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ABSTRACT 

One of the hallmarks of metabolic syndrome is the increased renal sympathetic nerve 

activity, which contributes to hypertension and leads to chronic kidney disease. Clinical 

evidence and animal models of this condition have shown that renal sympathetic 

denervation transiently attenuates hypertension while renal injury worsens. Leptin and 

insulin resistance and other alterations of energy homeostasis play a role in metabolic 

syndrome's cardiovascular and renal complications. To investigate this issue, we 

compared the metabolic, cardiovascular, and renal health of male rats that underwent 

bilateral renal denervation and were fed either with a standard or a high-fat diet for 8 and 

12 weeks. The results indicate that the animals fed with hypercaloric diet does not affect 

the amount of noradrenaline in the kidneys but display increased blood pressure and 

plasma levels of angiotensin II, proteinuria, decreased glomerular filtration rate, urinary 

flow, and potassium excretion independently from the surgery. Nevertheless, bilateral 

renal denervation attenuates the ketonuria observed in intact, high-fat diet-fed rats. The 

comparison of intracellular proteins in the kidney, downstream of angiotensin II, leptin, 

and insulin signaling (AKT, PI3K, and ERK1/2) in the kidney showed a combined effect 

of the renal sympathetic input, the energy content of the diet and time, especially in the 

long term. Based on of these results, we suggest that renal sympathetic nerve activity 

plays a role in the early-intermediate stages of the metabolic syndrome.  At the same 

time, the effects of chronic, long-term exposure to the hypercaloric diet prevails on the 

autonomic regulation of kidney homeostasis. 
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INTRODUCTION 

In 2021, the World Health Organization reported that 1.28 billion people in the world suffer 

from systemic arterial hypertension (HT) or high blood pressure (HBP) (NCD Risk Factor 

Collaboration, 2021). Although nowadays the clinical practice avails itself of several 

antihypertensive agents, the prevalence of HT exceeds 50%, and a significant gap exists 

in the diagnosis and therapy between high- and low-income countries. Regardless of the 

underlying etiology, the clinical progression of HT results in organ failure, principally the 

kidneys and heart, leading to premature death (Al Ghorani et al., 2021).  

A large body of literature links the pathophysiology of HT with the obesity epidemic 

because a nearly linear relationship exists between the increase in the body mass index 

(BMI) and HBP, where the former shifts the frequency distribution towards higher levels 

of the latter (Hall et al., 2019). The comorbidity of HT and obesity is characterized by 

several interrelated disorders, put together under the denomination of Metabolic 

Syndrome (MetS) (Lin et al., 2022). The clinical evidence, as well as the data obtained 

from experimental animal models, indicate that  HT, visceral fat accumulation (abdominal 

obesity), dyslipidemia, glucose intolerance, and insulin resistance are characterized by 

the upregulation of the renal sympathetic nerve activity (RSNA) and the increased risk of 

chronic kidney disease (CKD) (Amann and Benz, 2013; Oparil et al., 2018; DeLalio et al., 

2020), leading to the hypothesis that the interruption of the brain-kidney communication 

might prevent HT and renal failure. Radiofrequency ablation of sympathetic nerves has 

been suggested and recurrently tried as a therapeutical remedy in patients with resistant 

hypertension and obese subjects, with beneficial results over blood pressure and 

metabolic homeostasis (Mahfoud et al., 2011; Witkowski et al., 2011; Kampmann et al., 
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2017; Lee DP, 2020). Nevertheless, several issues emerged from the clinical studies, and 

the safety and efficacy of renal denervation in the long-term control of HBP are still 

uncertain (Miroslawska et al., 2016; Veerlop et al., 2015; Lohmeier and Hall, 2019; Grassi 

G., 2021; Miroslawska et al., 2021). Besides, increased noradrenaline renal spillover also 

occurs in obese, normotensive subjects (Grassi et a., 1995; Vaz et al., 1997), suggesting 

that obesity promotes SRNA and may impair renal physiology, independently from HT.   

Several authors found evidence that MetS-related HT depends on the sustained 

stimulation of the brain by the angiotensin II (A-II) systemic and local signaling, as well as 

on adiposity signals, such as insulin and leptin, which all promote sympathoexcitation 

(Rahmouni et al., 2003; Hilzendeger et al., 2012; Campos et al., 2015). The renin-

angiotensin system (RAS) is a physiological mechanism that increases blood pressure 

by promoting thirst, vascular constriction, Na+ and H2O reabsorption, and sympathetic 

activation (Oparil et al., 2003). There is plenty of evidence that the RAS is overactivated 

in obesity and insulin resistance (Kumari et al., 2019). For instance, a positive-feedback 

loop has been described for the type 1 angiotensin-II receptor (AT1-R) and dyslipidemia, 

where A-II, the active product of the RAS-peptide cascade, stimulates LDL uptake and 

oxidation. At the same time, oxidized LDL promotes AT1-R expression (Nickenig et al., 

1997). Angiotensin-II (A-II) triggers several changes that predispose to renal injury, such 

as efferent arterioles constriction and Na+ retention, by increasing glomerular filtration, 

regulating the transport proteins turnover in the tubules, upregulating the sympathetic 

tone and vasopressin, and aldosterone release (Johnson and Malvin., 1977; Barton et 

al., 1997; Neuhofer and Pittrow, 2006; Harrison-Bernard LM, 2009). The systemic and 

local increase of angiotensin-II (A-II) levels is also involved in the complex relationship 
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between oxidative stress, endothelial dysfunction, chronic inflammation, and insulin 

resistance. The upregulation of A-II signaling, oxidative stress, and kidney endothelial 

dysfunction are directly proportional to insulinemia (Sarafidis and Ruilope, 2006). In 

addition, insulin promotes the proliferation of renal cells and the extracellular matrix, and 

the production of other growth factors, leading to the fibrotic changes in renal CKD 

(Abrass et al., 1994; Abrass et al., 1995). The importance of leptin in mediating HT and 

CKD is MetS needs to be clarified. However, plasma leptin concentration is correlated 

with sympathetic activity, including in the kidneys, and may increase renal Na+ retention 

(Haynes et al., 1997; Shek et al., 1998; Carlyle et al., 2002; Kim et al., 2013). Interestingly, 

obese humans with genetic leptin deficiency and sympathetic dysfunction also display 

decreased RAS response to upright posture (Ozata et al., 1999). 

Given this premise, the present study aims to investigate the influence of RSNA on the 

onset of CKD in an animal model of MetS induced by a high-fat diet (HFD), characterized 

by HT, obesity, dyslipidemia and increased levels of A-II, insulin, and leptin. For that, we 

compared blood pressure, metabolic and renal function parameters, and hormone 

signaling proteins (Akt, PI3K, and ERK1/2) in rats subjected to bilateral renal denervation 

(BRDx) and then exposed to either a standard diet or HFD for 8 and 12 weeks. 

MATERIALS AND METHODS 

Animals 

Young-adult male Wistar rats weighing 100-120 g, were donated by the Laboratory of 

Biological Rhythms and Metabolism of Universidad Nacional Autónoma de Mexico. The 

animals were housed individually in acrylic cages, under 12-12 light-dark cycle, at 

23±1ªC, with free access to food (Laboratory Rodent Chow 5001, LabDiet, USA) and 
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filtered water, until the day of the surgery. The experimental procedures were approved 

by the Ethical Committee of the Facultad de Ciencias Químicas of Universidad Autónoma 

de San Luis Potosí (CEID-FCQ, CEID2014030), in strict accordance with the Mexican 

Guidelines for the Care and Use of Experimental Animals (NOM-062-ZOO-1999) and the 

European Convention for the Protection of Vertebrate Animals used for Experimental and 

other Scientific Purposes (Council of Europe No 123, Strasbourg 1985). 

Experimental protocol 

Series 1, 8 weeks 

The animals were randomly assigned into four groups: the rats that underwent sham 

surgery and then fed with a standard diet (SHAM-SD) or with the HFD (SHAM-HFD), and 

those that underwent bilateral renal denervation and then fed with a standard diet (BRDx-

SD) or with the HFD (BRDx-HFD). 

The standard lab-diet (vide supra) contained 4.5% fat and provided 3.36 kcal/g. The HFD 

was obtained by adding 15% pork fat (HEB, Texas, USA; 886Kcal/g) and 15% margarine 

(Primavera, Upfield, Mexico City, Mexico; 545Kcal/g;) to the standard diet. According to 

the nutritional facts indicated by the manufacturers, the HFD diet contained ~28.60% of 

fat and provided ~217 kcal/g. 

Animals stayed under general conditions before the surgery (SHAM or BRDx) until they 

reached or exceeded their pre-surgery weight; only the rats meeting this requirement 

were subjected to the feeding protocol until the sacrifice. The rats were anesthetized with 

an overdose of sodium pentobarbital (Pisabental PiSA Agropecuaria, Hidalgo, México). 

The renal hili were occluded, both kidneys were quickly removed and immediately frozen 

at -80 °C for further analysis. Then, animals were transcardially perfused with 0.9% saline, 
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followed by 4% paraformaldehyde (PFA; Sigma-Aldrich Corp., St. Louis, MO, USA) 

diluted in phosphate buffer (PB 0.1 M, pH 7.4). The retroperitoneal, epididymal, and 

visceral adipose depots were removed for weighing.  

Series 2, 12 weeks 

The animals of series 2 were submitted to the same procedure as series 1, except rats 

were given access to their respective diets for 12 weeks instead of 8 weeks.  

Bilateral Renal Denervation  

Briefly, rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p., Pisabental PiSA 

Agropecuaria, Hidalgo, México) and placed on a thermostatic operating table at 37 ºC, 

with general asepsis and under stereoscope visualization (X25). Following the abdominal 

midline incision, both kidneys were exposed, and the renal vessels were isolated from 

connective tissue and perirenal fat. After mechanically doffing the visible nerves from the 

kidney up to the renal aortic ganglion (also removed), the vessels were coated for 2 min 

with 10% phenol in absolute ethanol. The muscle layers of the abdominal wall were 

stitched with absorbable suture (Chromic Gut 4-0, COVIDIEN, Dublin, Ireland), and the 

skin was closed using a nonabsorptive suture (SEDA-SILK, 4-0, ETHICON, Johnson & 

Johnson, USA). Ceftriaxone (1g/kg, PiSA Farmacéutica, Jalisco, México) and Ketoprofen 

(0.5g/kg Profenid, Farmar Health Care Services, Madrid, España) were administered 

after the surgery. Rats were placed in warmed cages until complete recovery from the 

anesthesia (30–50 min) and then returned to their home cages. 

In the sham surgery, the renal nerves and ganglia were isolated from the connective 

tissue but preserved. 
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ANALYTICAL TECHNIQUES 

Animals from series 1 and 2 and the respective samples obtained before and after the 

sacrifice were analyzed as follows. 

Bodyweight, food and water consumption, and blood pressure recording 

Bodyweight (BW) and food and water intake (FI and WI, respectively) were measured 

every 48 hours. Systolic, diastolic, and mean blood pressure (SBP, DBP, and MBP, 

respectively) were assessed weekly, utilizing a non-invasive tail-cuff CODA device (Kent 

Scientific, Torrington, CT, USA). For that, animals were maintained in acrylic restrainers 

while an occlusion-cuff (O-cuff) was placed at the base of the tail, and a sensor (VPR-

cuff) was placed 1 cm from the O-cuff. 15 correct BP measures were obtained from each 

animal. The efficiency of this system provides about 99% correlation with telemetry and 

direct blood pressure measure (Feng et al., 2008; Fraser et al., 2001). 

Plasma metabolic and hormonal parameters  

Two days after the metabolic cage assays, rats fasted for 24 hours; the tail was cleaned 

with 70% ethanol and cut 1 mm from the tip using a sharp, sterile scalpel. Fasting blood 

glucose (GLU) was measured with a glucometer (Accu-chek, Roche, USA), then 1 g/kg 

of D-glucose solution (50%, PiSA, Jalisco, México) was administered intraperitoneally. 

Blood samples collected before (time 0) and 15, 30, 60, and 120 minutes after glucose 

administration were stored in Eppendorf tubes (~200 µL) containing a clot-activator gel 

and centrifuged at 4000 rpm for 10 min. These samples were used to determine glucose 

concentration and stored at -80ºC for later insulin (INS) quantification. This was performed 

using a sandwich ELISA kit (APLCO Immunoassays, Salem, NH, USA) following the 

manufacturer’s instructions and using 30 µL of serum per sample. 
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Blood samples (~2-3 mL) collected during the sacrifice and centrifuged as previously 

mentioned, were used to determine triglycerides (TG) and HDL-Cholesterol (HDL) 

concentration by colorimetric enzymatic kits (Spinereact, Girona, España; Colestat, 

Weiner Lab, Rosario, Argentina), as well as leptin (LEP) and angiotensin-II (ANG-II) by 

sandwich ELISA kit (BioVendor, Brno Czech Republic; MyBioSource, USA), following the 

manufacturer’s instructions and using 2.5-50 µL of serum per sample. Results were 

quantified at 450-500 nm by means of a spectrophotometer (Novaspec II Visible, 

Amersham Pharmacia Biotech, Cambridge, UK). 

Renal noradrenaline quantification 

To assess the efficiency of the BRDx, the content of norepinephrine (NE) in a kidney from 

each animal was quantified by ELISA. Successful denervation was defined when the 

tissue content of NE was less than 10% of the mean value in the sham group (Muhlbauer 

et al., 1997).  

Renal parameters 

On the same day of blood pressure measurement, the urine proteins, ketone bodies 

(KET) and urobilinogen content, and pH were quantified by mean of a dry chemical 

method kit (Urine strips, URIN-10, Spinereact, Girona, España). 

To determine renal excretory function, four days before the end of each protocol, 5 rats 

were randomly selected from each group and placed in metabolic cages with their 

respective diets to collect 24 h urine and plasma. Urine flow rate (UFR) was estimated as 

V/T x BW, where V was the urine volume in mL, and T was the time in minutes. Blood 

samples (0.4-0.5 mL) were collected from the tail vein, put in  clot-activator gel tubes (BD 

Vacutainer 367983, BD, Mexico City, Mexico), and centrifuged at 4000 rpm for 10 min. 
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Absolute Na+ and K+ excretion (UNaV, UKV) was taken as UNa x UFR and UK x UFR,  being 

UNa and UK measured by flame photometry (Flame photometer model 943; 

Instrumentation Laboratory SpA, Milano, Italy). Creatinine clearance (Ccr) was used to 

estimate the glomerular filtration rate (GFR), as follows: GFR= Ccr = Ucr x UFR/Pcr, with 

Ucr and Pcr, being urine and plasma creatinine concentrations determined by colorimetric 

enzymatic kit (Creatinine-J, Spinereact, Girona, España) at 500 nm with a 

spectrophotometer (vide supra). 

Kidney protein extraction and immunoblotting 

Whole kidney tissue was placed in an ice-cold lysis buffer solution containing 1 mM 

HEPES, 150 mM NaCl, 1 mM EGTA, 0.1 mM MgCl2, 0.5% Triton X-100 and 

supplemented with a protease and phosphatase inhibitor cocktail (1×, Halt, Thermo 

Scientific, Germany). The samples were immediately homogenized (Tissue Tearor 

Homogenizer, Biospec Products, USA) at 4°C for ~15 s., and then centrifuged (Thermo 

MicroCL 21R, ThermoFisher Scientific, Germany) at 14,800 rpm for 15 min at 4°C. Protein 

concentration was determined by the acid bicinchoninic method (Sigma-Aldrich, St. Louis, 

MO, USA). 

Kidney protein samples (10-50 µg) were mixed with 2× Laemmli buffer and heated at 95 

°C for 5 min, then electrophoretically separated on 8–12% sodiumdodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) gels at 120 V/50 mA for 90 min. 

Separated proteins were transferred by semi-dry transfer apparatus (Trans-Blot SD Cell, 

Bio-Rad Laboratories, USA) to polyvinylidene difluoride (PVDF) membranes (0.45 µm, 

Immobilon-P, Millipore, USA). Molecular weight markers (~10–250 kDa; Precision Plus 

Protein All Blue Standars, Bio-Rad Laboratories, USA) were used to estimate molecular 
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mass. Blots were blocked with 5% bovine serum albumin or 5 % nonfat dry milk in Tris-

buffered saline (pH 7.6)/0.1% Tween-20 (TBST). Blots were incubated with primary 

antibodies to Akt (1:1000, #9272; Cell Signaling, USA), phospho-Akt (pAkt)  (Ser473, 

1:500, #4060, Cell Signaling, USA), PI3K p85 (1:1000, #4292, Cell Signaling, USA), 

phospho-PI3K p85 (pPI3K) (Tyr458; 1:1000, #4228, Cell Signaling, USA), p44/42 ERK1/2 

(ERK) (1:1000, #9102, Cell Signaling, USA) and phospho-p44/42 ERK1/2 (pERK) 

(Thr202/Tyr204, 1:1000, #4370, Cell Signaling, USA), and loading control protein GAPDH 

(1:4000, sc-25778; Santa Cruz Biotechnology Inc., Santa Cruz, CA) at 4°C, overnight. 

Blots were washed with TBST and then exposed to the second antibody conjugated to 

the horseradish peroxidase (1:5000, sc-2004; Santa Cruz Biotechnology Inc., Santa Cruz, 

CA) diluted in TBST/5% bovine serum albumin or 5 % nonfat dry milk at 25°C for 90 min. 

Detection of specific proteins was accomplished using an enhanced chemiluminescence 

kit (Immobilon Western; Millipore, USA); according to the manufacturer’s instructions, 

blots were exposed to X-ray film (The Number 1 Dental Fil, Carestream Dental, Atlanta, 

GA).  

Experimental design 

The animals were randomly assigned to their respective group using the R software 

(V3.4) when they reached a BW between 225 and 255 g. Following the elimination criteria, 

the excluded rats were replaced with others, which were assigned sequentially as the 

others were eliminated (a random process) through a spiral tracking strategy until we 

completed the groups were completed. Because the study’s main response variable was 

the BP value in both series, it was a three-way, completely randomized, longitudinal study 

(Cook & Ware, 1983). The three ways were denervation, a diet with two levels each, and 
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time with repeated measurements. The BP, BW, FI, WI, and urine parameters (PROT, 

KET, URI, and pH) were measured weekly, on the same day, while the amount of fat 

depots, blood metabolic parameters (LEP, ANG-II, INS, GLU, TRY, and HDL), renal 

hemodynamic parameters (UFR, GFR,UNaV, UKV) and signaling proteins (Akt, pAkt, 

PI3K, pPI3K, ERK, pERK) were cross-sectional measured at final of each protocol. 

Densitometric results were reported as integrated values (area density of band) and 

expressed as a ratio of interest protein to the loading control (GAPDH) using the ImageJ 

Software V1.52 (NIH, USA). 

Statistical analysis 

The overall time course of each continuous variable (BP, BW, FI, WI, GGT, Insulin, PROT, 

KET, URI, and pH) was analyzed (95% CI) using three-way repeated-measures of 

multivariate ANOVA (3WRM-MANOVA) (Weinfurt KP, 2000), one-way being the diet, 

another the denervation and the other time, with repeated measurements, looking for 

time, group, and/or time*group interaction effects. To assess the effect of time on each 

group, an RM-MANOVA by the group was performed. The response variables were 

modeled by linear fixed models (regression analysis, one-way, two-way, and three-way 

ANOVA), their interactions, and by mixed effects with Geisser-Greenhouse correction; 

after testing the residuals for normality (Shapiro-Wilk test) and homoscedasticity (Brown-

Forsythe test) (Heiberger & Holland, 2015), the best models were chosen based on the 

highest r2 (determination coefficient = explained variation), the lowest Akaike Information 

Criterion (AIC)(Akaike, 1974), and the parsimony principle. Post-hoc multiple 

comparisons were performed through a Tukey test. The alpha level imposed was 0.05. 

Statistical analysis was performed using JMP V10 (SAS Institute, Cary, NC, USA) and 
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GraphPad Prism V9 (GraphPad Software, La Jolla, CA) software, and all values are 

represented as mean ± standard error of the mean (SEM). 

RESULTS 

Renal denervation 

Successful denervation was confirmed by assessing that renal NE content was ≈ 72% - 

80% lower in BRDx animals compared with SHAM in both series of rats (P < 0.0001) 

(Figure 1), independently from the diet regimen.  

Effects of BRDx and HFD on the body weight, food, and water intake 

The overall analysis of the body weight (BW) (Figure 2A), as well as the one by group, 

indicated an effect of time (P < 0.0001) since day 24. HFD intake promoted a significant 

BW increase with respect to SD-fed groups, independently from BRDx (group*time 

interaction, P = 0. 001) from day 68 onwards (P from 0.0457 to 0.0005). No changes were 

observed in in the average amount of food consumed per week (Figure 2B). While there 

was no effect of time on the water intake (Figure 2C), this was decreased by the HFD 

when compared to SD-fed groups from week 4 (P = 0.001).  At weeks 10 and 11, 

denervation seemed to restore water intake in BRDx-HFD; however, it was not so at the 

end of the 12 weeks. 

The results obtained from the 8 weeks series are represented in Supplementary Figure 1 

and Supplementary Figure 2. 

Effect of HFD and BRDx on fat depots and leptin, triglycerides, and HDL-cholesterol 

serum concentrations 

The Figure 3A shows the amount of visceral, epididymal, and retroperitoneal adipose 

tissue extracted from animals of the 8 weeks series, where HFD produces a significant 
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increase (P < 0.0001) compared to the SD, and it is not affected by BRDx. This trend 

repeated in the 12 weeks series (P < 0.0001), where HFD increases by ~ 95% of the 

values observed at 8 weeks. Consistently, blood leptin (Figure 3B), TG (Figure 3C), and 

HDL-cholesterol (Figure 3D) concentrations were upregulated by HFD (P < 0.0001 in all 

cases) compared to the SD-fed groups. Renal denervation did not affect fat mass, leptin, 

and HDL-cholesterol in both BRDx-SD and BRDx-HFD. Interestingly, TG concentration 

was significantly lower in BRDx-HFD compared to SHAM-HFD at 8 weeks, but not at 12 

weeks. 

Effect of HFD and BRDx on blood glucose and insulin. 

No difference in fasting glucose was found in the 8 weeks series (Figure 4A); however, it 

was significantly increased in both HDF-fed groups at 12 weeks (Figure 4C) (P < 0.0011). 

In the GGT, the overall MANOVA indicated an effect of time (P < 0.0001), group (P = 

0.0056), and group*time interaction (P = 0.0394) in both the 8 weeks and 12 weeks series. 

The analysis by time point showed that glycaemia was significantly higher at 60, 90 and 

120 min after glucose infusion in the SHAM-HFD animals of the 8 weeks series compared 

to SD-fed animals. BRDx-HFD animals showed the same pattern, except on 90, when 

glycemia was significantly lower than BRDx-HFD. In the SHAM-HFD of the 12 weeks 

series, glycemia was significantly increased at 15, 90, and 120 minutes after glucose 

infusion in comparison with SD groups; the response was similar in the BRDx-HFD, again 

with the exception that the 90 minutes, when glucose level was significantly lower than in 

the SHAM-HFD. 

Concerning to insulin levels (Figure 4B), the global MANOVA showed an effect of group 

(P = 0.0057), time (P < 0. 0001), and group*time interaction (P = 0.0057). Analysis by 
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time point indicated that insulin levels were upregulated by HFD (P = 0.0072) at 60, 90, 

and 120 min in the 8 weeks series and were not affected by BRDx. In the 12 weeks series 

(Figure 4D), the overall MANOVA only showed an effect of time (P = 0.0019) but not of 

group nor group*time interaction, while analysis by time point indicated that the insulin 

level of the BRDx-HFD was significantly higher (P = 0.0234) concerning the SD-fed 

groups only 120 minutes after glucose infusion. 

Effect of BRDx and HFD on blood pressure and serum Ang-II 

For the weekly SBP values (Figure 5A), the overall MANOVA indicated time effect (P < 

0.0001) from week 3 onwards, group effect (P < 0.0001), and group*time interaction (P < 

0. 0001). The HFD significantly increased SBP compared to the SD groups (P = 0.0089) 

since week 5. The SBP of BRDx-HFD was significantly lower than SHAM-HFD (P = 

0.0197) during weeks 11 and 12, although the BRDx-HFD rats still were hypertensive. 

