019;41(3):235-43. https://doi.org/10.1080/10641963.2018.1469639

40. Khundmiri SJ, Salyer SA, Farmer B, Qipshidze-Kelm N, Murray RD, Clark BJ, Xie Z, Pressley TA, Lederer ED. 
Structural determinants for the ouabain-stimulated increase in Na-K ATPase activity. Biochim Biophys Acta. 
2014;1843(6):1089-102. https://doi.org/10.1016/j.bbamcr.2014.02.005

41. Holthouser KA, Mandal A, Merchant ML, Schelling JR, Delamere NA, Valdes RR, Jr., Tyagi SC, Lederer ED, Khundmiri 
SJ. Ouabain stimulates Na-K-ATPase through a sodium/hydrogen exchanger-1 (NHE-1)-dependent mechanism in human 
kidney proximal tubule cells. Am J Physiol Renal Physiol. 2010;299(1):F77-90. https://doi.org/10.1152/ajprenal.00581.2009

42. Ferrandi M, Barassi P, Molinari I, Torielli L, Tripodi G, Minotti E, Bianchi G, Ferrari P. Ouabain antagonists as 
antihypertensive agents. Curr Pharm Des. 2005;11(25):3301-5. https://doi.org/10.2174/138161205774424735

43. Zhou H, Xu Y, Chen W, Wang L, Du H, Liu H, Ling Z, Yin Y. Present evidence of determinants to predict the efficacy 
of renal denervation. Int J Hypertens. 2022;2022:5694127. https://doi.org/10.1155/2022/5694127

44. Bhatt DL, Kandzari DE, O’Neill WW, D’Agostino R, Flack JM, Katzen BT, Leon MB, Liu M, Mauri L, Negoita M, 
Cohen SA, Oparil S, Rocha-Singh K, Townsend RR, Bakris GL. A controlled trial of renal denervation for resistant 
hypertension. N Engl J Med. 2014;370:1393-401. https://doi.org/10.1056/NEJMoa1402670

45. Mahfoud F, Kandzari DE, Kario K, Townsend RR, Weber MA, Schmieder RE, Tsioufis K, Pocock S, Dimitriadis K, 
Choi JW, East C, D’Souza R, Sharp ASP, Ewen S, Walton A, Hopper I, Brar S, McKenna P, Fahy M, Böhm M. Long-
term efficacy and safety of renal denervation in the presence of antihypertensive drugs (SPYRAL HTN-ON MED): a 
randomised, sham-controlled trial. Lancet. 2022;399(10333):1401-10. https://doi.org/10.1016/s0140-6736(22)00455-x

46. Sarathy H, Cohen JB. Renal denervation for the treatment of hypertension: unnerving or underappreciated? Clin J 
Am Soc Nephrol. 2021;16(9):1426-8. https://doi.org/10.2215/cjn.03070221

https://doi.org/10.1152/ajpheart.01045.2009
https://doi.org/10.3390/ijms20030590
https://doi.org/10.1097/HJH.0b013e32833ea821
https://doi.org/10.1152/ajpheart.1993.264.6.H2051
https://doi.org/10.1093/cvr/cvx214
https://doi.org/10.1161/01.hyp.19.6.721
https://doi.org/10.1161/circulationaha.105.554071
https://doi.org/10.1161/circulationaha.105.554071
https://doi.org/10.3109/10641969809053241
https://doi.org/10.1124/pr.108.000711
https://doi.org/10.1080/10641963.2018.1469639
https://doi.org/10.1016/j.bbamcr.2014.02.005
https://doi.org/10.1152/ajprenal.00581.2009
https://doi.org/10.2174/138161205774424735
https://doi.org/10.1155/2022/5694127
https://doi.org/10.1056/NEJMoa1402670
https://doi.org/10.1016/s0140-6736(22)00455-x
https://doi.org/10.2215/cjn.03070221