For DBP (Figure 5B), the overall MANOVA showed an effect of time (P < 0.0001), group 

(P < 0.0001), and group*time interaction (P = 0.0058). The DBP was significantly higher 

in SHAM-HFD and BRDx-HFD compared to the SD-fed groups (P = 0.0025), and no 

difference compared to BRDx was found. MBP (Figure 5C) showed the same pattern as 

DBP from week 5, with the overall MANOVA indicating the same effects (P from 0.0011 

to < 0.0001). 

The quantification of plasma Ang-II at the end of each series (Figure 5D) showed that 

BRDx-attenuated HFD-induced increase at 8 weeks (P = 0.003) but not at 12 weeks. 

Effect of BRDx and HFD on renal function 

In the weekly quantification of urine protein concentration (Figure 6A), the overall 

MANOVA showed time (P < 0.0001), group (P < 0.0001), and group*time interaction (P 
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< 0.0001) effects. 0001). HFD promoted a sharp increase in protein excretion after the 

first week of the experiment, followed by an equally blunt decrease. No differences were 

observed between the groups until week 9 when SHAM-HFD and BRDx-HFD displayed 

a progressive increase in urine protein content. Concerning the SD-fed groups, from week 

9 and week 10, respectively (P = 0.0001 and P < 0.0001). However, BRDx attenuated 

this increase, and protein excretion was significantly lower in BRDx-HFD than in HFD-

SHAM (P = 0.0004). 

For urine KETs (Figure 6B), the overall MANOVA indicated an effect of time (P < 0.0001), 

group (P < 0.0001), and group*time interaction (P < 0.0001). HFD caused a significant 

increase in ketones excretion with respect to SD-fed groups (P = 0. 0005) at week 2, 

independently from BRDx. Nevertheless, a long-term increase in urine KETs was 

detected in SHAM-HFD (P = 0.0059), which BRDx-HFD severely attenuated. 

HFD reduces the UFR significantly independently from BRDx (P < 0.0001) (Figure 7A)  

concerning SD-rats, in both 8-weeks and 12-weeks series, while GFR decreased 

significantly only after 12 weeks of HFD (P < 0.0001) (Figure 7B). The UNaV (Figure 7C) 

significantly decreased in the SHAM-HFD (P = 0.0019) with respect to the other groups 

at week 8, while no differences were found in the 12 weeks series. There is a statistical 

increase in Na+ excretion in the BRDx-HFD animals of the 12 weeks series compared to 

those sacrificed at 8 weeks (P = 0.0003). The HFD significantly decreased UKV (P < 

0.0001) in both the 8- and 12-weeks series (Figure 7D) for SD-fed groups, BRDx elicited 

no effect. No changes were found in urobilinogen excretion and urine pH (Supplementary 

Figure 3). 
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Effect of BRDx and HFD on signaling proteins in the kidney 

The renal content of Akt (Figure 8A) and the pAkt/Akt (Figure 8C) ratio did not change in 

the kidney the 8 weeks series, although a decrease was observed in pAkt (Figure 8B) of 

the BRDx-SD compared to SHAM-HFD group (p = 0.016). In the 12 weeks series, Akt 

significantly decreases in SHAM-SD, BRDx-SD, and SHAM-HFD compared to the 8 

weeks results (p from 0.0020 to 0.0005). Similarly, pAkt decreased in BRDx-SD (p = 

0.0003) and increased in SHAM-HFD (p = 0.0062) concerning 8 weeks series. In addition, 

pAkt was downregulated in BRDx-SD and SHAM-HFD compared to BRDx-HFD (p < 

0.0001 in both cases). All these changes did not result in significant changes in pAkt/Akt, 

except that the ratio was higher in SHAM-SD of the 8 weeks series compared to the 12 

weeks series (p = 0.0069). 

BRDx-HFD displayed a significant increase in the renal content of PI3K (Figure 8D) 

concerning BRDx-SD and SHAM-HFD (p = 0.0005), and PI3K (Figure 8E) compared to 

the other groups (p from 0.0176 to < 0.0001), resulting in no changes in the pPI3K/PI3K 

ratio (Figure 8F). In SHAM-SD, SHAM-HFD, and BRDx-SD of the 12 weeks series, the 

PI3K content was lower than in the 8 weeks series (p from 0.0029 to < 0.0001), whereas 

pPI3K increased in BRDx-HFD (p < 0.0001). As a result, no significant changes were 

found in pPI3K/PI3K from the 8 weeks series, whereas a significant upregulation was 

detected by comparing BRDx-SD (p < 0. 0001) and SHAM-HFD (p = 0.0264) of the 12 

weeks series. In addition, the increase of pPI3K/PI3K observed in BRDx-SD was 

significantly different when compared with SHAM-SD (p < 0. 0001), SHAM-HFD (p < 

0.0001), and BRDx-HFD group (p = 0.0012). 

In the 8 weeks series, the renal content of ERK (Figure 8G) and pERK (Figure 8H) did 
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not show any change between groups, although the ratio resulted in a significant 

decrease in SHAM-HFD concerning  BRDx-SD and BRDx-HFD (p = 0.0012 and 0.0048, 

respectively) (Figure 8I). An upsurge of ERK was observed in BRDx-SD of the 12 weeks 

series compared to the values obtained from the 8 weeks series (p = 0.0244). The ERK 

content in BRDx-HFD of the 12 weeks series was significantly lower concerning BRDx-

SD (p = 0.0336) and SHAM-HFD (p = 0.0493). The level of pERK raised in the SHAM-

SD when compared to 8 weeks (p < 0.0001) and was also significantly higher with respect 

to BRDx-SD, SHAM-HAD and BRDx-HFD of the same analysis (p from 0.0002 to < 

0.0001). As a result, pERK/ERK increased in the SHAM-SD from the 8 weeks to 12 weeks 

series (p = 0.0069), and it was also significantly elevated concerning BRDx-SD (p < 

0.0001), SHAM-HFD (p < 0.0001) and BRDx-HFD (p = 0.0072) of the 12 weeks series. 

Finally, pERK/ERK was significantly lower in BRDx-SD than in BRDx-HFD (p = 0.0038). 

Representative pictures of the Western Blots are in Supplementary Figure 4. 

 

DISCUSSION  

In the present work, we explored the contribution of sympathetic nerve activity in the onset 

of renal impairment in a rat model of metabolic syndrome induced by a high-fat diet. As 

expected, the hypercaloric diet promoted a progressive and significant rise in body weight 

(Figure 2A), fat accumulation (Figure 2A-B), and a series of other metabolic, 

cardiovascular, and renal symptoms. Surprisingly only in a few cases, these changes are 

prevented by bilateral sympathetic denervation of the kidneys. HFD-fed rats, with or 

without kidney denervation, display almost uniformly all the signs of the metabolic 

syndrome: increased levels of circulating leptin (Figure 3B) and HDL-cholesterol (Figure 
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3D), glucose intolerance (Figure 4), and hypertension (Figures 5A-B-C). Nevertheless, 

the results of BRDx provide several interesting issues that require further discussion.  

High-fat diet does not affect the amount of noradrenaline in the kidneys. 

The noradrenaline content within the kidney was evaluated to assess the efficiency of the 

bilateral renal denervation and, as it is illustrated in Figure 1, the surgical procedure was 

performed successfully. Rodionova and colleagues (2016) demonstrated that renal 

noradrenaline increases ~38% 12 weeks after denervation. In the present study, we 

cannot discard that reinnervation occurs; however, the renal noradrenaline is significantly 

lower in all denervated groups compared to the intact ones. 

Despite the putative role of RSNA in obesity-associated HT and MetS, the animals fed 

with the HFD are hypertensive, and blood pressure is slightly, non-significantly different 

between obese intact and denervated animals (Figure 5).  It is also worth observing that, 

in SHAM rats, HFD-induced obesity does not affect renal noradrenaline concerning the 

normocaloric, standard diet. All this is consistent with what was reported for obese-

hypertensive humans, who do not significantly increase noradrenaline spillover compared 

to normotensive subjects (Rumantir et al., 1999; Esler et al., 2006). Thus, RSNA does not 

account for the increased blood pressure associated with obesity and metabolic 

syndrome.  

Long-term high-fat diet promotes kidney injury, despite the bilateral renal 

denervation. 

The kidneys' health is usually evaluated by analyzing the urine and blood composition 

and estimating the glomerular filtration rate (GFR). The presents work found that urine 

pH and urobilinogen content do not change between groups (Supplementary Figure 1). 
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In contrast, while urine protein and ketones concentration increase (Figures 6A and 6B), 

and the GFR decreases (Figure 7B). These data indicate that, although the kidneys of 

the HFD-fed rats can still compensate for the metabolic and cardiovascular challenge, 

there is a renal injury in progress. 

The RSNA appears to exert specific effects on renal functioning. For instance, the urine 

protein is significantly lower in BRDx-HFD than in SHAM-HFD but considerably higher 

than in the STD-fed groups. Proteinuria is a sign of increased glomerular permeability 

and, together with the decreased GFR, indicates the degeneration of the glomerular 

structure. This picture suggests that in the HFD-related factors (such as hypertension and 

the metabolic alterations) promote renal injury, and the RSNA exacerbates the damage 

produced by the HFD, despite noradrenaline content being similar in SHAM-HFD and 

BRDx-HFD. 

Bilateral renal denervation prevents late ketonuria in rats fed with an HFD. 

The ketone bodies (acetone, acetoacetate, and β-hydroxybutyrate) are water-soluble 

molecules produced mainly by the hepatic fatty acid catabolism and used as an energy 

source by extrahepatic tissues in conditions of negative metabolic balance. The rate of 

ketogenesis increases in several disorders, including diabetes mellitus, insulin resistance, 

and non-alcoholic liver steatosis (Puchalska & Crawford, 2017), while ketonuria is 

commonly associated with poorly compensated diabetes and other situations of reduced 

glucose availability (Comstock & Garber, 1990). HFD rats display several risk factors for 

hyperketonemia and ketonuria [overweight, abnormal fat accumulation, hepatic steatosis 

(data not shown), glucose intolerance]. Still, the considerable increase in renal ketones 

excretion detected in SHAM-HFD is prevented by BRDx (Figure 6B). This pattern 
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resembles the plasma TG-concentration, which is significantly higher in SHAM-HFD when 

compared to STD-fed rats and BRDx-HFD in the 8 weeks series (Figure 6D).  

At physiological concentrations, acetoacetate and β-hydroxybutyrate are freely filtered by 

the glomeruli and then shuttled back from the ultrafiltrate by the type-2 Na+-coupled 

monocarboxylate symporter (SMCT2) at the apical surface and by the type-1 H+-

monocarboxylate antiporter (MCT1) at the basolateral side of the tubular epithelium 

(Rojas-Morales et al., 2021). When ketogenesis increases, the reabsorption of filtered 

ketone bodies rises as an adaptive response aimed at preventing the loss of metabolic 

fuels and NH4+, Na+, and K+ (Palmer & Clegg, 2021). In both groups fed with the HFD, 

we observed a transient ketonuria within the first two weeks of hypercaloric food intake. 

This suggests that the rat metabolism quickly adapts to use ketone bodies as an energy 

source. Later in the feeding protocol, the excretion of ketone bodies increases in HFD, 

suggesting that ketonuria could depend on the saturation of the tubular transporters. Very 

little is known about the molecular, biochemical, and pharmacological regulation of these 

proteins in rat kidneys. Nevertheless, it has been reported that metabolic acidosis 

decreases SMCT2 mRNA expression in the mouse nephron (Becker et al., 2010). This 

indicates that the downregulation of ketones reabsorption in HFD rats might prevent 

ketoacidosis by increasing excretion. Thus, the drastic reduction of ketonuria in BRDx-

HFD suggests that the RSNA prevents renal ketone elimination. This evidence conflicts 

with the report of Pierre and colleagues (2003), who observed that noradrenaline does 

not affect MCT1 immunoreactivity in cortical culture but upregulates MCT2. However, De 

Oliveira and colleagues (2021) reported that renal bilateral denervation reduces the Na+-

glucose cotransporter (SGLT2) expression in the tubular epithelium in a rat model of type-
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1 diabetes. If it is the case, the increased Na+ concentration in the ultrafiltrate of BRDx-

HFD with respect to SHAM-BRDx (Figure 7C) might drive ketone bodies reabsorption. 

Regardless of the mechanism by which noradrenaline inhibits renal ketone recycling, it is 

unclear whether sympathetic bilateral denervation might have beneficial or detrimental 

consequences on the body. On one side, the overproduction of ketones bodies has a 

cytoprotective effect because it steals substrates to the oxidative metabolism (Puchalska 

and Crawford, 2017) and prevents kidney damage and HT (Chakraborty et al., 2018; 

Ishimwe et al., 2020). Conversely, the pharmacological inhibition of Na+-glucose 

reabsorption is strongly associated with ketoacidosis, which is likely to precipitate in 

patients affected by metabolic syndrome (Somagutta et al., 2021). Hence, the 

consequences of decreased ketonuria in BRDx-HFD must be explored carefully. 

High-fat diet decreases water intake and urine K+ but does not affect Na+ excretion.  

The decrease in water consumption is a behavior extensively reported for human-obese 

subjects (Yamada et al., 2022) but less studied in animals. Volcko and colleagues (2020) 

also observed that HFD-fed rats consume less water than the normocaloric controls, 

consistent with what has been detected in the SHAM-HFD and BRDx-HFD. Both in obese 

humans and animals, the reduced water intake has been associated with changes in body 

fluids distribution and the interplay between diet composition and thirst sensation (Marken 

Lichtenbelt & Fogelholm, 1985; Waki et al., 1991; Dos-Santos et al., 2022). Independently 

of how the rat body deals with water distribution in HFD and RSNA, the kidneys respond, 

reducing the urinary flow rate (Figure 7A) and urine K+ (Figure 7D). This result conflicts 

with the hypothesis that RSNA is the primordial input for water and solutes traffic in the 

kidney rather than a participant among other players. 



 
27 

Conversely, Na+ excretion decreases in SHAM-HFD animals with respect to the BRDx-

HFD after 8 weeks of HFD (Figure 7C), while no change has been found between SD-

fed animals, suggesting that RSNA promotes the Na+ re-uptake during the early stages 

of obesity. Moreover, renal denervation prevents A-II upsurge in HFD-fed animals (Figure 

5D), which likely depends on the dampened catecholamine-stimulated renin release 

(Hackental et al., 1990) and contributes to Na+ excretion.  

The difference in urine Na+ between SHAM-HFD and the other groups gets lost in the 12 

weeks series, which indicates that, in these animals, other factors different from arterial 

pressure (because the SD-fed rats are normotensive), RSNA (because there is no 

difference between SHAM and denervated rats) and A-II (because plasma levels are 

similar in SHAM-HFD and BRDx-HFD), may promote natriuresis. This pattern is 

consistent whit what was concluded by Bie (2018), who stated that “the regulation of renal 

sodium excretion is a parallel operation of several relatively independent mediators based 

on different feedback pathways” 

The reduction of K+ excretion observed in the SHAM-HFD rats after 8 weeks of the 

hypercaloric protocol (Figure 7D) may depend on the rise of plasma A-II (Figure 5D) and 

drop of the urine flow (Figure 7A), which counterweight the decrease of water 

consumption (Figure 2C). However, the amount of excreted K + and water are similar in 

BRDx-HFD, although these animals do not display any increase in plasma A-II. The 

concentration gradient might drive the K+ recycling and transepithelial potential (Palmer 

& Clegg, 2008) resulting from the boosted water reabsorption in the distal portions of the 

renal tubules promoted by the antidiuretic hormone (ADH) (Boone & Deen, 2008). The 

release of ADH is primarily regulated by body fluid volume and osmolarity (“osmotic 
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release of ADH”) and not only in response to RAS activation or under autonomic control 

(“non osmotic release of ADH”) (Schrier & Goldberg, 1980). In the SHAM-HFD, combining 

A-II and ADH signaling in the kidney might contribute to decreased urine Na+ and override 

aldosterone-promoted K + secretion. 

After 12 weeks, the chronic up-regulation of plasma A-II in both SHAM-HFD and BRDx-

HFD might also inhibit the renal outer medullary K+ (ROMK) channels of intercalated cells 

in the connecting duct, which in turn dampens the electrogenic K+ secretion. Furthermore, 

in HFD-fed rats, the reduced GFR (Figure 7B) decrease the K+ filtration. Since luminal K+ 

is essential for Na+ re-uptake and K+ is only one-third of the filtered Na+ load, Na+ 

reabsorption likely occurs at the expense of K+ excretion.  

Bilateral renal denervation does not prevent the adiposity-related alterations of the 

metabolic syndrome. 

As already reported by several authors, abnormal plasma levels of A-II and leptin, 

dyslipidemia, glucose intolerance, and insulin resistance are intermingled with renal (and 

non-renal) sympathetic overactivation via the brain-periphery communication loop (Thorp 

& Schlaich, 2015; DeLalio et al., 2020). The renal denervation attenuates the HFD-

dependent A-II uprise in the 8 weeks series. However, this adjustment disappears in the 

12 weeks series (Figure 5D), likely because, in obesity and metabolic syndrome, the 

increase of the RAS activity depends not only on the canonic, systemic RAS peptide 

cascade. For example, the expansion of the adipose tissue contributes to about 30% of 

the circulating levels of angiotensinogen, and in addition, the local, intrarenal RAS results 

hyperactivated (Phillips et al., 1993; Giani et al., 2015). 
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AT1-R is expressed throughout the kidney; its activation and transactivation account for 

most of the A-II physiological and pathological effects on renal function (Forrester et al., 

2018). A glance at AT-1R downstream signaling proteins shows that the increase of A-II 

input in the 8 weeks series does not affect pPI3K/PI3K and pAkt/Akt ratio, while renal 

denervation prevents pERK/ERK decrease in HFD-fed animals. This result conflicts with 

the hypothesis that SHAM-HFD rats should be the most exposed to the harmful effect of 

the diet since A-II-dependent ERK signaling promotes renal inflammation, epithelial-

mesenchymal transition, and fibrosis (Mondorf et al., 2000). Nevertheless, the pleiotropic 

A-II intracellular transduction comprises the recruitment of the AT1-R by β-arrestin, 

paradoxically enhancing ERK signaling and promoting tissular injury (Turu et al., 2019). 

Supporting this model of “biased signaling,” there is that the pathological response to A-

II renal infusion, as well as hypertension, are boosted by selective AT1-R deficiency in 

the immune system, suggesting that renal A-II signaling may have anti-hypertensive and 

anti-inflammatory effects (Schellings et al., 2006; Chen et al., 2010; Kendall et a., 2014; 

Karnik et al., 2015), which, according to the present results, might require RSNA.  

A-II intracellular signaling cross-talks with the pathways regulated by leptin and insulin. 

Leptin displays a significant rise in the plasma of both SHAM and BRDx HFD-fed animals 

(Figure 3B) that mirrors fat accumulation (Figures 3A and 3B). Although chronic 

hyperleptinemia and leptin resistance stimulate the RSNA via hypothalamic and 

brainstem relays (Haynes et al., 1997; Kuo et al., 2001; Mark et al., 2009; Dubinion et al., 

2011; do Carmo et al., 2009), they also directly disturb kidney homeostasis and harm 

virtually the whole renal tissue (Korczynska et al., 2021). Leptin is filtered by the 

glomerulus and then up-taken by receptor-mediated endocytosis in the proximal 
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convoluted tubule in proportion to plasma concentration, and since the low GFR in CDK 

results in reduced leptin excretion, a vicious circle might contribute to an increase in the 

circulating levels of this hormone in obesity and MetS. In the kidney, leptin signaling 

promotes the proliferation of glomerular endothelial and mesangial cells, and 

fibrogenesis. Hyperphosphorylation of Akt is a marker of renal leptin resistance (Beltowski 

et al., 2010) and endothelial dysfunction (Ding et al., 2016). Leptin also promotes 

mesangial cell hypertrophy via the PI3K and ERK pathways (Lee et al., 2005). However, 

the results show that both the RSNA and diet affect the internal signaling and do not help 

to dissect the contribution of these factors, at least at this point of the experimental 

procedure. For instance, there is no difference in pPI3K/PI3K between SHAM-SD and 

SHAM-HFD (Figure 8F) despite leptin being significantly higher in the blood of the latter 

(Figure 3B), suggesting that hyperleptinemia could not affect this pathway.  

Interestingly, the denervation triggers a huge pPI3K/ PI3K increase in BRDx-SD with 

respect to SHAM-SD, but a decrease in BRDx-HFD in comparison with BRDx-SD, which 

indicates that the RSNA regulates the PI3K pathway according to the metabolic state. 

Analogous observations about insulin and the IP3K-Akt cascade in the 12 weeks series 

can be expressed. Both RSNA and HFD, alone or in combination, decrease the 

pERK/ERK ratio (Figure 8F). Hence, noradrenaline release in the kidney changes the 

interplay of the RSNA with leptin, insulin, or another metabolic parameter that respond to 

energy availability and regulate the IP3K pathway and the downstream proteins.  

In the 8 weeks series, the systemic insulin resistance observed in HFD-fed animals does 

not parallel any change in the IP3K-Akt cascade (Figure 8C and 8F). On the other hand, 

SHAM-HFD displays a decrease in pERK/ERK, which is reverted in BRDx-HFD. Given 
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the role of the ERK pathway in cell proliferation and growth, renal denervation in obesity 

and MetS might have detrimental effects on kidney structure and function.  

Finally, in the 12-week series, the PI3K, Akt, and ERK phosphorylated forms abound in 

SHAM-STD concerning the analog group sacrificed after 8 weeks (Figure 8C, 8F, and 8I), 

despite there is no change in plasma A-II, which suggests the influence of age on the 

internal renal signaling. It has been suggested that chronic kidney disease shares some 

features with aging, which may include the dampened response to oxidative insults and 

shortening of the cell life span promoted by decreased PI3K/Akt and increased ERK 

signaling, respectively (Terada et al., 2001; Shimamura et al., 2003; Downward J., 2004; 

Slack et al., 2015). Thus, since pAkt/Akt and pERK/ERK (but not pPI3K/PI3K) are 

significantly higher in SHAM-STD than BRDx-STD, the consequence of renal denervation 

results is ambiguous.  

The framing of the problem described in the introduction of the present work refers to 

bilateral renal denervation as a clinical tool to control the cardiovascular and renal 

complications of overweight and obesity in human subjects already diagnosed with 

metabolic syndrome and drug-resistant hypertension. Nevertheless, the present work 

explores the influence of the autonomic innervation of the kidney in the onset and 

progress of the metabolic syndrome; for that, the bilateral renal denervation was 

performed before the rats were shifted to the HFD and, hence, previously the observation 

of the overt metabolic and cardiovascular imbalance. The results of the experiments do 

not contribute to solving the problem of the safety and efficiency of the surgery in humans. 

Still, they merely try to dissect the effects of the neural input to the kidney from the 

changes in hormonal signaling promoted by the hypercaloric diet. The autonomic renal 
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innervation does not play a pivotal role because obese animals show hypertension and 

the early signs of CKD, independently from the surgery, which blames A-II, leptin, insulin, 

and all the other possible players that link the alteration of the metabolic homeostasis with 

the cardiorenovascular sequelae. On the other hand, the results obtained from the 12-

week series underscored that renal denervation might also have risky effects, such it is 

suggested by glucose handling and ketonuria in BRDx-HFD rats. This observation opens 

the way to additional questions about the neural and hormonal interplay in the 

pathophysiology of metabolic syndrome, especially in the kidney. 

 

CONCLUSION 

The present work explored the contribution of the RSNA on cardiovascular and renal 

performance in a rat model of metabolic syndrome induced by a high-fat diet. As a result, 

the interruption of RSNA in HFD-fed animals does not significantly improve blood 

pressure in most of the parameters analyzed to diagnose renal impairment, especially in 

the long term. For example, bilateral renal denervation only delays the increased protein 

renal excretion in HFD rats. Likewise, the surgical procedure normalizes Na+ excretion 

and prevents the upsurge of plasma A-II promoted by HFD in the 8-week but not in the 

12-week series. Furthermore, the changes in plasma TG and urine ketone bodies 

concentration observed in BRDx-HFD when compared with SHAM-HFD suggest that the 

RSNA plays a specific, peculiar role in lipid oxidation when the energy balance is positive. 

Similar conclusions can be obtained by observing how both the RSNA and A-II, leptin, 

and insulin signaling interplay according to the feeding state and, possibly, the age of the 

animals. For instance, RSNA seems essential to prevent renal tissular injury triggered by 
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A-II in HFD-fed rats. Nevertheless, the procedure increases the ratio of pERK/ERK in 

these animals, which could be more susceptible to the mitogenic, proliferative effect of 

leptin and insulin. Hence, further experiments will be necessary to dissect the neural and 

hormonal control of kidney physiology and understand how this organ responds and 

adapt to metabolic challenges.  
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FIGURE 1. The bilateral renal denervation decreases the kidney content of Noradrenaline.  

Quantification of NE content in the kidney of the rats sacrificed 8 weeks or 12 weeks after the 

surgery (n = 5 per group). The three-way ANOVA + Tukey test: * P from to < 0.0001 denervated 

groups vs sham groups. NE: noradrenaline. 
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FIGURE 2. The high-fat diet increases body weight and decreases water intake in both 

intact and denervated rats. Bodyweight (A), food (B), and water (C) intake for each group for 

the entire protocol. The dotted line represents the surgery day, while the discontinuous one is the 

starting diet day (n=6 for all groups).  The overall RM-MANOVA indicated time effects (P<0.0001) 

from day 68 in body weight and from week 4 in the water intake to the end, and time*group 

interaction effects (p<0.001) in the same points. RM-MANOVA by group: (P from 0.013 to 0.004) 

day 0 versus day 24 onwards all groups in body weight, (P from 0.005 to 0.001) week 0 versus 

week 4 onwards all groups except for BRDx-HFD in water intake. Two-way ANOVA + Tukey test: 

* P from 0.0457 to 0.0005 SHAM-HFD versus all groups; # P from 0.001 to 0.0007 SHAM-HFD 

versus SHAM-SD and BRDx-SD; & P from 0.015 to 0.0014 BRDx-HFD versus SHAM-SD and 

BRDx-SD; $ P from 0.0411 to 0.0402 BRDx-HFD versus SHAM-SD, BRDx-SD and BRDx-HFD.  
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FIGURE 3. Bilateral renal denervation does not prevent fat accumulation, hyperleptinemia 

and dyslipidemia promoted by the high-fat diet. Adipose tissue at 8-week and 12-week (A), 

serum leptin (B), serum triglycerides (C), and HDL-Cholesterol (D). Two and Three-way ANOVA 

+ Tukey test (adipose tissue and serum parameters respectively): * P from 0.0492 to < 0.0001 

SHAM-HFD and BRDx-HFD versus SHAM-SD and BRDx-SD in the same week. 

8 WEEKS 12 WEEKS
0

10

20

30

SE
R

U
M

 L
EP

TI
N

 (n
g/

m
l) *

*

8 WEEKS 12 WEEKS
0

2

4

6

8

10

TR
IG

LY
C

E
R

ID
E

S
 (m

m
ol

/L
)

* *

8 WEEKS 12 WEEKS
0

2

4

6

8

H
D

L-
C

H
O

LE
ST

ER
O

L 
(m

m
ol

/L
)

*

*

A)

B)

C)

D)

SHAM-SD

BRDx-SD

SHAM-HFD

BRDx-HFD

SHAM-SD BRDx-SD SHAM-HFD BRDx-HFD
0

10

20

30

40

50

60

70

A
D

IP
O

SE
 T

IS
SU

E 
(g

)

8 WEEKS

SHAM-SD BRDx-SD SHAM-HFD BRDx-HFD

12 WEEKS

VISCERAL

EPIDIDIMAL
RETROPERITONEAL

* *

*

*



 
49 

 

FIGURE 4. Bilateral renal denervation does not prevent glucose intolerance and insulin 

resistance promoted by the high-fat diet. Glycaemia at 8 (A) and 12 (C) weeks, and serum 

insulin at 8 (B) and 12 (D) weeks. The overall RM-MANOVA indicated time effects (P from 0.033 

to < 0.0001) in all groups and no time*group interaction effects. RM-MANOVA by group: (P from 

0.0303 to 0.01) minute 0 versus minute 15 onwards all groups. Two-way ANOVA + Tukey test: * 

P from 0.0492 to 0.005 SHAM-HFD and BRDx-HFD versus SHAM-SD and BRDx-SD; & P from 

0.020 to 0.003 SHA-HFD versus all groups; $ P from 0.02 to 0.003 SHAM-HFD versus SHAM-

SD and BRDx-SD; & P = 0.0402 BRDx-HFD versus SHAM-SD and BRDx-SD.  
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FIGURE 5. Bilateral renal denervation does not prevent blood pressure and serum Ang-II 

increase promoted by the high-fat diet. Systolic Blood Pressure (A), Diastolic Blood Pressure 

(B), and Mean Blood Pressure (C) were measured for 12 weeks (n=6 in all groups), and serum 

Ang-II (D).  The overall RM-MANOVA indicated time effects (P<0.0001) from week 5 to the end 

in all groups in SBP and MBP and from week 6 in DBP; and time*group interaction effects 

(p<0.0001) in the same points. RM-MANOVA by group: in SBP (P from 0.003 to 0.0002) from 

week 3 onwards in SHAM-HFD and from week 5 in BRDx-HFD; in DBP and MBP (P from 0.004 

to 0.0001) from week onwards in SHAM-HFD and BRDx-HFD. Two-way ANOVA + Tukey test: * 

P from 0.0057 to 0.0001 SHAM-HFD and BRDx-HFD versus SHAM-SD and BRDx-SD; & P from 

0.0165 to 0.001 SHAM-HFD versus BRDx-HFD; $ P = 0.0206 SHAM-SD versus BRDx-SD. 
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FIGURE 6. Bilateral renal denervation decreases protein ketones excretion in rats fed with 

the HFD. Urinary protein (A) and Urine Ketone Bodies (B) weremeasured weekly for 12 weeks 

(n=6 in all groups). The overall RM-MANOVA indicated time effects (P<0.0001) from week 1 to 

the end of all groups and in both variables; and time*group interaction effects (p<0.0001) in the 

same points. RM-MANOVA by group: in SBP (P from 0.003 to 0.0002) from week 3 onwards in 

SHAM-HFD and from week 5 in BRDx-HFD; in DBP and MBP (P from 0.004 to 0.0001) from week 

onwards in SHAM-HFD and BRDx-HFD. Two-way ANOVA + Tukey test: * P from 0.0057 to 

0.0001 SHAM-HFD and BRDx-HFD versus SHAM-SD and BRDx-SD; & P from 0.0165 to 0.001 

SHAM-HFD versus BRDx-HFD; $ P = 0.0206 SHAM-SD versus BRDx-SD. 
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FIGURE 7. Bilateral renal denervation does not prevent the decrease in urinary flow and 

glomerular filtration rate promoted by the HFD. Urinary flow rate (A), Glomerular filtration rate 

(B), Absolute Na+ renal excretion (C), and Absolute K+ renal excretion (D). Three-way ANOVA + 

Tukey test: * P from 0.0235 to < 0.0001 SHAM-HFD and BRDx-HFD versus SHAM-SD and BRDx-

SD in the same week; & P = 0.0008 SHAM-HFD 8 week versus SHAM-HFD 12 week. 

8 WEEKS 12 WEEKS
0

2

4

6

8
U

R
IN

A
RY

 F
LO

W
 R

AT
E 

(m
L/

m
in

 x
 k

g)

*
*

8 WEEKS 12 WEEKS
0

1

2

3

4

G
FR

 (m
L/

m
in

 x
 k

g)

*

8 WEEKS 12 WEEKS
0.0

0.2

0.4

0.6

0.8

U
N

aV
 (m

E
q/

m
in

 x
 k

g)

*

&

8 WEEKS 12 WEEKS
0.00

0.05

0.10

0.15

0.20

U
kV

 (m
E

q/
m

in
 x

 k
g)

* *

A)

C)

B)

D)

SHAM-SD

BRDx-SD

SHAM-HFD

BRDx-HFD



 
53 

 

FIGURE 8. Quantification of the unphosphorylated and phosphorylated AKT, PI3K, and 

ERK signaling proteins in the kidney. Akt (A), pAkt (B), pAkt/Akt ratio (C), PI3K (D), pPI3K (E), 

pPI3K/PI3K ratio (F), ERK (G), pERK (H), pERK/ERK ratio (I) relative expression to GAPDH at 

final of 8 and 12 weeks. # SD-SHAM vs. SD-BRDx in the same week, P from 0.0084 to < 0.0001; 

¢ SD-SHAM vs. HFD-SHAM in the same week, P < 0.0001; + SD-SHAM vs. HFD-BRDx in the 

same week, P from 0.0072 to < 0.0001; $ SD-BRDx vs. HFD-SHAM in the same week, P from 

0.0012 to < 0.0001; & SD-BRDx vs. HFD-BRDx in the same week, P from 0.0336 to < 0.0001; * 

HFD-SHAM vs. HFD-BRDx in the same week, P from 0.0493 to < 0.0001; Ω the same condition 

at 8 weeks vs 12 weeks, P from 0.0193 to < 0.0001.  
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SUPLEMENTARY FIGURES 

 

SUPLEMENTARY FIGURE 1. Neither bilateral denervation nor HFD affects urine pH (A) and 

urine urobilinogen concentration (B).  
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SUPLEMENTARY FIGURE 2. Bodyweight (A), food (B), and water (C) intake for each group 

for the 8-week series.  The overall RM-MANOVA indicated time effects (P<0.0001) from day 36 

in body weight and from week 6 in the water intake to the end, and time*group interaction effects 

(p<0.001) in the same points. RM-MANOVA by group: (P from 0.019 to 0.005) day 0 versus day 

18 onwards all groups in body weight, (P from 0.003 to 0.001) week 0 versus week 6 onwards all 

groups in water intake. Two-way ANOVA + Tukey test: * P from 0.04 to 0.0001 SHAM-HFD and 

BRDx-HFD versus SHAM-SD and BRDx-SD; & P from 0.001 to 0.0007 SHAM-HFD versus BRDx-

SD; $ P = 0.002 BRDx-SD versus all groups. 
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SUPLEMENTARY FIGURE 3. Blood pressure in 8 weeks series. Systolic Blood Pressure (A), 

Diastolic Blood Pressure (B), and Mean Blood Pressure (C) were measured for 8 weeks (n=6 in 

all groups). The overall RM-MANOVA indicated time effects (P<0.0001) from week 5 to the end 

of all groups in SBP and DBP and from week 6 in MBP; and time*group interaction effects 

(p<0.0001) in the same points. Two-way ANOVA + Tukey test: * P from 0.01 to 0.0001 SHAM-

HFD and BRDx-HFD versus SHAM-SD and BRDx-SD. 
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SUPLEMENTARY FIGURE 4. Representative pictures of the Western Blot results 

unphosphorylated and phosphorylated Akt, PI3K, and ERK signaling proteins in the 

kidney. 
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2019.

8

define stage 1 hypertension as systolic BP 130–139 m
m

H
g  

or diastolic BP 80–89 m
m

H
g (R

EF. 27). These new crite-
ria will substantially increase hypertension prevalence, 
especially in younger people with obesity who m

ay have 
only m

ild increases in BP before the developm
ent of 

kidney injury.
A study in individuals aged 25–74 years reported that 

a 1 s.d. increase in BM
I over a 5-year period led to a 30%

 
increase in risk of hypertension com

pared with people 
whose weight did not change

28. In the N
urses’ H

ealth 
Study and the H

ealth Professionals Follow- up Study, 
increases in body weight during 10 years of follow- up 
were associated with higher risk of hypertension, even 
within a range of BM

Is that were considered norm
al 29. 

In the Johns H
opkins Precursors Study, obesity in young 

adults conferred a threefold greater risk of hypertension 
after 46 years of follow- up, even after accounting for 
changes in lifestyle factors over the life course

30. Thus, 
the risk of developing hypertension increases w

ith  
obesity duration.

Although prim
ary hypertension is closely associated 

with excess adiposity, som
e patients who are obese are 

not considered to be hypertensive. This observation has 
often been interpreted as evidence that obesity alone is 
insufficient to cause hypertension and that genetic or epi-
genetic predisposition and/or other factors are required 
for obesity to increase BP. H

owever, the search for genetic 
and epigenetic contributions to obesity- induced hyper-
tension has been disappointing, explaining only a tiny 
fraction of hypertension

31.
Although genes that m

ediate obesity hypertension 
have not been identified, regional body fat distribu-
tion is strongly influenced by genetics and in turn m

ay 
influence susceptibility to cardiom

etabolic disorders, 
including hypertension

14. Som
e populations seem

 to be 
less susceptible to hypertension associated with increases 
in BM

I and overall adiposity than others. For exam
ple, 

Pim
a Indians have a high prevalence of obesity but rel-

atively low rates of hypertension com
pared with white 

individuals 32. M
uscle sym

pathetic nervous system
 

activity (M
SNA) was also lower in Pim

a Indians than in 
white individuals and did not track well with adiposity

33. 
H

owever, body weight rem
ained the strongest predictor 

of BP in Pim
a Indians 34. G

enetic influences on regional 
body fat distribution could also contribute to variations 
in sym

pathetic activity and BP responses to increasing 
adiposity in different populations.

Regardless of genetic influences on body fat distribu-
tion and BP, the frequency distribution for BP seem

s to  
be displaced to higher levels by visceral obesity, increas-
ing the likelihood that BP will be considered hyper tensive 
(FIG

. 1
). Thus, people who are obese and considered to be 

norm
otensive often experience a reduction in BP when 

they reduce their overall adiposity by losing weight 35. 
In addition, m

ost population studies have not m
eas-

ured VAT, RSF and PRF, which are better predictors of 
increased BP than are BM

I or overall adiposity. It would 
be interesting to determ

ine whether weight reduction 
lowers BP and sym

pathetic activity in parallel w
ith 

reductions in specific fat depots in people who seem
 to 

be resistant to obesity- induced hypertension, such as 
Pim

a Indians.

M
odels of obesity- induced hypertension

Several haem
odynam

ic, renal and neurohorm
onal 

chang es occur during the developm
ent of obesity- 

induced hyper tension in hum
ans and in experim

en-
tal anim

al m
odels  of obesity caused by overfeeding 

(TA
B

LE 1
). These m

odels recapitulate m
any cardiom

et-
abolic abnorm

alities that are associated w
ith excess 

adiposity in hum
ans, including insulin resistance, 

hyperinsulinaem
ia and dyslipidaem

ia. Feeding a chronic 
high- fat diet (H

FD
) causes reproducible rises in BP in 

rabbits and dogs, although sm
aller and less consistent 

BP increases are observed in rodents 6. O
ther cardiovas-

cular, renal, endocrine and sym
pathetic nervous system

 
(SN

S) changes that are associated with obesity caused by 
an H

FD
 in dogs and rabbits closely m

im
ic those found 

in people w
ho are obese

6. H
owever, overfeeding and 

obesity m
ay rapidly induce cardio renal changes that are 

later eclipsed by com
pensations or pathological changes. 

For exam
ple, renal vasodilation, increases in renal blood 

flow (RBF) and glom
erular hyperfiltration occur early 

after weight gain but are later followed by declines in RBF 
and glom

erular filtration rate (G
FR) as a result of kidney  

injury and gradual loss of nephrons 10. Thus, cross- 
sectional studies m

ay not reveal tim
e- dependent 

cardiorenal changes that initiate the developm
ent of 

obesity- induced hypertension.
Another challenge in this research field is that som

e 
anim

al m
odels m

ay not m
im

ic cardiovascular changes 
observed in hum

an obesity. For exam
ple, m

any com
-

m
only used genetic m

odels of obesity, such as ob/ob and 
db/db m

ice and Zucker fatty rats, have derangem
ents 

of adipokine (for exam
ple, leptin) signalling and/or 

nervous system
 networks (for exam

ple, proopiom
elano-

cortin (PO
M

C)–m
elanocortin signalling) that m

ediate 
sym

pathetic hyperactivity and hypertension in obesity
6. 

In addition, rodents with genetic or diet- induced obe-
sity do not show adherence of fat to the renal capsule 
and resulting kidney com

pression as occurs in obese 
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dogs, rabbits and hum
ans 6. These differences can lim

it 
the translation of results from

 rodent m
odels to the 

understanding of obesity- induced cardiorenal changes 
in hum

ans.

H
aem

odynam
ic changes in obesity

In addition to elevated BP, obesity is associated w
ith 

increases in blood and extracellular fluid volum
es as 

well as haem
odynam

ic changes throughout the body. 
Som

e of these haem
odynam

ic changes, such as increased 
m

uscle tissue blood flow, m
ay be com

pensations for the 
higher workloads im

posed on the body by excess weight. 
H

owever, these haem
odynam

ic effects, along with m
any 

m
etabolic changes in obesity, m

ay injure the blood vessels  
and organs if obesity persists.

Increased cardiac output
Excessive weight gain increases heart rate (H

R) and 
cardiac output (CO

) in experim
ental anim

als and in 
hum

ans 35,36 (TA
B

LE 1). In obesity, chronic elevations in rest-
ing H

R are caused m
ainly by reduced parasym

pathetic 
tone rather than by increases in sym

pathetic activity or 
intrinsic H

R
6,37.

In rabbits, dogs and hum
ans, obesity increases extra-

cellular fluid volum
e and blood flow in the gastrointes-

tinal tract, skeletal m
uscles, heart, kidney and several 

other tissues, leading to elevated venous return and CO
 

levels 35. O
besity also causes growth of som

e tissues and 
organs such as the heart, kidneys and skeletal m

uscles 
owing to increased workload; however, blood flow per 
gram

 tissue weight is also increased in som
e organs such 

as the kidneys and heart, indicating functional vasodi-
lation that m

ight be partly m
ediated by increased tissue 

m
etabolism

 and oxygen consum
ption

6,36.
D

espite the increase in blood flow in m
any tissues 

under resting conditions, blood flow
 reserve is reduced in 

obesity, lim
iting increases in CO

 and exercise capacity. 
O

besity and prediabetes also cause endothelial dysfunc-
tion, which is reversible with weight loss if severe vas-
cular injury has not occurred

38,39. Accelerated vascular 
stiffening also occurs in obesity, leading to increases in 
pulse wave velocity and systolic BP

40. The adverse im
pact 

of obesity on blood vessels is associated with increased 
BP and m

etabolic disorders such as hyperglycaem
ia  

and hyperlipidaem
ia, oxidative stress, inflam

m
ation and 

stim
ulation of various neurohum

oral system
s 39.

Table 1 | H
aem

odynam
ic, renal and neurohorm

onal changes in obesity

Param
eter
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D
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M

ice
Refs

H
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odynam
ics

A
rterial pressure

↑
↑

↑
↑ or ↔

↑ or ↔
6,7,35,212–215

H
eart rate
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↑

↑
↑

↑ or ↔
37,212,213,216–218

C
ardiac output

↑
↑

↑
↑

0
#

47,213,219,220

Eccentric cardiac hypertrophy
↑

↑
↑

↑
↑

36,221–225

C
oncentric cardiac hypertrophy

↑
↑

↑
↑

↑
36,221,225,226

C
ardiac diastolic function

↓
↓

↓
↓

↓
36,221,223,225,227

4
GUVKPI�O

WUENG�DNQQF�HNQY
↑

↑
↑

0
#

0
#

213,221,228,229

M
uscle blood flow

 reserve
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↓
0
#

0
#

0
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221,228,229

K
idney function

)
(4

a
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4
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a
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0
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C
+ reabsorption

a
↑

↑
↑

↑ or ↔
↑ or ↔

212,214,230,232,234,235

Kidney com
pression

↑
↑

↑
↔

↔
6,19,20,236

H
orm
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↓
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↓
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)
(4
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#
���PQV�CXCKNCDNG��↑��KPETGCUG��↓��F

GETGCUG��↔
, no change. A

rrow
s indicate changes in obese 

com
pared w

ith lean hum
ans and in anim

al m
odels of dietary- induced obesity com

pared w
ith controls fed a norm

al diet. 
aC

om
parisons refer to the early phases of obesity before m

ajor loss of nephron function has occurred. bIn som
e instances, 

sym
pathetic activity w

as inferred from
 indirect m

easurem
ents such as tissue noradrenaline spillover or from

 denervation studies.
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Catheter-Based Renal D
enervation

expanded, and the guide catheter was pulled back to the 
aorta. !

e RF energy was applied, and ablations were m
ade 

along the renal artery, starting from
 the bifurcation and repo-

sitioned toward the ostium
 for additional ablations if the m

ain 
renal artery length perm

itted ablations at m
ultiple sites. !

e 
average power delivered was 4.6 watts, and the average tem

-
perature m

easured from
 the electrodes was 65 °C. A#er the 

RF ablations, renal angiogram
s were obtained again to con-

$rm
 the patency of the artery. !

e procedure was repeated 
in the contralateral renal artery to achieve bilateral RD. A#er 
RD, dogs were returned to the m

etabolic cages for hem
ody-

nam
ic and renal function m

easurem
ents for 8 weeks.

O
f the 9 dogs that underwent RD, 3 dogs had atypical 

renal anatom
y. O

ne dog had dual renal arteries, and only 1 of 
the renal arteries underwent RD. Two dogs had early bifur-
cations, with the m

ain renal artery length <10 m
m

. !
ese 3 

dogs were excluded from
 the data analysis.

Analytical m
ethods

Glom
erular $ltration rate (GFR) was estim

ated from
 the 

total clearance of 125I-iothalam
ate (Glo$l; Iso-Tex D

iagnostics, 
Friendswood, TX) biweekly as described previously. 12 !

e 
distribution space of 125I-iothalam

ate was used as an index of 
extracellular %uid volum

e. 5,12 Plasm
a renin activity was m

eas-
ured by radioim

m
unoassay (RIA) using 125I-labeled angioten-

sin I (New England Nuclear, Boston, M
A) and polyclonal rabbit 

antihum
an antibody (Arnel Products, New York, N

Y). Plasm
a 

insulin concentrations were m
easured by RIA (D

iagnostic 
Products, Los Angeles, CA). Renal tissue N

E values were 
m

easured using high-perform
ance liquid chrom

atography. At 
the end of the 8-week period, the dogs were anesthetized, and 6 
pieces of renal cortex tissue were collected per kidney, quickly 
weighed, and placed in liquid nitrogen. Sam

ples were then 
hom

ogenized in glutathione and ethylenediam
inetetraacetic 

acid (ED
TA) bu&er and centrifuged to rem

ove cell parts, and 
the supernatant was collected and frozen. All steps were per-
form

ed on ice or in a refrigerated centrifuge.

H
istological analyses

At the end of the 8-week period, the le# and right renal arter-
ies, from

 the aorta to the kidneys, were collected. !
e renal 

arteries were cut into equal transverse sections from
 the aorta 

to the kidney, $xed, and em
bedded in para'

n. !
is resulted 

in 6–13 blocks depending on the length of the renal artery. 
Five-m

icron sections were taken from
 all blocks processed. 

Sections of the m
ain renal artery were assigned to 1 of 3 areas: 

near the bifurcation (close to the kidney), the m
iddle section, 

and near the ostia. All sections were stained with hem
atoxylin 

and eosin. !
e observer was blinded to the source of tissue in 

the sections. Sections were exam
ined for the total num

ber of 
nerves, num

ber of injured nerves, and the distance m
easured 

from
 nerves to the renal artery lum

en-intim
a interface.

Statistical analyses

Control BP and renal function data obtained for dogs 
before the RD

 period were com
pared with data obtained for 

the sam
e dogs a#er the RD

 by using analysis of variance and 
D

unnett’s t test for m
ultiple com

parisons. 13 H
istologic data 

for obese RD
 dogs and obese dogs without RD

 were com
-

pared using the M
ann–W

hitney rank sum
 test. Statistical 

signi$cance was considered at a value of P < 0.05.

RESU
LTS

Body w
eight, BP, and G

FR data

Before the high-fat diet, the dogs weighed 22.0 ± 0.6 kg. 
At the end of the 5-week high-fat diet the dogs weighed 
31.5 ± 1.0 kg. At the end of the experim

ents, the dogs 
weighed 37.0 ± 1.3 kg, representing a 66%

 weight gain com
-

pared with their lean weights. SBP fell from
 157 ± 5 m

m
 

H
g during the control period to 133 ± 3 m

m
 H

g 8 weeks 
a#er RD

 (P < 0.01) (Figure 1). !
ere was a slight but insig-

ni$cant decrease in D
BP from

 88 ± 2 m
m

 g to 86 ± 2 m
m

 
H

g a#er RD
 (Figure 1). RD

 reduced M
AP by 9 m

m
 H

g at 
the end of the experim

ental period (Figure 1). All of the 
dogs had decreases in M

AP ranging from
 −2 m

m
H

g to 
−14 m

m
H

g. Figure 2 shows the weekly BP changes. M
AP 

and SBP dropped quickly the $rst 2 weeks a#er RD
 and 

then rem
ained reduced over the next 6 weeks. !

ere were 
no signi$cant changes in heart rate (control: 96 ± 3 vs. RD

: 
100 ± 6 beats per m

inute) or G
FR (control: 90.5 ± 4.9 vs. RD

: 
89.3 ± 4.0 m

l/m
inute a#er RD

 (Figure 3).
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Figure 1. 
Average systolic blood pressure and m

ean arterial pressure 
during control (CO

N
) and for 8 w

eeks after renal denervation in obese 
dogs (n = 6). Each bar represents the average of 7 days of blood pressure 
m

easurem
ents, 18 hours a day, sam

pled in bursts of 12 seconds each 
m

inute at a rate of 500 sam
ples per second. *P < 0.05 vs. CO

N
.
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u
ld

n
o
t
b
e

fu
rth

er
elu

cid
ated

.
N

everth
eless,

o
u
r

d
ata

m
ay

su
p
p
o
rt

a
m

easu
rab

le
b
io

lo
g
ical

im
p
act

o
f
R
D

N
,

b
u
tth

e
effectd

id
n
o
ttran

slate
in

to
a

su
stain

ed
B
P

red
u
ctio

n
.

A
lso

,
th

e
larg

er
H

T
N

3
trial

sh
o
w

ed
n
o

sign
ifican

t
R
D

N
effecto

n
B
P

w
h
en

co
m

p
ared

w
ith

SH
A
M

.M
ajo

r
criticism

o
f

th
is

fin
d
in

g
w

as
th

e
m

u
lticen

ter
d
esign

o
f
th

e
trial,

an
d

th
e

fact
th

at
a

large
p
ro

p
o
rtio

n
o
f

th
e

R
D

N
p
ro

ced
u
res

w
ere

carried
o
u
t

at
lo

w
-vo

lu
m

e
cen

ters
an

d
b
y

in
exp

erien
ced

o
p
erato

rs
[10].Im

p
o
rtan

tly,th
is

criticism
is

ad
d
ressed

in
th

e

R
eSE

T
stu

d
y,

as
all

p
ro

ced
u
res

w
ere

carried
o
u
t

b
y

an
exp

erien
ced

R
D

N
o
p
erato

r
at

a
sin

gle
h
igh

-vo
lu

m
e

cen
ter.

A
lth

o
u
gh

th
e

ab
latio

n
tech

n
iq

u
e

ap
p
ears

sim
p
le,

a
co

r-
rect

sp
iral

lo
catio

n
o
f

th
e

ap
p
lied

ab
latio

n
sp

o
ts

in
each

ren
al

artery
m

ay
b
e

cru
cial

fo
r

th
e

effect
to

o
ccu

r
[21].

M
o
reo

ver,
sym

p
ath

etic
n
ervo

u
s

fib
ers

m
ay

n
o
t
b
e

lo
cated

as
in

tim
ately

to
th

e
ren

alarterialw
allas

su
ggested

[22].T
h
e

d
elivery

o
f
su

fficien
t
en

ergy
also

at
th

e
d
istal

p
art

o
f
each

ren
al

artery
m

ay
th

erefo
re

b
e

n
eed

ed
to

rem
o
ve

th
e

sym
-

p
ath

etic
co

n
d
u
ctio

n
.
U

n
fo

rtu
n
ately,

th
ere

is
n
o

estab
lish

ed
w

ay
to

d
o
cu

m
en

t
h
o
w

far
ren

al
sym

p
ath

etic
n
erve

co
n
-

d
u
ctio

n
is

actu
ally

affected
d
u
rin

g
ab

latio
n
.Fo

r
an

y
clin

ical
R
D

N
stu

d
y

so
far,

it
is

th
erefo

re
u
n
certain

to
w

h
at

exten
t

ren
al

sym
p
ath

etic
to

n
e

h
as

b
een

m
o
d
u
lated

.
H

o
w

ever,
in

o
u
r
stu

d
y,th

e
n
u
m

b
er

o
ftech

n
icalsu

ccessfu
lab

latio
n
s
(see

m
eth

o
d
s)

in
each

ren
al

artery
w

as
h
igh

er
co

m
p
ared

w
ith

th
e

H
T
N

3
trial.

T
h
is

m
ay

b
e

im
p
o
rtan

t,
as

th
e

n
u
m

b
er

o
f

ach
ieved

su
ccessfu

lab
latio

n
h
as

b
een

su
g
gested

to
p
red

ict
efficacy

o
u
tco

m
e

[22].
Im

p
o
rtan

tly
also

,
p
atien

ts
in

o
u
r

stu
d
y

w
ere

evalu
ated

w
ith

ren
al

co
m

p
u
ted

ax
ial

to
m

o
grap

h
y

an
gio

g
rap

h
y

in
ad

van
ce.

T
h
is

m
ay

h
ave

avo
id

ed
a

p
o
ten

tial
p
ressu

re
o
n

th
e

o
p
erato

r
to

accep
tb

o
rd

erlin
e

ren
alartery

an
ato

m
ies

fo
r

stu
d
y

ran
d
o
m

izatio
n

th
at

o
th

erw
ise

co
u
ld

affect
efficacy

o
u
tco

m
e.

A
lth

o
u
gh

itw
as

in
ten

d
ed

to
k
eep

an
tih

yp
erten

sive
m

ed
i-

catio
n

u
n
ch

an
ged

in
b
o
th

treatm
en

tarm
s,alm

o
sth

alfo
fth

e
p
atien

ts
in

o
u
r

stu
d
y,

as
in

th
e

H
T
N

3
trial,

h
ad

ch
an

g
es

in
m

ed
icatio

n
d
u
rin

g
fo

llo
w

-u
p
.H

o
w

ever,m
o
stch

an
ges

w
ere

m
in

o
r

an
d

d
id

n
o
t
acco

u
n
t
fo

r
th

e
n
eu

tral
o
u
tco

m
e

o
f
o
u
r

trial,
b
u
t
u
n
d
erlin

e
so

m
e

im
p
o
rtan

t
asp

ects
w

h
en

treatin
g

p
atien

ts
w

ith
T
R
H

.
D

u
e

to
o
ccasio

n
ally

very
h
igh

B
P
s

at
fo

llo
w

-u
p
,

th
e

p
h
ysician

w
ill

o
ften

try
to

in
ten

sify
d
ru

g
treatm

en
t,

an
d

d
u
e

to
d
ru

g
sk

ep
ticism

an
d

m
in

o
r

ad
verse

reactio
n
s,

th
e

p
atien

t
w

ill
o
ften

d
esire

a
d
ru

g
d
isco

n
tin

u
-

atio
n

w
h
en

ever
p
o
ssib

le.
Su

ch
b
ias

m
ay

h
ave

co
n
trib

u
ted

to
th

e
o
verall

B
P

red
u
ctio

n
o
b
served

in
o
u
r

stu
d
y.

M
o
re-

o
ver,

a
regressio

n
to

w
ard

th
e

m
ean

p
h
en

o
m

en
o
n

an
d

H
aw

th
o
rn

e
effects

w
ith

co
n
tin

u
o
u
sly

im
p
ro

ved
d
ru

g
co

m
-

p
lian

ce
after

stu
d
y

p
ro

ced
u
re

sh
o
u
ld

b
e

exp
ected

to
facili-

tate
an

artefactu
alB

P
red

u
ctio

n
d
u
rin

g
fo

llo
w

-u
p
.A

s
w

e
d
id

n
o
t

d
o

an
y

d
ru

g
screen

in
g

test
o
r

h
ad

w
itn

essed
d
ru

g
in

tak
e,w

e
can

n
o
texclu

d
e

th
e

p
o
ssib

ility
th

atim
p
ro

vem
en

t
in

co
m

p
lian

ce
to

o
k

p
lace

d
u
rin

g
fo

llo
w

-u
p
,
even

th
o
u
gh

o
u
r

p
atien

ts
d
id

a
sch

ed
u
led

in
tak

e
o
f

an
tih

yp
erten

sive

T
A

B
LE

4
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e
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d

ru
g

co
n

su
m

p
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ean change (S
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P
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 baseline to 3 m
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S
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R
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N
 (n 35) 
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P
 =
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S
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urine
output.

T
he

ability
of

leptin
to

increase
natriuresis

is
caused

by
a

decrease
in

N
a

!
transport

in
the

tubules,w
ith

w
ork

by
B

ełtow
skietal.(8)identifying

thatacute
leptin

exposure
decreases

N
a

!
/K

!
pum

p
(N

a
!

-K
!

-A
T

Pase)
activity.

Several
studies

have
now

dem
onstrated

that
acute

leptin
infusion

stim
ulates

the
release

of
nitric

oxide
(N

O
)

in
endothelialcells

and
blood

vessels
(74),w

ith
N

O
being

show
n

to
decrease

N
a

!
reabsorption

in
the

tubules
by

decreasing
N

a
!

-K
!

-A
T

Pase
(58).T

herefore,acute
leptin

exposure
in

the
kidney

m
ay

increase
N

O
expression

in
an

attem
pt

to
regulate

obesity-associated
hypertension.

H
ow

ever,
chronic

leptin
ex-

posure
further

com
pounds

hypertension
in

the
obese

by
in-

creasing
renal

sym
pathetic

activity.
C

hronic
hyperleptinem

ia
has

been
show

n
to

increase
the

activity
of

N
a

!
-K

!
-A

T
Pase,

causing
N

a
!

retention
(7)

by
either

increased
renal

SN
S

activity
and/or

decreased
N

O
production

(7).
B

ełtow
ski

et
al.

(9)
identified

that
hyperleptinem

ia
causes

N
O

deficiency
pri-

m
arily

due
to

increased
renal

oxidative
stress,

w
hich

inhibits
the

protective
role

of
N

O
in

increasing
N

a
!

excretion
(9).

L
eptin

predom
inantly

binds
to

the
leptin

receptor
(O

b-R
)

in
m

osttissues,w
hich

is
capable

of
activating

dow
nstream

signal
transduction

pathw
ays

(3).
T

he
long

isoform
of

the
leptin

receptor
(O

b-R
b)

has
been

show
n

to
activate

JA
K

/ST
A

T
(10)

and
M

A
PK

pathw
ays

(3,
6).

H
ow

ever,
leptin

can
activate

a
num

ber
of

cell
signaling

pathw
ays

in
a

cell-specific
m

anner,
and,thus,the

effectof
altered

levels
of

leptin
on

the
kidney

is
an

em
erging

area
of

research.In
vitro,leptin

can
alter

glom
er-

ular
cell

size
via

activation
of

the
M

A
PK

pathw
ay

through
E

R
K

1/2
(15,

45).
Specifically

elevated
levels

of
leptin

cause
hypertrophy

in
glom

erular
m

esangial
cells

via
activation

of
phosphoinositide

3-kinase
and

E
R

K
1/2

(Fig.1)
(45).G

lom
er-

ular
m

esangial
hypertrophy

increases
the

am
ount

of
filtered

protein
and

album
in

reaching
the

PT
C

s
activating

fibrotic
and

inflam
m

atory
pathw

ays
(77,

79).
In

addition,
exposure

to

elevated
leptin

results
in

an
accum

ulation
of

collagen
and

an
upregulation

of
T

G
F-"

1
secretion

from
glom

erular
endothelial

cells
in

vitro
(78).

In
vivo,

increased
T

G
F-"

1
could

cause
thickening

of
the

basem
entm

em
brane,leading

to
the

develop-
m

ent
of

glom
erulosclerosis

(Fig.
1)

(78).
H

ow
ever,

the
direct

link
betw

een
leptin

and
T

G
F-"

1
secretion

in
the

glom
erulus

in
vivo

has
not

been
dem

onstrated.
In

vitro,
T

G
F-"

has
been

show
n

to
increase

collagen
synthesis,

w
hich

could
cause

ex-
tracellular

m
atrix

accum
ulation

and,
ultim

ately,
fibrosis

(79).
H

ow
ever,others

(44)
have

show
n

that
elevated

leptin
induces

the
expression

ofm
atrix

m
etalloproteinase-2

in
m

esangialcells
w

ithout
altered

expression
of

collagen
types

I
and

IV
.Im

por-
tantly,

in
vivo,

W
olf

et
al.

(78)
dem

onstrated
that

leptin
infusion

into
rats

for
3

w
k

caused
an

increase
in

collagen
type

IV
expression

in
the

glom
erulus.

D
espite

the
obvious

differ-
ences

betw
een

in
vitro

and
in

vivo
experim

entation,the
study

by
W

olfetal.(78)m
ay

notrepresenta
true

pathophysiological
condition

as
the

levels
of

leptin
thatw

ere
infused

w
ere

signif-
icantly

higher
than

those
detected

in
obesity.

C
onversely,

in
PT

C
s,acute

leptin
exposure

reduces
cellularm

etabolic
activity

by
the

activation
of

the
m

am
m

alian
target

of
rapam

ycin
and

also
reduces

the
protein

contentpercell(Fig.1)(12).R
esearch

by
H

am
a

etal.(28)
identified

thatm
egalin

is
the

sole
receptor

responsible
for

leptin
reuptake

in
the

kidney,w
ith

histological
sections

of
kidneys

from
rats

that
w

ere
infused

w
ith

a
radio-

active
labeled

leptin
show

ing
that

leptin
uptake

occurs
in

the
proxim

al
convoluted

tubule,
w

hich
lacks

O
b-R

.
Im

portantly,
research

by
Z

ou
et

al.
(82)

identified
that

another
m

egalin
ligand,

vitam
in

D
-binding

protein,
is

able
to

cause
regulated

intram
em

brane
proteolysis

of
m

egalin
w

ith
the

cytosolic
frag-

m
ent

translocating
to

the
nucleus,

w
hich

m
ay

be
able

to
activate

signaltransduction
pathw

ays.R
ecently,another

group
(66)

has
determ

ined
thatm

egalin
is

trafficked
to

the
endocytic

recycling
com

partm
ent

in
L

2
rat

yolk
sac

cells
for

proteolytic

A

M
esangial cells

Afferent arteriole
Efferent arteriole

C
apillaries

Podocytes
Proxim

al tubule

Protein/album
in

B

Basem
ent m

em
brane

Adipokine
G
lom

erulus
Proxim

al
Tubule

Result

↑ leptin
M

esangialcell  
hypertrophy; 
Basem

ent 
m

em
brane 

thickening

↓ m
etabolic

activity; ↓ 
protein

content per 
cell

Album
inuria; 

G
lom

erular
sclerosis; 

Activation of 
apoptotic 
pathw

ays

↓ adiponectin
Fusion of 
podocytes

↓ AM
PK

Album
inuria; ↓ 

G
FR

; Tubular 
inflam

m
ation

↑ resistin
?

?
↓ G

FR
;Tubular 

inflam
m

ation

↑ visfatin
O

xidative
stress

?
Altered G

FR

Fig.1.A
dipokine-induced

changes
to

the
glom

erulus
and

proxim
altubule.A

:a
norm

alglom
erulus

and
proxim

altubule
in

the
nephron

w
ith

key
cells

identified.
B

:
changes

in
the

plasm
a

concentrations
of

each
adipokine

observed
in

obesity.T
he

effects
that

these
changes

in
adipokine

levels
have

on
the

structure
of

the
glom

erulus
and

proxim
altubule

cells
are

show
n.A

llof
these

adipokines
in

obesity
lead

to
changes

in
the

glom
erular

filtration
rate

(G
FR

)
and/or

an
increase

in
album

inuria
or

proteinuria.T
hese

changes
are

characteristic
of

chronic
kidney

disease.A
M

PK
,A

M
P-activated

protein
kinase.
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D
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enal

P
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elevated
R

SN
A

and
subsequent

increase
in

renin.
Indeed,

pharm
acologicalblockade

ofthe
SN

S
during

high-fatfeeding
attenuates

the
hypertension,

reduces
the

tachycardia,
and

norm
alizes

sodium
balance. 5

Im
portantly,

the
rabbit

pro-
vides

a
m

ajor
advantage

for
m

easuring
sym

pathetic
changes

in
response

to
high-fat

feeding,
because

w
e

have
established

a
m

ethod
of

norm
alizing

nerve
electrode

char-
acteristics

in
rabbits

using
the

nasopharyngeal
reflex

that
allow

s
for

com
parisons

betw
een

groups. 1
6

H
ence,

the
first

aim
of

the
present

study
w

as
to

determ
ine

the
cardiovas-

cular
and

R
SN

A
changes

in
rabbits

in
the

first
3

w
eeks

after
com

m
encing

an
H

FD
.

T
he

factors
that

cause
the

elevation
in

sym
pathetic

drive
are

clearly
key

to
understanding

the
etiology

of
obesity-

induced
hypertension.T

he
adipose-derived

horm
one

leptin
is

thoughtto
be

a
m

ajorm
echanism

linking
excess

adipose
m

ass
and

hypertension. 1
7
,1

8L
eptin

exerts
its

pressoreffects
through

its
action

atthe
hypothalam

ic
nucleithatprojectto

hindbrain
centers,

resulting
in

activation
of

the
SN

S. 1
9

–
2
1

A
dm

inistra-
tion

of
leptin

both
acutely

and
chronically

leads
to

increases
in

arterial
pressure

and
heart

rate
(H

R
). 1

7
,1

8
Intracerebroven-

tricular
(IC

V
)

adm
inistration

of
leptin

increases
m

ean
arterial

pressure
(M

A
P)and

R
SN

A
in

rabbits. 2
2

T
hus,elevated

levels
of

circulating
leptin

associated
w

ith
obesity

2
3

m
ay

contribute
to

the
developm

ent
of

hypertension
in

response
to

high-fat
feeding.

T
o

exam
ine

this
hypothesis,

w
e

determ
ined

the
effect

of
centrally

adm
inistered

leptin
on

cardiovascular
variables

and
R

SN
A

in
H

FD
-fed

rabbits
and

evaluated
w

hich
hypothalam

ic
and

hindbrain
nuclei

are
active

after
central

adm
inistration

of
leptin

using
c-Fos

as
a

m
arker

of
neuronal

activation.

M
ethods

A
nim

als
E

xperim
ents

w
ere

conducted
in

28
m

ale
N

ew
Z

ealand
w

hite
rabbits

(2.6
to

3.1
kg),housed

under
controlled

light
(6:00

A
M

to
6:00

PM
)

and
tem

perature
(22!

2°C
)

conditions.
E

xperim
ents

w
ere

approved
by

the
A

lfred
M

edical
R

esearch
E

ducation
Precinct

A
nim

al
E

thics
C

om
m

ittee
and

conducted
in

accordance
w

ith
the

A
ustralian

C
ode

of
Practice

for
Scientific

U
se

of
A

nim
als.

E
xperim

ental
P

rocedures
and

P
rotocol

U
nder

isoflurane
anesthesia,

rabbits
w

ere
im

planted
w

ith
an

IC
V

cannula
(22

gauge,
Plastics

O
ne)

into
the

lateral
ventricle

(coordi-
nates

from
bregm

a;
3-m

m
lateral

and
4-m

m
ventral),

as
described

previously. 2
4

A
fter

1-w
eek

recovery,
baseline

M
A

P
and

H
R

w
ere

m
easured

via
an

arterialcatheter.R
abbits

w
ere

then
random

ized
into

2
groups

and
m

ealfed
130

g
of

a
norm

alfatdiet(control;n"
14)

or
an

ad
libitum

H
FD

(n"
14)

for
4

w
eeks

(please
see

the
online

D
ata

Supplem
ent

at
http://hyper.ahajournals.org

for
dietary

details).
T

w
o

w
eeks

after
com

m
encem

ent
of

the
diets,

a
recording

elec-
trode

w
as

im
planted

on
the

left
renal

nerve
2
5

under
isoflurane

anesthesia.
O

ne
w

eek
later,

M
A

P,
H

R
,

and
R

SN
A

w
ere

recorded
(please

see
the

online
D

ata
Supplem

ent).
A

fter
a

1-hour
baseline

recording,a
50- !

L
IC

V
injection

of
the

vehicle
(R

inger’s
solution,

B
axter)

w
as

given,follow
ed

by
increasing

doses
of

leptin
(5,10,50,

and
100

!
g;

recom
binant

m
urine

leptin
450-31,

Pepro
T

ech,
Inc)

delivered
IC

V
in

50
!

L
of

vehicle
at

30-m
inute

intervals.A
subset

of
anim

als
(n"

4
to

7
per

group)
w

as
given

the
sam

e
dose

of
leptin

IV
to

confirm
thatactions

w
ere

centrally
m

ediated
or

given
a

series
of4

IC
V

vehicle
(50

!
L

)injections
to

controlforthe
effects

oftim
e.

T
issue

and
B

lood
C

ollection
A

fter
4

w
eeks

of
diet,

rabbits
(control:

n"
9;

H
FD

:
n"

7)
w

ere
adm

inistered
leptin

(100
!

g
in

50
!

L
,

IC
V

)
or

given
a

control
R

inger’s
injection

90
m

inutes
before

being
killed

by
an

anesthetic
overdose

(sodium
pentobarbitone:100

m
g/kg,IV

)
and

transcardially
perfused

w
ith

4%
paraform

aldehyde
(please

see
the

online
D

ata
Supplem

ent). 2
6

W
A

T
pads

w
ere

dissected
from

the
m

esenteric
viscera,the

perirenalarea,testicles,and
bladderand

w
eighed.B

rains
w

ere
rem

oved
(control:

n"
5;

H
FD

:
n"

4)
and

coronally
sectioned

and
processed

for
c-Fos

im
m

unohistochem
istry. 2

6
A

rterial
blood

sam
ples

w
ere

taken
for

m
easurem

ent
of

plasm
a

catecholam
ine

concentrations
by

high-perform
ance

liquid
chrom

atography
2
7

or
leptin

by
radioim

m
unoassay

(please
see

the
online

D
ata

Supplem
ent).

D
ata

A
nalysis

M
A

P
and

H
R

derived
from

the
ear

artery
pressure

pulse
w

ere
digitized

online
and

averaged
for

over
2

seconds.
R

SN
A

w
as

norm
alized

to
the

m
axim

um
R

SN
A

recorded
during

the
nasopharyn-

gealresponse
evoked

by
sm

oke,taken
to

be
100

norm
alized

units. 1
6

V
alues

averaged
over

30
m

inutes
w

ere
expressed

as
m

ean!
SE

M
or

m
ean

difference!
SE

of
the

difference.D
ata

w
ere

analyzed
by

split
plot

repeated-m
easures

A
N

O
V

A
,

w
hich

allow
ed

for
w

ithin-
anim

al
and

betw
een-anim

al
(group)

contrasts
and

adjusted
for

m
ultiple

testing
using

the
B

onferroni
m

ethod.
C

orrelation
analy-

sis
w

as
perform

ed
using

a
least-squares

regression.Fat
pad

m
ass

w
as

analyzed
using

an
independent

t
test.

A
probability

of
P

#
0.05

w
as

considered
significant.

R
esults

E
ffect

of
H

F
D

on
B

ody
W

eight
and

W
A

T
T

he
initial

body
w

eight
before

the
onset

of
the

diets
did

not
differ

betw
een

groups
(P

"
0.6;

Figure
1A

).
R

abbits
fed

a
H

FD
gained

367!
90

g
com

pared
w

ith
79!

36
g

in
control

rabbits
w

ith
3

w
eeks

of
diet

(P
"

0.002;
Figure

1A
).

H
FD

rabbits
show

ed
a

2-
to

3-fold
greater

W
A

T
w

eightcom
pared

A
B

C
D

*

* ***

***

Figure
1.

B
ody

w
eight

(A
),

M
A

P
(B

),
H

R
(C

),
and

plasm
a

norepi-
nephrine

concentration
(D

)of
rabbits

before
(w

eek
0)and

3
w

eeks
after

com
m

encem
ent

of
control(E

;
n
"

11)or
H

FD
(F

;
n
"

12).
N

B
,

norepinephrine
w

as
m

easured
in

6
of

the
anim

als
from

each
group.

E
rror

bars
are

S
E

M
indicating

variance
betw

een
anim

als.
#P

tim
e #

0.05,
##P

tim
e #

0.01,
###P

tim
e #

0.001
for

w
eek

0
vs

w
eek

3
w

ithin
each

group;
*P

g
ro

u
p #

0.05,
***P

g
ro

u
p #

0.001
for

controlvs
H

FD
at

w
eek

3.

P
rior

et
al

H
igh-F

at
D

iet-Induced
R

enal
Sym

pathetic
A

ctivation
863
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conducted
in

conscious
rabbits,

allow
ing

us
to

dem
onstrate

that
R

SN
A

responses
are

actually
m

arkedly
enhanced

after
feeding

an
H

FD
.Furtherm

ore,only
a

shortperiod
of

high-fat
feeding

in
rabbits

w
as

required
to

invoke
these

changes,
indicating

that
the

sym
pathetic

activation
is

pivotal
in

the
developm

ent
of

hypertension
rather

than
a

secondary
effect

produced
by

long-standing
obesity.T

his
appears

characteris-
tic

of
the

rabbitand
is

sim
ilar

to
previous

studies
w

here
H

FD
led

to
an

increase
in

M
A

P
and

H
R

after
only

1
w

eek
of

the
diet. 1

5
T

his
differs

from
previous

studies
of

diet-induced
obesity

w
here

selective
leptin

resistance
w

as
observed

after
prolonged

fat
feeding

in
m

ice. 1
0

,1
1

BD

*
*

3020100

-10

P
lin

AC

* P
lin

* P
lin

* P
lin

**

Figure
4.

C
hanges

(A
)and

percentage
changes

(B
)in

totalR
S

N
A

,
changes

in
sym

pathetic
burst

am
plitude

(C
)and

sym
pathetic

burst
frequency

(D
)from

baseline
after

IC
V

adm
inistration

of
vehicle

(R
inger’s

solution
show

n
as

bars
in

left
part

of
panel)or

increasing
doses

of
leptin

(show
n

as
lines

in
right

part
of

panel)in
rabbits

fed
a

control(!
and

sym
bols;

n
!

11)or
H

FD
(f

and
sym

bols;
n
!

12)for
3

w
eeks.

The
gray

dashed
line

represents
a

vehicle
tim

e
controlaveraged

from
both

groups.
E

rror
bars

are
S

E
M

indicating
variance

betw
een

anim
als.

*P
"

0.05
for

com
parisons

betw
een

groups.
*P

lin "
0.05

for
significance

of
linear

trend
effect

of
leptin.

*
*

**

**

**
***

***

***

***
***

***
***

†

†

†

†
†

†
†

†
†

Figure
5.

M
ean

num
ber

of
activated

neu-
rons

in
regions

of
the

hypothalam
us

and
brain

stem
as

detected
by

c-Fos
im

m
uno-

reactivity
induced

by
IC

V
infusion

of
leptin

(100
!

g)in
rabbits

fed
a

control(n
!

3;
!

)
or

H
FD

(n
!

3;
f

)for
4

w
eeks.

C
ontrol

injections
of

R
inger’s

(n
!

3;
u

).
*P

"
0.05,

**P
"

0.01,
***P

"
001

for
effect

of
leptin

com
pared

w
ith

controlinjections.
†P

"
0.05

for
the

effect
of

diet
on

response
to

leptin.
E

rror
bars

are
S

E
M

,
indicating

betw
een-anim

alvariance.
M

P
O

indicates
m

edialpreoptic
nucleus;

M
nP

O
,

m
edian

preoptic
nucleus;

pP
V

N
,

periventricular
paraventricular

nucleus
of

the
hypothala-

m
us;

rP
V

N
,

rostralparaventricular
nucleus;

S
O

N
,

supraoptic
nucleus;

A
R

C
,

arcuate
nucleus;

D
M

H
,

dorsom
edialhypo-

thalam
us;

V
M

H
,

ventrom
edialhypothala-

m
us;

A
P

,
area

postrem
a;

N
TS

,
nucleus

of
the

solitary
tract;

C
V

LM
,

caudalventrolat-
eralm

edulla;
R

V
LM

,
rostralventrolateral

m
edulla.

866
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52S
H

A
LL

A
JH

–M
A

Y
1997–V

O
L.

10,
N

O
.

5,
PA

R
T

2

obesity. 36
In

addition,the
increased

heart
rate

associ-
The

m
echanism

s
by

w
hich

obesity
activates

the
sym

pathetic
nervous

system
are

still
unknow

n.
O

ur
ated

w
ith

obesity
appeared

to
be

related
m

ainly
to

inhibition
ofparasym

pathetic
activity. 37Thus,obesity

previous
observations

suggest
that

obesity
is

associ-
ated

w
ith

m
arked

increases
in

intrarenal
pressures

m
ay

increase
sym

pathetic
activity

as
w

ellas
decrease

parasym
pathetic

activity.
that

could,theoretically,stim
ulate

renal
sym

pathetic
afferents

and
activate

centralpressorm
echanism

s.R
e-

In
further

studies,w
e

found
that

com
bined

a
-

and
b

-adrenergic
blockade

greatly
am

eliorated
the

devel-
cently

w
e

tested
this

possibility
by

determ
ining

w
hether

selective
rem

oval
of

renal
afferent

nerves,
opm

entofobesity
hypertension. 36M

oreover,renalde-
nervation

m
arkedly

attenuated
sodium

retention
and

w
hile

leaving
renalefferentfibers

intact,w
ould

atten-
uate

obesity
hypertension

in
dogs. 40

This
w

as
accom

-
hypertension

associated
w

ith
obesity. 38

U
sing

a
split-

bladder
preparation

com
bined

w
ith

unilateral
renal

plished
by

dorsal
root

rhizotom
y

betw
een

T-10
and

L-2
segm

ents,w
hich

convey
the

renalafferentnerves.
denervation,

w
e

found
that

innervated
kidneys

re-
tained

alm
ost

tw
ice

as
m

uch
sodium

as
denervated

O
ur

results
indicated

that
renal

afferent
denervation

did
not

blunt
the

sodium
retention

or
hypertension

kidneys
during

5
w

eeks
on

a
high

fat
diet. 38

Bilateral
renaldenervation

also
m

arkedly
blunted

the
develop-

associated
w

ith
feeding

a
high

fat
diet

for
5

w
eeks.

Thus,
although

activation
of

renal
efferent

sym
pa-

m
ent

ofhypertension
associated

w
ith

obesity
in

dogs
(Figure

3). 39
These

observations
suggest

that
sodium

thetic
fibers

contributes
to

sodium
retention

and
hy-

pertension,these
changes

do
notappearto

be
initiated

retention
and

im
paired

renal
pressure

natriuresis
in

obesity
is

dependent,in
part,on

increased
renalsym

-
through

afferentpathw
ays

originating
in

the
kidneys.

A
lthough

insulin
has

been
suggested

to
stim

ulate
pathetic

activity.
sym

pathetic
activity,even

in
the

absence
of

hypogly-
cem

ia, 18,19,22w
e

have
show

n
thatchronic

insulin
infu-

sion
into

the
cerebral

circulation
of

dogs
did

not
ele-

vate
arterial

pressure. 41
This

is
consistent

w
ith

our
previous

finding
that

hyperinsulinem
ia

m
ay

not
be

the
prim

ary
cause

of
increased

sym
pathetic

activity
or

hypertension
associated

w
ith

obesity. 24

A
notherpeptide

thathas
been

suggested
to

contrib-
ute

to
sym

pathetic
activation

in
obesity

is
leptin,the

productofthe
‘‘obese

gene’’thatis
defective

in
geneti-

cally
obese

(ob
/

ob
)m

ice,causing
decreased

produc-
tion

of
leptin. 42

In
contrast,

other
genetic

m
odels

of
obesity,such

as
the

db
/

db
m

ouse,w
hich

has
a

defect
in

the
leptin

receptor
expressed

in
the

hypothalm
us,

have
increased

production
ofleptin. 43Likew

ise,obese
hum

ans
have

increased
plasm

a
levels

of
leptin. 44

The
finding

thatanim
als

deficientin
leptin

produc-
tion

or
leptin

receptors
also

have
decreased

m
etabolic

activity
and

hypotherm
ia

is
consistentw

ith
the

possi-
bility

that
leptin

m
ay

interact
w

ith
its

hypothalm
us

receptors
to

reduce
food

consum
ption

and
activate

the
sym

pathetic
nervous

system
.Further

studies
are

necessary
to

determ
ine

w
hether

increased
circulating

leptin,atlevels
com

parable
to

those
found

in
obesity,

can
cause

chronic
activation

of
the

sym
pathetic

ner-
vous

system
and

hypertension.H
ow

ever,the
factthat

leptin
has

recently
been

show
n

to
decrease

renaltubu-
lar

reabsorption
suggests

thatthe
directeffects

on
the

kidney
m

ay
increase,

rather
than

decrease,
sodium

and
w

ater
excretion. 45

A
nother

potential
pathw

ay
by

w
hich

obesity
m

ay
activate

the
sym

pathetic
nervous

system
is

through
FIG

U
R

E
3.

Effects
of

5
w

eeks
of

a
high

fat
diet

on
arterial

increased
levelsoffatty

acids,w
hich

could
actdirectly

pressure
and

cum
ulative

sodium
retention

in
dogs

w
ith

inner-
on

the
vasom

otor
centers

of
the

brain
or

indirectly
vated

kidneys(control)and
bilaterally

denervated
kidneys(dener-

through
afferentpathw

ays
originating

in
the

liver.In-
vated).R

edraw
n

from
data

in
K

assab
etal.H

ypertension
25:893–

897,1995.
fusion

ofthe
free

fatty
acid

oleate
into

the
portalvein

/2107$$2249
04-13-97

20:37:27
eajha

EL:A
JH
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hypertension
has

sustained
effects

to
suppress

R
SN

A
and

prom
ote

sodium
excretion, 1

0
–

1
3

it
w

as
not

surprising
that

baroreflex
activation

had
pronounced

blood
pressure–low

er-
ing

effects
in

this
experim

ental
m

odel
of

obesity-induced
hypertension.

In
fact,

baroreflex
activation

com
pletely

abol-
ished

the
hypertension,

confirm
ing

our
previous

findings. 1
9

Furtherm
ore,

com
plete

elim
ination

of
the

hypertension
by

abrogating
the

sym
pathetic

drive
to

the
kidneys

by
renal

denervation
em

phasizes
the

im
portance

of
increased

R
SN

A
in

sustaining
the

hypertension.
T

he
finding

that
the

renal
nerves

are
of

param
ount

im
portance

in
sustaining

obesity-
induced

hypertension
is

consistent
w

ith
the

report
that

bilat-
eral

renal
denervation

before
w

eight
gain

prevented
the

developm
ent

of
obesity-related

hypertension
in

dogs
fed

a
high-fat

diet. 3
3

It
should

be
noted

that
the

absence
of

a
significant

increase
in

plasm
a

N
E

concentration
during

the
developm

ent
of

obesity
hypertension

in
the

present
study

is
notinconsistentw

ith
sym

pathetic
activation.Such

an
increase

in
plasm

a
N

E
concentration

probably
w

as
m

asked
by

in-
creases

in
extracellular

fluid
volum

e
(T

able
S1)

and
cardiac

output
associated

w
ith

the
w

eight
gain, 1

8
w

hich
w

ould
be

expected
to

low
er

circulating
levels

of
N

E
by

dilution
and

increased
tissue

extraction,respectively. 3
4

A
lthough

not
directly

evaluated,the
results

of
the

present
study

suggestthatactivation
of

the
renin-angiotensin

system
,

through
neurally

induced
renin

secretion,contributes
im

por-
tantly

to
obesity

hypertension.
It

should
be

pointed
out,

how
ever,thatalthough

increases
in

PR
A

have
been

reported
in

experim
ental

anim
als

and
in

hum
an

subjects
during

the
evolution

of
obesity-induced

hypertension, 2
,1

8
,2

8
,3

5
this

has
not

been
a

consistent
finding. 1

9
,3

3
,3

6
–

3
7

In
the

present
study,

PR
A

w
as

increased
above

control
levels

after
1

w
eek

of
fat

feeding
but

not
in

the
subsequent

developm
ental

or
estab-

lished
phases

of
the

hypertension.
T

he
tem

poral
changes

in
PR

A
during

the
developm

ent
of

obesity
hypertension

in
the

present
study

suggest
one

possible
explanation

for
the

vari-
able

PR
A

findings
reported

by
others.

T
hat

is,
although

the
progression

from
the

initial
to

the
m

ore
advanced

stages
of

obesity
hypertension

m
ay

be
associated

w
ith

persistentneural
stim

ulation
of

renin
secretion,

the
neural

drive
to

increase
renin

release
m

ay
be

partially
offset

in
tim

e
by

the
progres-

sive
increase

in
arterialpressure.M

ore
specifically,as

a
result

of
its

actions
to

prom
ote

sodium
reabsorption

in
the

proxim
al

tubule
and

loop
of

H
enle,

one
w

ay
increased

R
SN

A
stim

u-
lates

renin
secretion—

in
addition

to
directly

stim
ulating

juxtaglom
erular

cells—
is

by
reducing

sodium
chloride

deliv-
ery

to
the

m
acula

densa.In
tim

e,how
ever,the

rise
in

arterial
pressure,

concom
itant

w
ith

salt
and

w
ater

retention
and

expansion
ofextracellularfluid

volum
e,w

ould
be

expected
to

increase
sodium

delivery
to

the
m

acula
densa

and
thus

suppress
renin

secretion.T
his

w
ould

partially
counteract

the
directtubular

and
juxtaglom

erular
actions

of
the

renalnerves
favoring

renin
secretion.T

hus,the
m

ore
established

phases
of

obesity
hypertension

m
ay

be
associated

w
ith

only
subtle

increases
in

renin
secretion,noteasily

discerned
by

interm
it-

tent
m

easurem
ents

of
PR

A
.

N
onetheless,

this
does

not
dis-

count
the

im
portance

of
the

renin-angiotensin
system

in
the

hypertensive
process.

O
ne

could
argue

that
for

the
level

of
volum

e
expansion

and
the

prevailing
degree

of
hypertension

associated
w

ith
obesity,

PR
A

should
be

depressed,
not

norm
al.M

oreover,in
the

presentstudy,substantialreductions
in

PR
A

and
arterial

pressure
occurred

in
parallel

w
ith

both
system

ic
and

renal-specific
inhibition

ofsym
pathetic

activity,
pointing

to
the

im
portance

of
neurally-induced

renin
secre-

tion
in

contributing
to

the
hypertension.

Finally,
despite

the
equivocallevels

ofPR
A

reported
in

experim
entaland

clinical
studies,

chronic
adm

inistration
of

angiotensin
II

receptor
antagonists

or
angiotensin

converting
enzym

e
inhibitors

is
effective

in
reducing

elevated
blood

pressure
in

obese
ani-

m
als

and
hum

ans, 2
,3

8
,3

9
indicating

the
im

portance
of

the
renin-angiotensin

system
in

the
pathogenesis

of
the

hypertension.
A

lthough
both

baroreflex
activation

and
renal

denervation
suppressed

renin
secretion

and
blood

pressure,
these

m
anip-

ulations
differed

substantially
in

their
ability

to
dim

inish
the

system
ic

sym
pathoexcitation

of
obesity

hypertension.
T

he
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M
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La
activación

sim
pática

(R
SN

A)
renal

estim
ula

elR
AS.

(EngeliS. & Sharm
an A., J M

ol M
ed., 2001)

La
activación

del
R

AS
contribuye

a
la

lesión
glom

erular
y

la
pérdida

de
nefronas.

12

H
all, H

ypertension
1997. 

Efectos de la 
denervación en la 

función renal

ANTECEDENTES

AG
T: Angiotensinógeno

ANG
 II: Angiotensina II

RAS: “R
enin -Angiotensisn
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N
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(P
ontes R

.B
 et. al. A

m
 J P
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R
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Catheter-Based Renal D
enervation

expanded, and the guide catheter was pulled back to the 
aorta. !

e RF energy was applied, and ablations were m
ade 

along the renal artery, starting from
 the bifurcation and repo-

sitioned toward the ostium
 for additional ablations if the m

ain 
renal artery length perm

itted ablations at m
ultiple sites. !

e 
average power delivered was 4.6 watts, and the average tem

-
perature m

easured from
 the electrodes was 65 °C. A#er the 

RF ablations, renal angiogram
s were obtained again to con-

$rm
 the patency of the artery. !

e procedure was repeated 
in the contralateral renal artery to achieve bilateral RD. A#er 
RD, dogs were returned to the m

etabolic cages for hem
ody-

nam
ic and renal function m

easurem
ents for 8 weeks.

O
f the 9 dogs that underwent RD, 3 dogs had atypical 

renal anatom
y. O

ne dog had dual renal arteries, and only 1 of 
the renal arteries underwent RD. Two dogs had early bifur-
cations, with the m

ain renal artery length <10 m
m

. !
ese 3 

dogs were excluded from
 the data analysis.

Analytical m
ethods

Glom
erular $ltration rate (GFR) was estim

ated from
 the 

total clearance of 125I-iothalam
ate (Glo$l; Iso-Tex D

iagnostics, 
Friendswood, TX) biweekly as described previously. 12 !

e 
distribution space of 125I-iothalam

ate was used as an index of 
extracellular %uid volum

e. 5,12 Plasm
a renin activity was m

eas-
ured by radioim

m
unoassay (RIA) using 125I-labeled angioten-

sin I (New England Nuclear, Boston, M
A) and polyclonal rabbit 

antihum
an antibody (Arnel Products, New York, N

Y). Plasm
a 

insulin concentrations were m
easured by RIA (D

iagnostic 
Products, Los Angeles, CA). Renal tissue N

E values were 
m

easured using high-perform
ance liquid chrom

atography. At 
the end of the 8-week period, the dogs were anesthetized, and 6 
pieces of renal cortex tissue were collected per kidney, quickly 
weighed, and placed in liquid nitrogen. Sam

ples were then 
hom

ogenized in glutathione and ethylenediam
inetetraacetic 

acid (ED
TA) bu&er and centrifuged to rem

ove cell parts, and 
the supernatant was collected and frozen. All steps were per-
form

ed on ice or in a refrigerated centrifuge.

H
istological analyses

At the end of the 8-week period, the le# and right renal arter-
ies, from

 the aorta to the kidneys, were collected. !
e renal 

arteries were cut into equal transverse sections from
 the aorta 

to the kidney, $xed, and em
bedded in para'

n. !
is resulted 

in 6–13 blocks depending on the length of the renal artery. 
Five-m

icron sections were taken from
 all blocks processed. 

Sections of the m
ain renal artery were assigned to 1 of 3 areas: 

near the bifurcation (close to the kidney), the m
iddle section, 

and near the ostia. All sections were stained with hem
atoxylin 

and eosin. !
e observer was blinded to the source of tissue in 

the sections. Sections were exam
ined for the total num

ber of 
nerves, num

ber of injured nerves, and the distance m
easured 

from
 nerves to the renal artery lum

en-intim
a interface.

Statistical analyses

Control BP and renal function data obtained for dogs 
before the RD

 period were com
pared with data obtained for 

the sam
e dogs a#er the RD

 by using analysis of variance and 
D

unnett’s t test for m
ultiple com

parisons. 13 H
istologic data 

for obese RD
 dogs and obese dogs without RD

 were com
-

pared using the M
ann–W

hitney rank sum
 test. Statistical 

signi$cance was considered at a value of P < 0.05.

RESU
LTS

Body w
eight, BP, and G

FR data

Before the high-fat diet, the dogs weighed 22.0 ± 0.6 kg. 
At the end of the 5-week high-fat diet the dogs weighed 
31.5 ± 1.0 kg. At the end of the experim

ents, the dogs 
weighed 37.0 ± 1.3 kg, representing a 66%

 weight gain com
-

pared with their lean weights. SBP fell from
 157 ± 5 m

m
 

H
g during the control period to 133 ± 3 m

m
 H

g 8 weeks 
a#er RD

 (P < 0.01) (Figure 1). !
ere was a slight but insig-

ni$cant decrease in D
BP from

 88 ± 2 m
m

 g to 86 ± 2 m
m

 
H

g a#er RD
 (Figure 1). RD

 reduced M
AP by 9 m

m
 H

g at 
the end of the experim

ental period (Figure 1). All of the 
dogs had decreases in M

AP ranging from
 −2 m

m
H

g to 
−14 m

m
H

g. Figure 2 shows the weekly BP changes. M
AP 

and SBP dropped quickly the $rst 2 weeks a#er RD
 and 

then rem
ained reduced over the next 6 weeks. !

ere were 
no signi$cant changes in heart rate (control: 96 ± 3 vs. RD

: 
100 ± 6 beats per m

inute) or G
FR (control: 90.5 ± 4.9 vs. RD

: 
89.3 ± 4.0 m

l/m
inute a#er RD

 (Figure 3).
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R
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enervation

Figure 1. 
Average systolic blood pressure and m

ean arterial pressure 
during control (CO

N
) and for 8 w

eeks after renal denervation in obese 
dogs (n = 6). Each bar represents the average of 7 days of blood pressure 
m

easurem
ents, 18 hours a day, sam

pled in bursts of 12 seconds each 
m

inute at a rate of 500 sam
ples per second. *P < 0.05 vs. CO

N
.
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obesity. 36
In

addition,the
increased

heart
rate

associ-
The

m
echanism

s
by

w
hich

obesity
activates

the
sym

pathetic
nervous

system
are

still
unknow

n.
O

ur
ated

w
ith

obesity
appeared

to
be

related
m

ainly
to

inhibition
ofparasym

pathetic
activity. 37Thus,obesity

previous
observations

suggest
that

obesity
is

associ-
ated

w
ith

m
arked

increases
in

intrarenal
pressures

m
ay

increase
sym

pathetic
activity

as
w

ellas
decrease

parasym
pathetic

activity.
that

could,theoretically,stim
ulate

renal
sym

pathetic
afferents

and
activate

centralpressorm
echanism

s.R
e-

In
further

studies,w
e

found
that

com
bined

a
-

and
b

-adrenergic
blockade

greatly
am

eliorated
the

devel-
cently

w
e

tested
this

possibility
by

determ
ining

w
hether

selective
rem

oval
of

renal
afferent

nerves,
opm

entofobesity
hypertension. 36M

oreover,renalde-
nervation

m
arkedly

attenuated
sodium

retention
and

w
hile

leaving
renalefferentfibers

intact,w
ould

atten-
uate

obesity
hypertension

in
dogs. 40

This
w

as
accom

-
hypertension

associated
w

ith
obesity. 38

U
sing

a
split-

bladder
preparation

com
bined

w
ith

unilateral
renal

plished
by

dorsal
root

rhizotom
y

betw
een

T-10
and

L-2
segm

ents,w
hich

convey
the

renalafferentnerves.
denervation,

w
e

found
that

innervated
kidneys

re-
tained

alm
ost

tw
ice

as
m

uch
sodium

as
denervated

O
ur

results
indicated

that
renal

afferent
denervation

did
not

blunt
the

sodium
retention

or
hypertension

kidneys
during

5
w

eeks
on

a
high

fat
diet. 38

Bilateral
renaldenervation

also
m

arkedly
blunted

the
develop-

associated
w

ith
feeding

a
high

fat
diet

for
5

w
eeks.

Thus,
although

activation
of

renal
efferent

sym
pa-

m
entofhypertension

associated
w

ith
obesity

in
dogs

(Figure
3). 39

These
observations

suggest
that

sodium
thetic

fibers
contributes

to
sodium

retention
and

hy-
pertension,these

changes
do

notappearto
be

initiated
retention

and
im

paired
renal

pressure
natriuresis

in
obesity

is
dependent,in

part,on
increased

renalsym
-

through
afferentpathw

ays
originating

in
the

kidneys.
A

lthough
insulin

has
been

suggested
to

stim
ulate

pathetic
activity.

sym
pathetic

activity,even
in

the
absence

of
hypogly-

cem
ia, 18,19,22w

e
have

show
n

thatchronic
insulin

infu-
sion

into
the

cerebral
circulation

of
dogs

did
not

ele-
vate

arterial
pressure. 41

This
is

consistent
w

ith
our

previous
finding

that
hyperinsulinem

ia
m

ay
not

be
the

prim
ary

cause
of

increased
sym

pathetic
activity

or
hypertension

associated
w

ith
obesity. 24

A
notherpeptide

thathas
been

suggested
to

contrib-
ute

to
sym

pathetic
activation

in
obesity

is
leptin,the

productofthe
‘‘obese

gene’’thatis
defective

in
geneti-

cally
obese

(ob
/

ob
)m

ice,causing
decreased

produc-
tion

of
leptin. 42

In
contrast,

other
genetic

m
odels

of
obesity,such

as
the

db
/

db
m

ouse,w
hich

has
a

defect
in

the
leptin

receptor
expressed

in
the

hypothalm
us,

have
increased

production
ofleptin. 43Likew

ise,obese
hum

ans
have

increased
plasm

a
levels

of
leptin. 44

The
finding

thatanim
als

deficientin
leptin

produc-
tion

or
leptin

receptors
also

have
decreased

m
etabolic

activity
and

hypotherm
ia

is
consistentw

ith
the

possi-
bility

that
leptin

m
ay

interact
w

ith
its

hypothalm
us

receptors
to

reduce
food

consum
ption

and
activate

the
sym

pathetic
nervous

system
.Further

studies
are

necessary
to

determ
ine

w
hether

increased
circulating

leptin,atlevels
com

parable
to

those
found

in
obesity,

can
cause

chronic
activation

of
the

sym
pathetic

ner-
vous

system
and

hypertension.H
ow

ever,the
factthat

leptin
has

recently
been

show
n

to
decrease

renaltubu-
lar

reabsorption
suggests

thatthe
directeffects

on
the

kidney
m

ay
increase,

rather
than

decrease,
sodium

and
w

ater
excretion. 45

A
nother

potential
pathw

ay
by

w
hich

obesity
m

ay
activate

the
sym

pathetic
nervous

system
is

through
FIG

U
R

E
3.

Effects
of

5
w

eeks
of

a
high

fat
diet

on
arterial

increased
levelsoffatty

acids,w
hich

could
actdirectly

pressure
and

cum
ulative

sodium
retention

in
dogs

w
ith

inner-
on

the
vasom

otor
centers

of
the

brain
or

indirectly
vated

kidneys(control)and
bilaterally

denervated
kidneys(dener-

through
afferentpathw

ays
originating

in
the

liver.In-
vated).R

edraw
n

from
data

in
K

assab
etal.H

ypertension
25:893–

897,1995.
fusion

ofthe
free

fatty
acid

oleate
into

the
portalvein

/2107$$2249
04-13-97

20:37:27
eajha

EL:A
JH
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hypertension
has

sustained
effects

to
suppress

R
SN

A
and

prom
ote

sodium
excretion, 10

–13
it

w
as

not
surprising

that
baroreflex

activation
had

pronounced
blood

pressure–low
er-

ing
effects

in
this

experim
ental

m
odel

of
obesity-induced

hypertension.
In

fact,
baroreflex

activation
com

pletely
abol-

ished
the

hypertension,
confirm

ing
our

previous
findings. 19

Furtherm
ore,

com
plete

elim
ination

of
the

hypertension
by

abrogating
the

sym
pathetic

drive
to

the
kidneys

by
renal

denervation
em

phasizes
the

im
portance

of
increased

R
SN

A
in

sustaining
the

hypertension.
T

he
finding

that
the

renal
nerves

are
of

param
ount

im
portance

in
sustaining

obesity-
induced

hypertension
is

consistent
w

ith
the

report
that

bilat-
eral

renal
denervation

before
w

eight
gain

prevented
the

developm
ent

of
obesity-related

hypertension
in

dogs
fed

a
high-fat

diet. 33
It

should
be

noted
that

the
absence

of
a

significant
increase

in
plasm

a
N

E
concentration

during
the

developm
ent

of
obesity

hypertension
in

the
present

study
is

notinconsistentw
ith

sym
pathetic

activation.Such
an

increase
in

plasm
a

N
E

concentration
probably

w
as

m
asked

by
in-

creases
in

extracellular
fluid

volum
e

(T
able

S1)
and

cardiac
output

associated
w

ith
the

w
eight

gain, 18
w

hich
w

ould
be

expected
to

low
er

circulating
levels

of
N

E
by

dilution
and

increased
tissue

extraction,respectively. 34

A
lthough

not
directly

evaluated,the
results

of
the

present
study

suggestthatactivation
of

the
renin-angiotensin

system
,

through
neurally

induced
renin

secretion,contributes
im

por-
tantly

to
obesity

hypertension.
It

should
be

pointed
out,

how
ever,thatalthough

increases
in

PR
A

have
been

reported
in

experim
ental

anim
als

and
in

hum
an

subjects
during

the
evolution

of
obesity-induced

hypertension, 2,18,28,35
this

has
not

been
a

consistent
finding. 19,33,36

–37
In

the
present

study,
PR

A
w

as
increased

above
control

levels
after

1
w

eek
of

fat
feeding

but
not

in
the

subsequent
developm

ental
or

estab-
lished

phases
of

the
hypertension.

T
he

tem
poral

changes
in

PR
A

during
the

developm
ent

of
obesity

hypertension
in

the
present

study
suggest

one
possible

explanation
for

the
vari-

able
PR

A
findings

reported
by

others.
T

hat
is,

although
the

progression
from

the
initial

to
the

m
ore

advanced
stages

of

obesity
hypertension

m
ay

be
associated

w
ith

persistentneural
stim

ulation
of

renin
secretion,

the
neural

drive
to

increase
renin

release
m

ay
be

partially
offset

in
tim

e
by

the
progres-

sive
increase

in
arterialpressure.M

ore
specifically,as

a
result

of
its

actions
to

prom
ote

sodium
reabsorption

in
the

proxim
al

tubule
and

loop
of

H
enle,

one
w

ay
increased

R
SN

A
stim

u-
lates

renin
secretion—

in
addition

to
directly

stim
ulating

juxtaglom
erular

cells—
is

by
reducing

sodium
chloride

deliv-
ery

to
the

m
acula

densa.In
tim

e,how
ever,the

rise
in

arterial
pressure,

concom
itant

w
ith

salt
and

w
ater

retention
and

expansion
ofextracellularfluid

volum
e,w

ould
be

expected
to

increase
sodium

delivery
to

the
m

acula
densa

and
thus

suppress
renin

secretion.T
his

w
ould

partially
counteract

the
directtubular

and
juxtaglom

erular
actions

of
the

renalnerves
favoring

renin
secretion.T

hus,the
m

ore
established

phases
of

obesity
hypertension

m
ay

be
associated

w
ith

only
subtle

increases
in

renin
secretion,noteasily

discerned
by

interm
it-

tent
m

easurem
ents

of
PR

A
.

N
onetheless,

this
does

not
dis-

count
the

im
portance

of
the

renin-angiotensin
system

in
the

hypertensive
process.

O
ne

could
argue

that
for

the
level

of
volum

e
expansion

and
the

prevailing
degree

of
hypertension

associated
w

ith
obesity,

PR
A

should
be

depressed,
not

norm
al.M

oreover,in
the

presentstudy,substantialreductions
in

PR
A

and
arterial

pressure
occurred

in
parallel

w
ith

both
system

ic
and

renal-specific
inhibition

ofsym
pathetic

activity,
pointing

to
the

im
portance

of
neurally-induced

renin
secre-

tion
in

contributing
to

the
hypertension.

Finally,
despite

the
equivocallevels

ofPR
A

reported
in

experim
entaland

clinical
studies,

chronic
adm

inistration
of

angiotensin
II

receptor
antagonists

or
angiotensin

converting
enzym

e
inhibitors

is
effective

in
reducing

elevated
blood

pressure
in

obese
ani-

m
als

and
hum

ans, 2,38,39
indicating

the
im

portance
of

the
renin-angiotensin

system
in

the
pathogenesis

of
the

hypertension.
A

lthough
both

baroreflex
activation

and
renaldenervation

suppressed
renin

secretion
and

blood
pressure,these

m
anip-

ulations
differed

substantially
in

their
ability

to
dim

inish
the

system
ic

sym
pathoexcitation

of
obesity

hypertension.
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p
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R
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c
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c
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c
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c
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c
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ANTECEDENTES
elevated

R
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A
and

subsequent
increase
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renin.

Indeed,
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ofthe
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high-fatfeeding

attenuates
the

hypertension,
reduces

the
tachycardia,

and
norm

alizes
sodium

balance. 5
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6
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inistra-
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an
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required
to

invoke
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indicating

that
the

sym
pathetic

activation
is
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rather
than
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secondary

effect

produced
by
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lin

AC

* P
lin

* P
lin

* P
lin

**

Figure
4.C

hanges
(A)and

percentage
changes

(B)in
totalRSN

A,changes
in

sym
pathetic

burstam
plitude

(C
)and

sym
pathetic

burst
frequency

(D)from
baseline

afterIC
V

adm
inistration

ofvehicle
(Ringer’s

solution
show

n
as

bars
in

leftpartofpanel)orincreasing
doses

ofleptin
(show

n
as

lines
in

rightpartofpanel)in
rabbits

fed
a

control(!
and

sym
bols;n!

11)orH
FD

(f
and

sym
bols;n!

12)for3
w

eeks.The
gray

dashed
line

represents
a

vehicle
tim

e
controlaveraged

from
both

groups.Errorbars
are

SEM
indicating

variance
betw

een
anim

als.*P"
0.05

forcom
parisons

betw
een

groups.*P
lin "

0.05
forsignificance

oflineartrend
effectofleptin.

*
*

**

**

**
***

*** ***

***
***

***
***

†

†

†

†
†

†
†

†
†

Figure
5.M

ean
num

berofactivated
neu-

rons
in

regions
ofthe

hypothalam
us

and
brain

stem
as

detected
by

c-Fos
im

m
uno-

reactivity
induced

by
IC

V
infusion

ofleptin
(100

!g)in
rabbits

fed
a

control(n!
3;!

)
orH

FD
(n!

3;f
)for4

w
eeks.C

ontrol
injections

ofRinger’s
(n!

3;u
).*P"

0.05,
**P"

0.01,***P"
001

foreffectofleptin
com

pared
w

ith
controlinjections.

†P"
0.05

forthe
effectofdieton

response
to

leptin.Errorbars
are

SEM
,indicating

betw
een-anim

alvariance.M
PO

indicates
m

edialpreoptic
nucleus;M

nPO
,m

edian
preoptic

nucleus;pPVN
,periventricular

paraventricularnucleus
ofthe

hypothala-
m

us;rPVN
,rostralparaventricular

nucleus;SO
N

,supraoptic
nucleus;ARC

,
arcuate

nucleus;DM
H

,dorsom
edialhypo-

thalam
us;VM

H
,ventrom

edialhypothala-
m

us;AP,area
postrem

a;N
TS,nucleus

of
the

solitary
tract;C

VLM
,caudalventrolat-

eralm
edulla;RVLM

,rostralventrolateral
m

edulla.
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excretion
and

urine
output.

T
he

ability
of

leptin
to

increase
natriuresis

is
caused

by
a

decrease
in

N
a

!
transport

in
the

tubules,w
ith

w
ork

by
B

ełtow
skietal.(8)identifying

thatacute
leptin

exposure
decreases

N
a

!
/K

!
pum

p
(N

a
!

-K
!

-A
T

Pase)
activity.

Several
studies

have
now

dem
onstrated

that
acute

leptin
infusion

stim
ulates

the
release

of
nitric

oxide
(N

O
)

in
endothelialcells

and
blood

vessels
(74),w

ith
N

O
being

show
n

to
decrease

N
a

!
reabsorption

in
the

tubules
by

decreasing
N

a
!

-K
!

-A
T

Pase
(58).T

herefore,acute
leptin

exposure
in

the
kidney

m
ay

increase
N

O
expression

in
an

attem
pt

to
regulate

obesity-associated
hypertension.

H
ow

ever,
chronic

leptin
ex-

posure
further

com
pounds

hypertension
in

the
obese

by
in-

creasing
renal

sym
pathetic

activity.
C

hronic
hyperleptinem

ia
has

been
show

n
to

increase
the

activity
of

N
a

!
-K

!
-A

T
Pase,

causing
N

a
!

retention
(7)

by
either

increased
renal

SN
S

activity
and/or

decreased
N

O
production

(7).B
ełtow

ski
et

al.
(9)

identified
that

hyperleptinem
ia

causes
N

O
deficiency

pri-
m

arily
due

to
increased

renal
oxidative

stress,
w

hich
inhibits

the
protective

role
of

N
O

in
increasing

N
a

!
excretion

(9).
L

eptin
predom

inantly
binds

to
the

leptin
receptor

(O
b-R

)
in

m
osttissues,w

hich
is

capable
ofactivating

dow
nstream

signal
transduction

pathw
ays

(3).
T

he
long

isoform
of

the
leptin

receptor
(O

b-R
b)

has
been

show
n

to
activate

JA
K

/ST
A

T
(10)

and
M

A
PK

pathw
ays

(3,
6).

H
ow

ever,
leptin

can
activate

a
num

ber
of

cell
signaling

pathw
ays

in
a

cell-specific
m

anner,
and,thus,the

effectof
altered

levels
of

leptin
on

the
kidney

is
an

em
erging

area
of

research.In
vitro,leptin

can
alter

glom
er-

ular
cell

size
via

activation
of

the
M

A
PK

pathw
ay

through
E

R
K

1/2
(15,

45).
Specifically

elevated
levels

of
leptin

cause
hypertrophy

in
glom

erular
m

esangial
cells

via
activation

of
phosphoinositide

3-kinase
and

E
R

K
1/2

(Fig.1)
(45).G

lom
er-

ular
m

esangial
hypertrophy

increases
the

am
ount

of
filtered

protein
and

album
in

reaching
the

PT
C

s
activating

fibrotic
and

inflam
m

atory
pathw

ays
(77,

79).
In

addition,
exposure

to

elevated
leptin

results
in

an
accum

ulation
of

collagen
and

an
upregulation

of
T

G
F-"

1
secretion

from
glom

erular
endothelial

cells
in

vitro
(78).

In
vivo,

increased
T

G
F-"

1
could

cause
thickening

of
the

basem
entm

em
brane,leading

to
the

develop-
m

ent
of

glom
erulosclerosis

(Fig.1)
(78).H

ow
ever,the

direct
link

betw
een

leptin
and

T
G

F-"
1

secretion
in

the
glom

erulus
in

vivo
has

not
been

dem
onstrated.

In
vitro,

T
G

F-"
has

been
show

n
to

increase
collagen

synthesis,
w

hich
could

cause
ex-

tracellular
m

atrix
accum

ulation
and,

ultim
ately,

fibrosis
(79).

H
ow

ever,others
(44)

have
show

n
thatelevated

leptin
induces

the
expression

ofm
atrix

m
etalloproteinase-2

in
m

esangialcells
w

ithout
altered

expression
of

collagen
types

I
and

IV
.Im

por-
tantly,

in
vivo,

W
olf

et
al.

(78)
dem

onstrated
that

leptin
infusion

into
rats

for
3

w
k

caused
an

increase
in

collagen
type

IV
expression

in
the

glom
erulus.

D
espite

the
obvious

differ-
ences

betw
een

in
vitro

and
in

vivo
experim

entation,the
study

by
W

olfetal.(78)m
ay

notrepresenta
true

pathophysiological
condition

as
the

levels
of

leptin
thatw

ere
infused

w
ere

signif-
icantly

higher
than

those
detected

in
obesity.

C
onversely,

in
PT

C
s,acute

leptin
exposure

reduces
cellularm

etabolic
activity

by
the

activation
of

the
m

am
m

alian
target

of
rapam

ycin
and

also
reduces

the
protein

contentpercell(Fig.1)(12).R
esearch

by
H

am
a

etal.(28)
identified

thatm
egalin

is
the

sole
receptor

responsible
for

leptin
reuptake

in
the

kidney,w
ith

histological
sections

of
kidneys

from
rats

that
w

ere
infused

w
ith

a
radio-

active
labeled

leptin
show

ing
that

leptin
uptake

occurs
in

the
proxim

al
convoluted

tubule,
w

hich
lacks

O
b-R

.
Im

portantly,
research

by
Z

ou
et

al.
(82)

identified
that

another
m

egalin
ligand,

vitam
in

D
-binding

protein,
is

able
to

cause
regulated

intram
em

brane
proteolysis

of
m

egalin
w

ith
the

cytosolic
frag-

m
ent

translocating
to

the
nucleus,

w
hich

m
ay

be
able

to
activate

signaltransduction
pathw

ays.R
ecently,anothergroup

(66)
has

determ
ined

thatm
egalin

is
trafficked

to
the

endocytic
recycling

com
partm

entin
L

2
ratyolk

sac
cells

for
proteolytic

A

M
esangial cells

Afferent arteriole
Efferent arteriole

C
apillaries

Podocytes
Proxim

al tubule

Protein/album
in

B

Basem
ent m

em
brane

Adipokine
G
lom

erulus
Proxim

al
Tubule

Result

↑ leptin
M

esangialcell  
hypertrophy; 
Basem

ent 
m

em
brane 

thickening

↓ m
etabolic

activity; ↓ 
protein

content per 
cell

Album
inuria; 

G
lom

erular
sclerosis; 

Activation of 
apoptotic 
pathw

ays

↓ adiponectin
Fusion of 
podocytes

↓ AM
PK

Album
inuria; ↓ 

G
FR

; Tubular 
inflam

m
ation

↑ resistin
?

?
↓ G

FR
;Tubular 

inflam
m

ation

↑ visfatin
O

xidative
stress

?
Altered G

FR

Fig.1.A
dipokine-induced

changes
to

the
glom

erulus
and

proxim
altubule.A

:a
norm

alglom
erulus

and
proxim

altubule
in

the
nephron

w
ith

key
cells

identified.
B

:changes
in

the
plasm

a
concentrations

of
each

adipokine
observed

in
obesity.T

he
effects

thatthese
changes

in
adipokine

levels
have

on
the

structure
of

the
glom

erulus
and

proxim
altubule

cells
are

show
n.A

llof
these

adipokines
in

obesity
lead

to
changes

in
the

glom
erular

filtration
rate

(G
FR

)
and/or

an
increase

in
album

inuria
or

proteinuria.T
hese

changes
are

characteristic
of

chronic
kidney

disease.A
M

PK
,A

M
P-activated

protein
kinase.
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La
actividad

sim
pática

y
eldaño

renalson
directam

ente
proporcionales

a
la

concentración
plasm

ática
de

Leptina.

of
vehicle

had
no

statistically
significanteffecton

param
eters

except
for

a
5%

increase
in

H
R

from
baseline

in
the

H
FD

group
(P

!
0.02;Figure

3).Subsequentvehicle
adm

inistration
(IC

V
)

caused
no

further
changes

to
M

A
P,

H
R

,
or

R
SN

A
(Figure

3).
L

eptin
adm

inistration
produced

dose-dependant
increases

in
M

A
P

and
H

R
in

both
groups,butthe

tachycardia
in

control
rabbits

w
as

greater
than

that
in

H
FD

rabbits
(P

g
ro

u
p
s "

0.001;
Figure

3).
L

eptin
evoked

dose-dependent
increases

in
R

SN
A

in
H

FD
-fed

rabbits
(expressed

as
total,

percentage
total,

and
burst

am
plitude

change
from

vehicle)
and

in
the

control
rabbits

only
w

hen
total

R
SN

A
w

as
expressed

as
a

percentage
change

from
vehicle

(Figure
4).

T
he

leptin-induced
increases

in
total

R
SN

A
w

ere
5-fold

greater
in

H
FD

rabbits
com

pared
w

ith
controls

(Figure
4).

Intravenous
leptin

adm
inistration

(5,10,50,and
100

!
g)

did
not

produce
any

dose-dependent
changes

in
M

A
P,

H
R

,
or

R
SN

A
in

either
group

(Figure
S3).

E
ffect

of
IC

V
A

dm
inistration

of
L

eptin
on

H
ypothalam

ic
c-F

os
A

ctivation
R

epresentative
photom

icrographs
through

the
rostral

para-
ventricular

nucleus
of

the
hypothalam

us
(PV

N
)

and
m

edial
preoptic

nucleus
are

show
n

in
Figure

S4.
A

fter
IC

V
leptin

injection,
rabbits

fed
an

H
FD

had
30%

to
50%

few
er

c-Fos-positive
cells

com
pared

w
ith

control
rabbits

in
all

of
the

hypothalam
ic

areas
exam

ined,
except

for
the

ventrom
e-

dial
hypothalam

us
(V

M
H

),
w

here
a

low
num

ber
of

c-Fos-
positive

cells
w

as
observed

in
both

groups
(Figure

5).T
here

w
as

very
little

activation
by

leptin
w

ithin
the

m
edulla

(Figure
5).

D
iscussion

T
he

m
ajor

findings
of

the
current

study
are

that
short-term

high-fatfeeding
in

rabbits
is

associated
w

ith
activation

of
the

SN
S,elevated

blood
pressure,and

H
R

and
that

this
occurred

w
ith

only
a

m
odest

increase
in

body
w

eight
but

a
large

increase
in

W
A

T
m

ass.
A

lthough
the

hypertension
and

tachycardia
are

consistent
w

ith
previous

observations, 5
,1

5
the

finding
thathigh-fatfeeding

is
associated

w
ith

greater
R

SN
A

m
easured

directly
via

a
nerve

recording
in

a
conscious

anim
al

is
novel.

T
he

increase
in

R
SN

A
is

attributed
to

increased
sym

pathetic
burstam

plitude,suggesting
either

recruitm
entof

sym
pathetic

units
or

m
ultiple

firing
w

ithin
the

burstof
active

fibers. 2
8

B
y

contrast,the
frequency

of
bursts

w
as

unchanged
and

actually
decreased

if
the

higher
H

R
w

as
considered

(ie,
bursts

per
heartbeat

decreased
in

fat-fed
rabbits).

B
ecause

plasm
a

norepinephrine
concentrations

w
ere

raised
substan-

tially
in

H
FD

–fed
anim

als,
the

SN
S

activation
m

ay
not

be
lim

ited
to

the
renal

vasculature
and

m
ay

reflect
SN

S
activa-

tion
of

other
visceral

beds
as

w
ell.

H
ence,

these
findings

provide
direct

evidence
supporting

the
hypothesis

that
the

activation
of

the
SN

S
associated

w
ith

high-fat
feeding

and
W

A
T

accum
ulation

can
contribute

to
the

hypertension
in-

duced
by

obesity.
T

he
m

echanism
m

ay
w

ell
involve

central
activation

of
sym

pathetic
pathw

ays
by

greater
levels

of
leptin,

because
fat-fed

rabbits
had

greater
R

SN
A

responses
to

IC
V

leptin
com

pared
w

ith
control

rabbits,
and

there
w

as
a

very
strong

relationship
am

ong
plasm

a
leptin,blood

pressure,and
R

SN
A

.
Interestingly,

rabbits
fed

an
H

FD
w

ere
observed

to
have

a
reduced

num
ber

of
cells

expressing
c-Fos

in
all

of
the

hypothalam
ic

nucleiactivated
by

leptin
including

the
arcuate

nucleus
(A

R
C

),dorsom
edialhypothalam

us,and
PV

N
,w

hich
are

im
portant

in
both

the
appetite

and
sym

pathetic
actions

of
leptin.T

aken
together,these

findings
suggestthatthe

general
reduction

of
leptin-activated

cells
in

the
hypothalam

us
of

H
FD

rabbits,w
hich

is
indicative

of
a

centralleptin
resistance,

does
notreflectthose

pathw
ays

m
ediating

the
cardiovascular

and
R

SN
A

responses
to

leptin
in

these
H

FD
anim

als.
A

num
ber

of
studies

have
suggested

that
the

nucleus
of

the
solitary

tract
is

a
m

ajor
sym

patho-excitatory
site

of
central

leptin, 2
9
,3

0
but

w
e

found
little

evidence
in

the
current

study
suggesting

thatthe
nucleus

of
the

solitary
tractor

other
brain

stem
regions

w
ere

activated,
suggesting

m
ainly

a
hypotha-

lam
ic

m
echanism

.
E

vidence
for

“selective
leptin

resistance”
first

cam
e

from
the

agouti
yellow

obese
m

ice,
w

hich
show

ed
preserved

pressor
actions

of
leptin

despite
resistance

to
the

appetite
and

w
eight-reducing

effects. 2
0
,2

1
M

ore
recently,

studies
in

diet-
induced

obesity
in

m
ice

have
revealed

this
sam

e
phenom

e-
non. 1

0
,1

1
H

ow
ever,these

previous
studies

w
ere

conducted
on

anesthetized
m

ice
in

w
hich

differences
in

baseline
nerve

activity
cannotbe

accounted
for,thus

lim
iting

the
validity

of
com

paring
sym

patho-excitatory
responses

betw
een

groups.
T

he
advantage

of
the

current
study

is
that

experim
ents

w
ere

AB

*

*

*
*

*

*

Vehicle                  5              10             50           100
D

ose of leptin (µg)
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630-320100

-10
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Fig
ure

3.
Left,

C
hanges

from
b

aseline
in

M
A

P
(A

)and
H

R
(B

)
after

IC
V

ad
m

inistration
of

vehicle
(R

inger’s
solution,

50
!

L)in
rab

b
its

fed
a

control(!
;

n
!

14)or
H

FD
(f

;
n
!

14)for
3

w
eeks.

R
ight,

30-m
inute

averages
of

the
changes

in
M

A
P

(top
)and

H
R

(b
ottom

)from
vehicle

(left)after
IC

V
ad

m
inistration

of
lep

tin
to

control(E
)and

H
FD

(F
)rab

b
its.

The
gray

d
ashed

line
rep

resents
a

vehicle
tim

e
controlaveraged

from
b

oth
group

s.
E

rror
b

ars
are

S
E

M
ind

icating
variance

b
etw

een
anim

als.
*P

"
0.05

for
com

p
ari-
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b

etw
een

group
s.
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lin "
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for
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trend

effect
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tin.

P
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H
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R
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La activación sim
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S
R

A renal.
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an
A
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ol M
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Catheter-Based Renal D
enervation

expanded, and the guide catheter was pulled back to the 
aorta. !

e RF energy was applied, and ablations were m
ade 

along the renal artery, starting from
 the bifurcation and repo-

sitioned toward the ostium
 for additional ablations if the m

ain 
renal artery length perm

itted ablations at m
ultiple sites. !

e 
average power delivered was 4.6 watts, and the average tem

-
perature m

easured from
 the electrodes was 65 °C. A#er the 

RF ablations, renal angiogram
s were obtained again to con-

$rm
 the patency of the artery. !

e procedure was repeated 
in the contralateral renal artery to achieve bilateral RD. A#er 
RD, dogs were returned to the m

etabolic cages for hem
ody-

nam
ic and renal function m

easurem
ents for 8 weeks.

O
f the 9 dogs that underwent RD, 3 dogs had atypical 

renal anatom
y. O

ne dog had dual renal arteries, and only 1 of 
the renal arteries underwent RD. Two dogs had early bifur-
cations, with the m

ain renal artery length <10 m
m

. !
ese 3 

dogs were excluded from
 the data analysis.

Analytical m
ethods

Glom
erular $ltration rate (GFR) was estim

ated from
 the 

total clearance of 125I-iothalam
ate (Glo$l; Iso-Tex D

iagnostics, 
Friendswood, TX) biweekly as described previously. 12 !

e 
distribution space of 125I-iothalam

ate was used as an index of 
extracellular %uid volum

e. 5,12 Plasm
a renin activity was m

eas-
ured by radioim

m
unoassay (RIA) using 125I-labeled angioten-

sin I (New England Nuclear, Boston, M
A) and polyclonal rabbit 

antihum
an antibody (Arnel Products, New York, N

Y). Plasm
a 

insulin concentrations were m
easured by RIA (D

iagnostic 
Products, Los Angeles, CA). Renal tissue N

E values were 
m

easured using high-perform
ance liquid chrom

atography. At 
the end of the 8-week period, the dogs were anesthetized, and 6 
pieces of renal cortex tissue were collected per kidney, quickly 
weighed, and placed in liquid nitrogen. Sam

ples were then 
hom

ogenized in glutathione and ethylenediam
inetetraacetic 

acid (ED
TA) bu&er and centrifuged to rem

ove cell parts, and 
the supernatant was collected and frozen. All steps were per-
form

ed on ice or in a refrigerated centrifuge.

H
istological analyses

At the end of the 8-week period, the le# and right renal arter-
ies, from

 the aorta to the kidneys, were collected. !
e renal 

arteries were cut into equal transverse sections from
 the aorta 

to the kidney, $xed, and em
bedded in para'

n. !
is resulted 

in 6–13 blocks depending on the length of the renal artery. 
Five-m

icron sections were taken from
 all blocks processed. 

Sections of the m
ain renal artery were assigned to 1 of 3 areas: 

near the bifurcation (close to the kidney), the m
iddle section, 

and near the ostia. All sections were stained with hem
atoxylin 

and eosin. !
e observer was blinded to the source of tissue in 

the sections. Sections were exam
ined for the total num

ber of 
nerves, num

ber of injured nerves, and the distance m
easured 

from
 nerves to the renal artery lum

en-intim
a interface.

Statistical analyses

Control BP and renal function data obtained for dogs 
before the RD

 period were com
pared with data obtained for 

the sam
e dogs a#er the RD

 by using analysis of variance and 
D

unnett’s t test for m
ultiple com

parisons. 13 H
istologic data 

for obese RD
 dogs and obese dogs without RD

 were com
-

pared using the M
ann–W

hitney rank sum
 test. Statistical 

signi$cance was considered at a value of P < 0.05.

RESU
LTS

Body w
eight, BP, and G

FR data

Before the high-fat diet, the dogs weighed 22.0 ± 0.6 kg. 
At the end of the 5-week high-fat diet the dogs weighed 
31.5 ± 1.0 kg. At the end of the experim

ents, the dogs 
weighed 37.0 ± 1.3 kg, representing a 66%

 weight gain com
-

pared with their lean weights. SBP fell from
 157 ± 5 m

m
 

H
g during the control period to 133 ± 3 m

m
 H

g 8 weeks 
a#er RD

 (P < 0.01) (Figure 1). !
ere was a slight but insig-

ni$cant decrease in D
BP from

 88 ± 2 m
m

 g to 86 ± 2 m
m

 
H

g a#er RD
 (Figure 1). RD

 reduced M
AP by 9 m

m
 H

g at 
the end of the experim

ental period (Figure 1). All of the 
dogs had decreases in M

AP ranging from
 −2 m

m
H

g to 
−14 m

m
H

g. Figure 2 shows the weekly BP changes. M
AP 

and SBP dropped quickly the $rst 2 weeks a#er RD
 and 

then rem
ained reduced over the next 6 weeks. !

ere were 
no signi$cant changes in heart rate (control: 96 ± 3 vs. RD

: 
100 ± 6 beats per m

inute) or G
FR (control: 90.5 ± 4.9 vs. RD

: 
89.3 ± 4.0 m

l/m
inute a#er RD

 (Figure 3).
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Figure 1. 
Average systolic blood pressure and m

ean arterial pressure 
during control (CO

N
) and for 8 w

eeks after renal denervation in obese 
dogs (n = 6). Each bar represents the average of 7 days of blood pressure 
m

easurem
ents, 18 hours a day, sam

pled in bursts of 12 seconds each 
m

inute at a rate of 500 sam
ples per second. *P < 0.05 vs. CO

N
.
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T
he

ability
of

leptin
to

increase
natriuresis

is
caused

by
a

decrease
in

N
a

!
transport

in
the

tubules,w
ith

w
ork

by
B

ełtow
skietal.(8)identifying

thatacute
leptin

exposure
decreases

N
a

!
/K

!
pum

p
(N

a
!

-K
!

-A
T

Pase)
activity.

Several
studies

have
now

dem
onstrated

that
acute

leptin
infusion

stim
ulates

the
release

of
nitric

oxide
(N

O
)

in
endothelialcells

and
blood

vessels
(74),w

ith
N

O
being

show
n

to
decrease

N
a

!
reabsorption

in
the

tubules
by

decreasing
N

a
!

-K
!

-A
T

Pase
(58).T

herefore,acute
leptin

exposure
in

the
kidney

m
ay

increase
N

O
expression

in
an

attem
pt

to
regulate

obesity-associated
hypertension.

H
ow

ever,
chronic

leptin
ex-

posure
further

com
pounds

hypertension
in

the
obese

by
in-

creasing
renal

sym
pathetic

activity.
C

hronic
hyperleptinem

ia
has

been
show

n
to

increase
the

activity
of

N
a

!
-K

!
-A

T
Pase,

causing
N

a
!

retention
(7)

by
either

increased
renal

SN
S

activity
and/or

decreased
N

O
production

(7).
B

ełtow
ski

et
al.

(9)
identified

that
hyperleptinem

ia
causes

N
O

deficiency
pri-

m
arily

due
to

increased
renal

oxidative
stress,

w
hich

inhibits
the

protective
role

of
N

O
in

increasing
N

a
!

excretion
(9).

L
eptin

predom
inantly

binds
to

the
leptin

receptor
(O

b-R
)

in
m

osttissues,w
hich

is
capable

of
activating

dow
nstream

signal
transduction

pathw
ays

(3).
T

he
long

isoform
of

the
leptin

receptor
(O

b-R
b)

has
been

show
n

to
activate

JA
K

/ST
A

T
(10)

and
M

A
PK

pathw
ays

(3,
6).

H
ow

ever,
leptin

can
activate

a
num

ber
of

cell
signaling

pathw
ays

in
a

cell-specific
m

anner,
and,thus,the

effectof
altered

levels
of

leptin
on

the
kidney

is
an

em
erging

area
of

research.In
vitro,leptin

can
alter

glom
er-

ular
cell

size
via

activation
of

the
M

A
PK

pathw
ay

through
E

R
K

1/2
(15,

45).
Specifically

elevated
levels

of
leptin

cause
hypertrophy

in
glom

erular
m

esangial
cells

via
activation

of
phosphoinositide

3-kinase
and

E
R

K
1/2

(Fig.1)
(45).G

lom
er-

ular
m

esangial
hypertrophy

increases
the

am
ount

of
filtered

protein
and

album
in

reaching
the

PT
C

s
activating

fibrotic
and

inflam
m

atory
pathw

ays
(77,

79).
In

addition,
exposure

to

elevated
leptin

results
in

an
accum

ulation
of

collagen
and

an
upregulation

of
T

G
F-"

1
secretion

from
glom

erular
endothelial

cells
in

vitro
(78).

In
vivo,

increased
T

G
F-"

1
could

cause
thickening

of
the

basem
entm

em
brane,leading

to
the

develop-
m

ent
of

glom
erulosclerosis

(Fig.
1)

(78).
H

ow
ever,

the
direct

link
betw

een
leptin

and
T

G
F-"

1
secretion

in
the

glom
erulus

in
vivo

has
not

been
dem

onstrated.
In

vitro,
T

G
F-"

has
been

show
n

to
increase

collagen
synthesis,

w
hich

could
cause

ex-
tracellular

m
atrix

accum
ulation

and,
ultim

ately,
fibrosis

(79).
H

ow
ever,others

(44)
have

show
n

that
elevated

leptin
induces

the
expression

ofm
atrix

m
etalloproteinase-2

in
m

esangialcells
w

ithout
altered

expression
of

collagen
types

I
and

IV
.Im

por-
tantly,

in
vivo,

W
olf

et
al.

(78)
dem

onstrated
that

leptin
infusion

into
rats

for
3

w
k

caused
an

increase
in

collagen
type

IV
expression

in
the

glom
erulus.

D
espite

the
obvious

differ-
ences

betw
een

in
vitro

and
in

vivo
experim

entation,the
study

by
W

olfetal.(78)m
ay

notrepresenta
true

pathophysiological
condition

as
the

levels
of

leptin
thatw

ere
infused

w
ere

signif-
icantly

higher
than

those
detected

in
obesity.

C
onversely,

in
PT

C
s,acute

leptin
exposure

reduces
cellularm

etabolic
activity

by
the

activation
of

the
m

am
m

alian
target

of
rapam

ycin
and

also
reduces

the
protein

contentpercell(Fig.1)(12).R
esearch

by
H

am
a

etal.(28)
identified

thatm
egalin

is
the

sole
receptor

responsible
for

leptin
reuptake

in
the

kidney,w
ith

histological
sections

of
kidneys

from
rats

that
w

ere
infused

w
ith

a
radio-

active
labeled

leptin
show

ing
that

leptin
uptake

occurs
in

the
proxim

al
convoluted

tubule,
w

hich
lacks

O
b-R

.
Im

portantly,
research

by
Z

ou
et

al.
(82)

identified
that

another
m

egalin
ligand,

vitam
in

D
-binding

protein,
is

able
to

cause
regulated

intram
em

brane
proteolysis

of
m

egalin
w

ith
the

cytosolic
frag-

m
ent

translocating
to

the
nucleus,

w
hich

m
ay

be
able

to
activate

signaltransduction
pathw

ays.R
ecently,another

group
(66)

has
determ

ined
thatm

egalin
is

trafficked
to

the
endocytic

recycling
com

partm
ent

in
L

2
rat

yolk
sac

cells
for

proteolytic

A

M
esangial cells

Afferent arteriole
Efferent arteriole

C
apillaries

Podocytes
Proxim

al tubule

Protein/album
in

B

Basem
ent m

em
brane

A
dipokine

G
lom

erulus
Proxim

al
Tubule

Result

↑ leptin
M

esangialcell  
hypertrophy; 
Basem

ent 
m

em
brane 

thickening

↓ m
etabolic

activity; ↓ 
protein

content per 
cell

Album
inuria; 

G
lom

erular
sclerosis; 

Activation of 
apoptotic 
pathw

ays

↓ adiponectin
Fusion of 
podocytes

↓ AM
PK

Album
inuria; ↓ 

G
FR

; Tubular 
inflam

m
ation

↑ resistin
?

?
↓ G

FR
;Tubular 

inflam
m

ation

↑ visfatin
O

xidative
stress

?
Altered G

FR

Fig.1.A
dipokine-induced

changes
to

the
glom

erulus
and

proxim
altubule.A

:a
norm

alglom
erulus

and
proxim

altubule
in

the
nephron

w
ith

key
cells

identified.
B

:
changes

in
the

plasm
a

concentrations
of

each
adipokine

observed
in

obesity.T
he

effects
that

these
changes

in
adipokine

levels
have

on
the

structure
of

the
glom

erulus
and

proxim
altubule

cells
are

show
n.A

llof
these

adipokines
in

obesity
lead

to
changes

in
the

glom
erular

filtration
rate

(G
FR

)
and/or

an
increase

in
album

inuria
or

proteinuria.T
hese

changes
are

characteristic
of

chronic
kidney

disease.A
M

PK
,A

M
P-activated

protein
kinase.
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elevated
R

SN
A

and
subsequent

increase
in

renin.
Indeed,

pharm
acologicalblockade

ofthe
SN

S
during

high-fatfeeding
attenuates

the
hypertension,

reduces
the

tachycardia,
and

norm
alizes

sodium
balance. 5

Im
portantly,

the
rabbit

pro-
vides

a
m

ajor
advantage

for
m

easuring
sym

pathetic
changes

in
response

to
high-fat

feeding,
because

w
e

have
established

a
m

ethod
of

norm
alizing

nerve
electrode

char-
acteristics

in
rabbits

using
the

nasopharyngeal
reflex

that
allow

s
for

com
parisons

betw
een

groups. 1
6

H
ence,

the
first

aim
of

the
present

study
w

as
to

determ
ine

the
cardiovas-

cular
and

R
SN

A
changes

in
rabbits

in
the

first
3

w
eeks

after
com

m
encing

an
H

FD
.

T
he

factors
that

cause
the

elevation
in

sym
pathetic

drive
are

clearly
key

to
understanding

the
etiology

of
obesity-

induced
hypertension.T

he
adipose-derived

horm
one

leptin
is

thoughtto
be

a
m

ajorm
echanism

linking
excess

adipose
m

ass
and

hypertension. 1
7
,1

8L
eptin

exerts
its

pressoreffects
through

its
action

atthe
hypothalam

ic
nucleithatprojectto

hindbrain
centers,

resulting
in

activation
of

the
SN

S. 1
9

–
2
1

A
dm

inistra-
tion

of
leptin

both
acutely

and
chronically

leads
to

increases
in

arterial
pressure

and
heart

rate
(H

R
). 1

7
,1

8
Intracerebroven-

tricular
(IC

V
)

adm
inistration

of
leptin

increases
m

ean
arterial

pressure
(M

A
P)and

R
SN

A
in

rabbits. 2
2

T
hus,elevated

levels
of

circulating
leptin

associated
w

ith
obesity

2
3

m
ay

contribute
to

the
developm

ent
of

hypertension
in

response
to

high-fat
feeding.

T
o

exam
ine

this
hypothesis,

w
e

determ
ined

the
effect

of
centrally

adm
inistered

leptin
on

cardiovascular
variables

and
R

SN
A

in
H

FD
-fed

rabbits
and

evaluated
w

hich
hypothalam

ic
and

hindbrain
nuclei

are
active

after
central

adm
inistration

of
leptin

using
c-Fos

as
a

m
arker

of
neuronal

activation.

M
ethods

A
nim

als
E

xperim
ents

w
ere

conducted
in

28
m

ale
N

ew
Z

ealand
w

hite
rabbits

(2.6
to

3.1
kg),housed

under
controlled

light
(6:00

A
M

to
6:00

PM
)

and
tem

perature
(22!

2°C
)

conditions.
E

xperim
ents

w
ere

approved
by

the
A

lfred
M

edical
R

esearch
E

ducation
Precinct

A
nim

al
E

thics
C

om
m

ittee
and

conducted
in

accordance
w

ith
the

A
ustralian

C
ode

of
Practice

for
Scientific

U
se

of
A

nim
als.

E
xperim

ental
P

rocedures
and

P
rotocol

U
nder

isoflurane
anesthesia,

rabbits
w

ere
im

planted
w

ith
an

IC
V

cannula
(22

gauge,
Plastics

O
ne)

into
the

lateral
ventricle

(coordi-
nates

from
bregm

a;
3-m

m
lateral

and
4-m

m
ventral),

as
described

previously. 2
4

A
fter

1-w
eek

recovery,
baseline

M
A

P
and

H
R

w
ere

m
easured

via
an

arterialcatheter.R
abbits

w
ere

then
random

ized
into

2
groups

and
m

ealfed
130

g
of

a
norm

alfatdiet(control;n"
14)

or
an

ad
libitum

H
FD

(n"
14)

for
4

w
eeks

(please
see

the
online

D
ata

Supplem
ent

at
http://hyper.ahajournals.org

for
dietary

details).
T

w
o

w
eeks

after
com

m
encem

ent
of

the
diets,

a
recording

elec-
trode

w
as

im
planted

on
the

left
renal

nerve
2
5

under
isoflurane

anesthesia.
O

ne
w

eek
later,

M
A

P,
H

R
,

and
R

SN
A

w
ere

recorded
(please

see
the

online
D

ata
Supplem

ent).
A

fter
a

1-hour
baseline

recording,a
50- !

L
IC

V
injection

of
the

vehicle
(R

inger’s
solution,

B
axter)

w
as

given,follow
ed

by
increasing

doses
of

leptin
(5,10,50,

and
100

!
g;

recom
binant

m
urine

leptin
450-31,

Pepro
T

ech,
Inc)

delivered
IC

V
in

50
!

L
of

vehicle
at

30-m
inute

intervals.A
subset

of
anim

als
(n"

4
to

7
per

group)
w

as
given

the
sam

e
dose

of
leptin

IV
to

confirm
thatactions

w
ere

centrally
m

ediated
or

given
a

series
of4

IC
V

vehicle
(50

!
L

)injections
to

controlforthe
effects

oftim
e.

T
issue

and
B

lood
C

ollection
A

fter
4

w
eeks

of
diet,

rabbits
(control:

n"
9;

H
FD

:
n"

7)
w

ere
adm

inistered
leptin

(100
!

g
in

50
!

L
,

IC
V

)
or

given
a

control
R

inger’s
injection

90
m

inutes
before

being
killed

by
an

anesthetic
overdose

(sodium
pentobarbitone:100

m
g/kg,IV

)
and

transcardially
perfused

w
ith

4%
paraform

aldehyde
(please

see
the

online
D

ata
Supplem

ent). 2
6

W
A

T
pads

w
ere

dissected
from

the
m

esenteric
viscera,the

perirenalarea,testicles,and
bladderand

w
eighed.B

rains
w

ere
rem

oved
(control:

n"
5;

H
FD

:
n"

4)
and

coronally
sectioned

and
processed

for
c-Fos

im
m

unohistochem
istry. 2

6
A

rterial
blood

sam
ples

w
ere

taken
for

m
easurem

ent
of

plasm
a

catecholam
ine

concentrations
by

high-perform
ance

liquid
chrom

atography
2
7

or
leptin

by
radioim

m
unoassay

(please
see

the
online

D
ata

Supplem
ent).

D
ata

A
nalysis

M
A

P
and

H
R

derived
from

the
ear

artery
pressure

pulse
w

ere
digitized

online
and

averaged
for

over
2

seconds.
R

SN
A

w
as

norm
alized

to
the

m
axim

um
R

SN
A

recorded
during

the
nasopharyn-

gealresponse
evoked

by
sm

oke,taken
to

be
100

norm
alized

units. 1
6

V
alues

averaged
over

30
m

inutes
w

ere
expressed

as
m

ean!
SE

M
or

m
ean

difference!
SE

of
the

difference.D
ata

w
ere

analyzed
by

split
plot

repeated-m
easures

A
N

O
V

A
,

w
hich

allow
ed

for
w

ithin-
anim

al
and

betw
een-anim

al
(group)

contrasts
and

adjusted
for

m
ultiple

testing
using

the
B

onferroni
m

ethod.
C

orrelation
analy-

sis
w

as
perform

ed
using

a
least-squares

regression.Fat
pad

m
ass

w
as

analyzed
using

an
independent

t
test.

A
probability

of
P

#
0.05

w
as

considered
significant.

R
esults

E
ffect

of
H

F
D

on
B

ody
W

eight
and

W
A

T
T

he
initial

body
w

eight
before

the
onset

of
the

diets
did

not
differ

betw
een

groups
(P

"
0.6;

Figure
1A

).
R

abbits
fed

a
H

FD
gained

367!
90

g
com

pared
w

ith
79!

36
g

in
control

rabbits
w

ith
3

w
eeks

of
diet

(P
"

0.002;
Figure

1A
).

H
FD

rabbits
show

ed
a

2-
to

3-fold
greater

W
A

T
w

eightcom
pared

A
B

C
D

*

* ***

***

Figure
1.

B
ody

w
eight

(A
),

M
A

P
(B

),
H

R
(C

),
and

plasm
a

norepi-
nephrine

concentration
(D

)of
rabbits

before
(w

eek
0)and

3
w

eeks
after

com
m

encem
ent

of
control(E

;
n
"

11)or
H

FD
(F

;
n
"

12).
N

B
,

norepinephrine
w

as
m

easured
in

6
of

the
anim

als
from

each
group.

E
rror

bars
are

S
E

M
indicating

variance
betw

een
anim

als.
#P

tim
e #

0.05,
##P

tim
e #

0.01,
###P

tim
e #

0.001
for

w
eek

0
vs

w
eek

3
w

ithin
each

group;
*P

g
ro

u
p #

0.05,
***P

g
ro

u
p #

0.001
for

controlvs
H

FD
at

w
eek

3.

P
rior

et
al

H
igh-F

at
D

iet-Induced
R

enal
Sym

pathetic
A

ctivation
863
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conducted
in

conscious
rabbits,

allow
ing

us
to

dem
onstrate

that
R

SN
A

responses
are

actually
m

arkedly
enhanced

after
feeding

an
H

FD
.Furtherm

ore,only
a

shortperiod
of

high-fat
feeding

in
rabbits

w
as

required
to

invoke
these

changes,
indicating

that
the

sym
pathetic

activation
is

pivotal
in

the
developm

ent
of

hypertension
rather

than
a

secondary
effect

produced
by

long-standing
obesity.T

his
appears

characteris-
tic

of
the

rabbitand
is

sim
ilar

to
previous

studies
w

here
H

FD
led

to
an

increase
in

M
A

P
and

H
R

after
only

1
w

eek
of

the
diet. 1

5
T

his
differs

from
previous

studies
of

diet-induced
obesity

w
here

selective
leptin

resistance
w

as
observed

after
prolonged

fat
feeding

in
m

ice. 1
0

,1
1

BD

*
*

3020100

-10

P
lin

AC

* P
lin

* P
lin

* P
lin

**

Figure
4.

C
hanges

(A
)and

percentage
changes

(B
)in

totalR
S

N
A

,
changes

in
sym

pathetic
burst

am
plitude

(C
)and

sym
pathetic

burst
frequency

(D
)from

baseline
after

IC
V

adm
inistration

of
vehicle

(R
inger’s

solution
show

n
as

bars
in

left
part

of
panel)or

increasing
doses

of
leptin

(show
n

as
lines

in
right

part
of

panel)in
rabbits

fed
a

control(!
and

sym
bols;

n
!

11)or
H

FD
(f

and
sym

bols;
n
!

12)for
3

w
eeks.

The
gray

dashed
line

represents
a

vehicle
tim

e
controlaveraged

from
both

groups.
E

rror
bars

are
S

E
M

indicating
variance

betw
een

anim
als.

*P
"

0.05
for

com
parisons

betw
een

groups.
*P

lin "
0.05

for
significance

of
linear

trend
effect

of
leptin.

*
*

**

**

**
***

***

***

***
***

***
***

†

†

†

†
†

†
†

†
†

Figure
5.

M
ean

num
ber

of
activated

neu-
rons

in
regions

of
the

hypothalam
us

and
brain

stem
as

detected
by

c-Fos
im

m
uno-

reactivity
induced

by
IC

V
infusion

of
leptin

(100
!

g)in
rabbits

fed
a

control(n
!

3;
!

)
or

H
FD

(n
!

3;
f

)for
4

w
eeks.

C
ontrol

injections
of

R
inger’s

(n
!

3;
u

).
*P

"
0.05,

**P
"

0.01,
***P

"
001

for
effect

of
leptin

com
pared

w
ith

controlinjections.
†P

"
0.05

for
the

effect
of

diet
on

response
to

leptin.
E

rror
bars

are
S

E
M

,
indicating

betw
een-anim

alvariance.
M

P
O

indicates
m

edialpreoptic
nucleus;

M
nP

O
,

m
edian

preoptic
nucleus;

pP
V

N
,

periventricular
paraventricular

nucleus
of

the
hypothala-

m
us;

rP
V

N
,

rostralparaventricular
nucleus;

S
O

N
,

supraoptic
nucleus;

A
R

C
,

arcuate
nucleus;

D
M

H
,

dorsom
edialhypo-

thalam
us;

V
M

H
,

ventrom
edialhypothala-

m
us;

A
P

,
area

postrem
a;

N
TS

,
nucleus

of
the

solitary
tract;

C
V

LM
,

caudalventrolat-
eralm

edulla;
R

V
LM

,
rostralventrolateral

m
edulla.

866
H

ypertension
A

pril
2010
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52S
H

A
LL

A
JH

–M
A

Y
1997–V

O
L.

10,
N

O
.

5,
PA

R
T

2

obesity. 36
In

addition,the
increased

heart
rate

associ-
The

m
echanism

s
by

w
hich

obesity
activates

the
sym

pathetic
nervous

system
are

still
unknow

n.
O

ur
ated

w
ith

obesity
appeared

to
be

related
m

ainly
to

inhibition
ofparasym

pathetic
activity. 37Thus,obesity

previous
observations

suggest
that

obesity
is

associ-
ated

w
ith

m
arked

increases
in

intrarenal
pressures

m
ay

increase
sym

pathetic
activity

as
w

ellas
decrease

parasym
pathetic

activity.
that

could,theoretically,stim
ulate

renal
sym

pathetic
afferents

and
activate

centralpressorm
echanism

s.R
e-

In
further

studies,w
e

found
that

com
bined

a
-

and
b

-adrenergic
blockade

greatly
am

eliorated
the

devel-
cently

w
e

tested
this

possibility
by

determ
ining

w
hether

selective
rem

oval
of

renal
afferent

nerves,
opm

entofobesity
hypertension. 36M

oreover,renalde-
nervation

m
arkedly

attenuated
sodium

retention
and

w
hile

leaving
renalefferentfibers

intact,w
ould

atten-
uate

obesity
hypertension

in
dogs. 40

This
w

as
accom

-
hypertension

associated
w

ith
obesity. 38

U
sing

a
split-

bladder
preparation

com
bined

w
ith

unilateral
renal

plished
by

dorsal
root

rhizotom
y

betw
een

T-10
and

L-2
segm

ents,w
hich

convey
the

renalafferentnerves.
denervation,

w
e

found
that

innervated
kidneys

re-
tained

alm
ost

tw
ice

as
m

uch
sodium

as
denervated

O
ur

results
indicated

that
renal

afferent
denervation

did
not

blunt
the

sodium
retention

or
hypertension

kidneys
during

5
w

eeks
on

a
high

fat
diet. 38

Bilateral
renaldenervation

also
m

arkedly
blunted

the
develop-

associated
w

ith
feeding

a
high

fat
diet

for
5

w
eeks.

Thus,
although

activation
of

renal
efferent

sym
pa-

m
ent

ofhypertension
associated

w
ith

obesity
in

dogs
(Figure

3). 39
These

observations
suggest

that
sodium

thetic
fibers

contributes
to

sodium
retention

and
hy-

pertension,these
changes

do
notappearto

be
initiated

retention
and

im
paired

renal
pressure

natriuresis
in

obesity
is

dependent,in
part,on

increased
renalsym

-
through

afferentpathw
ays

originating
in

the
kidneys.

A
lthough

insulin
has

been
suggested

to
stim

ulate
pathetic

activity.
sym

pathetic
activity,even

in
the

absence
of

hypogly-
cem

ia, 18,19,22w
e

have
show

n
thatchronic

insulin
infu-

sion
into

the
cerebral

circulation
of

dogs
did

not
ele-

vate
arterial

pressure. 41
This

is
consistent

w
ith

our
previous

finding
that

hyperinsulinem
ia

m
ay

not
be

the
prim

ary
cause

of
increased

sym
pathetic

activity
or

hypertension
associated

w
ith

obesity. 24

A
notherpeptide

thathas
been

suggested
to

contrib-
ute

to
sym

pathetic
activation

in
obesity

is
leptin,the

productofthe
‘‘obese

gene’’thatis
defective

in
geneti-

cally
obese

(ob
/

ob
)m

ice,causing
decreased

produc-
tion

of
leptin. 42

In
contrast,

other
genetic

m
odels

of
obesity,such

as
the

db
/

db
m

ouse,w
hich

has
a

defect
in

the
leptin

receptor
expressed

in
the

hypothalm
us,

have
increased

production
ofleptin. 43Likew

ise,obese
hum

ans
have

increased
plasm

a
levels

of
leptin. 44

The
finding

thatanim
als

deficientin
leptin

produc-
tion

or
leptin

receptors
also

have
decreased

m
etabolic

activity
and

hypotherm
ia

is
consistentw

ith
the

possi-
bility

that
leptin

m
ay

interact
w

ith
its

hypothalm
us

receptors
to

reduce
food

consum
ption

and
activate

the
sym

pathetic
nervous

system
.Further

studies
are

necessary
to

determ
ine

w
hether

increased
circulating

leptin,atlevels
com

parable
to

those
found

in
obesity,

can
cause

chronic
activation

of
the

sym
pathetic

ner-
vous

system
and

hypertension.H
ow

ever,the
factthat

leptin
has

recently
been

show
n

to
decrease

renaltubu-
lar

reabsorption
suggests

thatthe
directeffects

on
the

kidney
m

ay
increase,

rather
than

decrease,
sodium

and
w

ater
excretion. 45

A
nother

potential
pathw

ay
by

w
hich

obesity
m

ay
activate

the
sym

pathetic
nervous

system
is

through
FIG

U
R

E
3.

Effects
of

5
w

eeks
of

a
high

fat
diet

on
arterial

increased
levelsoffatty

acids,w
hich

could
actdirectly

pressure
and

cum
ulative

sodium
retention

in
dogs

w
ith

inner-
on

the
vasom

otor
centers

of
the

brain
or

indirectly
vated

kidneys(control)and
bilaterally

denervated
kidneys(dener-

through
afferentpathw

ays
originating

in
the

liver.In-
vated).R

edraw
n

from
data
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K
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hypertension
has

sustained
effects

to
suppress

R
SN

A
and

prom
ote

sodium
excretion, 1

0
–

1
3

it
w

as
not

surprising
that

baroreflex
activation

had
pronounced

blood
pressure–low

er-
ing

effects
in

this
experim

ental
m

odel
of

obesity-induced
hypertension.

In
fact,

baroreflex
activation

com
pletely

abol-
ished

the
hypertension,

confirm
ing

our
previous

findings. 1
9

Furtherm
ore,

com
plete

elim
ination

of
the

hypertension
by

abrogating
the

sym
pathetic

drive
to

the
kidneys

by
renal

denervation
em

phasizes
the

im
portance

of
increased

R
SN

A
in

sustaining
the

hypertension.
T

he
finding

that
the

renal
nerves

are
of

param
ount

im
portance

in
sustaining

obesity-
induced

hypertension
is

consistent
w

ith
the

report
that

bilat-
eral

renal
denervation

before
w

eight
gain

prevented
the

developm
ent

of
obesity-related

hypertension
in

dogs
fed

a
high-fat

diet. 3
3

It
should

be
noted

that
the

absence
of

a
significant

increase
in

plasm
a

N
E

concentration
during

the
developm

ent
of

obesity
hypertension

in
the

present
study

is
notinconsistentw

ith
sym

pathetic
activation.Such

an
increase

in
plasm

a
N

E
concentration

probably
w

as
m

asked
by

in-
creases

in
extracellular

fluid
volum

e
(T

able
S1)

and
cardiac

output
associated

w
ith

the
w

eight
gain, 1

8
w

hich
w

ould
be

expected
to

low
er

circulating
levels

of
N

E
by

dilution
and

increased
tissue

extraction,respectively. 3
4

A
lthough

not
directly

evaluated,the
results

of
the

present
study

suggestthatactivation
of

the
renin-angiotensin

system
,

through
neurally

induced
renin

secretion,contributes
im

por-
tantly

to
obesity

hypertension.
It

should
be

pointed
out,

how
ever,thatalthough

increases
in

PR
A

have
been

reported
in

experim
ental

anim
als

and
in

hum
an

subjects
during

the
evolution

of
obesity-induced

hypertension, 2
,1

8
,2

8
,3

5
this

has
not

been
a

consistent
finding. 1

9
,3

3
,3

6
–

3
7

In
the

present
study,

PR
A

w
as

increased
above

control
levels

after
1

w
eek

of
fat

feeding
but

not
in

the
subsequent

developm
ental

or
estab-

lished
phases

of
the

hypertension.
T

he
tem

poral
changes

in
PR

A
during

the
developm

ent
of

obesity
hypertension

in
the

present
study

suggest
one

possible
explanation

for
the

vari-
able

PR
A

findings
reported

by
others.

T
hat

is,
although

the
progression

from
the

initial
to

the
m

ore
advanced

stages
of

obesity
hypertension

m
ay

be
associated

w
ith

persistentneural
stim

ulation
of

renin
secretion,

the
neural

drive
to

increase
renin

release
m

ay
be

partially
offset

in
tim

e
by

the
progres-

sive
increase

in
arterialpressure.M

ore
specifically,as

a
result

of
its

actions
to

prom
ote

sodium
reabsorption

in
the

proxim
al

tubule
and

loop
of

H
enle,

one
w

ay
increased

R
SN

A
stim

u-
lates

renin
secretion—

in
addition

to
directly

stim
ulating

juxtaglom
erular

cells—
is

by
reducing

sodium
chloride

deliv-
ery

to
the

m
acula

densa.In
tim

e,how
ever,the

rise
in

arterial
pressure,

concom
itant

w
ith

salt
and

w
ater

retention
and

expansion
ofextracellularfluid

volum
e,w

ould
be

expected
to

increase
sodium

delivery
to

the
m

acula
densa

and
thus

suppress
renin

secretion.T
his

w
ould

partially
counteract

the
directtubular

and
juxtaglom

erular
actions

of
the

renalnerves
favoring

renin
secretion.T

hus,the
m

ore
established

phases
of

obesity
hypertension

m
ay

be
associated

w
ith

only
subtle

increases
in

renin
secretion,noteasily

discerned
by

interm
it-

tent
m

easurem
ents

of
PR

A
.

N
onetheless,

this
does

not
dis-

count
the

im
portance

of
the

renin-angiotensin
system

in
the

hypertensive
process.

O
ne

could
argue

that
for

the
level

of
volum

e
expansion

and
the

prevailing
degree

of
hypertension

associated
w

ith
obesity,

PR
A

should
be

depressed,
not

norm
al.M

oreover,in
the

presentstudy,substantialreductions
in

PR
A

and
arterial

pressure
occurred

in
parallel

w
ith

both
system

ic
and

renal-specific
inhibition

ofsym
pathetic

activity,
pointing

to
the

im
portance

of
neurally-induced

renin
secre-

tion
in

contributing
to

the
hypertension.

Finally,
despite

the
equivocallevels

ofPR
A

reported
in

experim
entaland

clinical
studies,

chronic
adm

inistration
of

angiotensin
II

receptor
antagonists

or
angiotensin

converting
enzym

e
inhibitors

is
effective

in
reducing

elevated
blood

pressure
in

obese
ani-

m
als

and
hum

ans, 2
,3

8
,3

9
indicating

the
im

portance
of

the
renin-angiotensin

system
in

the
pathogenesis

of
the

hypertension.
A

lthough
both

baroreflex
activation

and
renal

denervation
suppressed

renin
secretion

and
blood

pressure,
these

m
anip-

ulations
differed

substantially
in

their
ability

to
dim

inish
the

system
ic

sym
pathoexcitation

of
obesity

hypertension.
T

he

140
Established O

besity H
ypertension

Arterial
ssure
mHg)

120
*

Mean A
Pres
(mm

100
*

*
*

*
*

*
*

*
* *

*
*

80

140
*

120

rt Rate 
bpm)

100

Hea
(b

80

Tim
e (days)

-2        0
46

44                48      50      52
56

54               58      60

R
enalD

enervation

Figure
4.

M
ean

arterialpressure
and

heart
rate

responses
to

bilateralrenaldenervation.
V

alues
are

m
ean!

S
E

M
(n"

6).
*P

#
0.05

versus
day

46.
Lean

controlvalues
(open

bars)are
also

presented
for

reference.

L
ohm

eier
et

al
Sym

pathetic
N

ervous
System

in
O

besity
H

ypertension
335

 by guest on September 25, 2017 http://hyper.ahajournals.org/ Downloaded from 



 
67 

 

25/08/233

D
'A

gatiV. et al. N
ature

R
eview

s, 2016
19

Alteraciones hem
odinám

icas en la obesidad.

D
'A

gatiet al. N
ature

R
eview

s, 2016

20

A
lte

ra
cio

n
e

s h
e

m
o

d
in

á
m

ica
s e

n
 la

 o
b

e
sid

a
d

.

D
'A

gatiet al. N
ature

R
eview

s, 2016
21

A
lte

ra
cio

n
e

s h
e

m
o

d
in

á
m

ica
s e

n
 la

 o
b

e
sid

a
d

.

D
'A

gatiet al. N
ature

R
eview

s, 2016
22

A
lte

ra
cio

n
e

s h
e

m
o

d
in

á
m

ica
s e

n
 la

 o
b

e
sid

a
d

.

D
'A

gatiet al. N
ature

R
eview

s, 2016
23

A
lte

ra
cio

n
e

s h
e

m
o

d
in

á
m

ica
s e

n
 la

 o
b

e
sid

a
d

.

plasm
a m

em
brane

insulin

IRS

PI3K

S
h
c

PD
K1 PIP3

PKB/Akt

Grb2

SO
S

ERK1/2

leptin

JAK

SO
C3

STAT

A-IIPKC

Gq

PLC

Ca
2+

IP3

D
AG

24

C
rosstalk entre las vías de señalización

25

O
besidad

▲
RSNA

RAS
▲

PA

ERC

Leptina

R
SN

A
 = R

enal Sym
phatetic

N
erve

A
ctivity

PA
 = Presión A

rterial
R

A
S = R

enin –
A

ngiotensin
–

System
ER

C
 = Enferm

edad R
enal C

rónica 

PLAN
TEAM

IEN
TO

 D
EL PR

O
BLEM

A

Insulina

26

O
besidad

▲
RSNA

SRA

▲
PA

ERC

Leptina

PLAN
TEAM

IEN
TO

 D
EL PR

O
BLEM

A

Insulina

¿?
¿Ang-II?

¿?

PA
 = Presión A

rterial
ER

C
 = Enferm

edad R
enal C

rónica 

Pregunta de investigación

¿E
xiste

interacción/relación
entre

los
increm

entos
de

los
niveles

plasm
áticos

de

leptina,
insulina

y
A

ng-II
y

la
progresión

del
daño

renal
independiente

de
la

sobre-activación
de

A
N

S
E

R
?

R
SN

A
 = R

enal Sym
phatetic

N
erve

A
ctivity

R
A

S = R
enin –

A
ngiotensin

–
System

Pregunta de investigación

¿E
xiste

interacción/relación
entre

los
increm

entos
de

los
niveles

plasm
áticos

de

leptina,
insulina

y
A

ng-II
y

la
progresión

del
daño

renal
independiente

de
la

sobre-activación
de

A
N

S
E

R
?

27

J
U

S
T

IF
IC

A
C

IÓ
N

 &
 P

R
E

G
U

N
T

A
 D

E
 IN

V
E

S
T

IG
A

C
IÓ

N

S
o

b
re

p
e

s
o

y
o

b
e

s
id

a
d

s
o

n
lo

s
p

rin
c
ip

a
le

s
fa

c
to

re
s

d
e

rie
s
g

o
p

a
ra

e
l

d
e

s
a

rro
llo

d
e

h
ip

e
rte

n
s
ió

n
y

la
s

s
u

b
s
e

c
u

e
n

te
s

c
o

m
p

lic
a

c
io

n
e

s
re

n
a

le
s
.

E
n

e
s
ta

c
o

n
d

ic
ió

n
,

p
a

rtic
ip

a
n

e
l

s
is

te
m

a
n

e
rv

io
s
o

a
u

tó
n

o
m

o
,

e
l

R
A

S
y

o
tro

s
fa

c
to

re
s

e
n

d
o

c
rin

o
s

c
a

ra
c
te

rís
tic

o
s

(in
s
u

lin
a

,
le

p
tin

a
).

M
ateriales and M

étodos

A
nim

ales
R

a
ta

s
 W

is
ta

r
m

a
c
h

o
 d

e
s
te

ta
d

a
s
 

p
e

s
o

: 1
0

0
-1

2
0

 g

C
ondiciones de bioterio

§
a

lo
ja

m
ie

n
to

 in
d

iv
id

u
a

l

§
te

m
p

e
ra

tu
ra

 2
1

 ±
1

 °
C

§
1

2
 h

o
ra

s
 d

e
 c

ic
lo

 d
e

 lu
z
 / o

s
c
u

rid
a

d

§
a

g
u

a
 filtra

d
a

 ad libitum

D
ie

ta
 e

s
tá

n
d

a
r c

o
n

 0
.4

%
 d

e
 N

a
+

y
 5

 %
 d

e
 g

ra
s
a

R
atas 

D
S

H
F

D

D
R

B
x

S
h

am

n
= 6/g

ru
p

o

G
rupos

S
h

am
D

R
B

x

8S
-sh

am

12S
-sh

am

8S
-D

R
B

x

12S
-D

R
B

x

8S
-H

F
D

-
sh

am

12S
-H

F
D

-
sh

am

8S
-H

F
D

D
R

B
x

12S
-H

F
D

 
D

R
B

x

D
B

R
x= 

d
en

ervació
n

 
ren

al 
b

ilateral

H
F

D
 = d

ieta 
alta en

 g
rasa

D
S

= d
ieta 

están
d

ar

N
o

o
b

s
ta

n
te

,
lo

s
a

n
te

c
e

d
e

n
te

s
c
lín

ic
o

s
y

e
x
p

e
rim

e
n

ta
le

s
N

O
h

a
n

e
v
id

e
n

c
ia

d
o

q
u

e
la

B
R

S
D

x
p

u
e

d
a

re
d

u
c
ir

la
h

ip
e

rte
n

s
ió

n
y

la
s

c
o

m
p

lic
a

c
io

n
e

s
re

n
a

le
s

a
s
o

c
ia

d
o

s
a

s
o

b
re

p
e

s
o

y
o

b
e

s
id

a
d

.

¿C
uál es la contribución de la activad sim

pática renal
en el desarrollo de la hipertensión y la disfunción 

renal en la obesidad y en el síndrom
e m

etabólico?



 
68 

 

25/08/234

Pregunta de investigación

¿E
xiste

interacción/relación
entre

los
increm

entos
de

los
niveles

plasm
áticos

de

leptina,
insulina

y
A

ng-II
y

la
progresión

del
daño

renal
independiente

de
la

sobre-activación
de

A
N

S
E

R
?

28

H
IPÓ

TESIS 
M

ateriales and M
étodos

A
nim

ales
R

atas W
istarm

acho destetadas 
peso: 100-120 g

C
ondiciones de bioterio

§
alojam

iento individual
§

tem
peratura 21 ±

1 °
C

§
12 horas de ciclo de luz / oscuridad

§
agua filtrada ad libitum

D
ieta estándar con 0.4%

 de N
a

+
y 5 %

 de grasa

R
atas 

D
S

H
F

D

D
R

B
x

S
h

am

n
= 6/g

ru
p

o

G
rupos

S
h

am
D

R
B

x

8S
-sh

am

12S
-sh

am

8S
-D

R
B

x

12S
-D

R
B

x

8S
-H

F
D

-
sh

am

12S
-H

F
D

-
sh

am

8S
-H

F
D

D
R

B
x

12S
-H

F
D

 
D

R
B

x

D
B

R
x= 

d
en

ervació
n

 
ren

al 
b

ilateral

H
F

D
 = d

ieta 
alta en

 g
rasa

D
S

= d
ieta 

están
d

ar

La
innervación

sim
pática

renalno
es

una
condición

necesaria
y

suficiente
para

la
hipertensión

y
el

daño
renal

asociados
a

la
obesidad

en
un

m
odelo

de

síndrom
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enervación renal bilateral
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A
nestesia

general
con

pentobarbital
(50

m
g/kg

i.p.).

B
R

D
=

B
ilateralR

enalD
enervation

D
enervación renal bilateral

G
anglio

aórtico
renal.
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Los
vasos

se
recubrieron

durante
2

m
in

con
fenolal10%

en
etanol

absoluto.

D
enervación renal bilateral

S
e

les
adm

inistró
ceftiaxona

(1
g/K

g)
y

ketoprofeno
(0.5

g/kg).
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D
ieta alta en grasa (H

FD
)

PR
O

TO
C

O
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 EXPER
IM

EN
TAL
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an
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as
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as 
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C
M

C
M
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C
M

 y 
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M
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m
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n
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 sh
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D
ieta alta en
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P
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G
P

T
G

D
ieta están

d
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PTT= prueba de 

tolerancia a la glucosa
PC

= peso 
corporal

C
M

= caja 
m

etabólica
PA

= presión 
arterial
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edición de las variables
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D
iseño experim

ental

§
E

xperim
ental, prospectivo, longitudinal, com

parativo, con la 
aplicación transversal sub-protocolos longitudinales diagnósticos. 

§
U

E
: rata

§
E

structura del tratam
iento

: trifactorial cruzado 2 x 2 x 2, un factor 
siendo dieta con dos niveles, otro factor siendo denervación con dos 
niveles y el otro factor siendo el punto tem

poral con 2 niveles.
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b
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a
lo

re
s
 d

e
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s
ió

n
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rte
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O
D

A
 

§
N

o
re

p
in

e
frin

a
 R

e
n
a
l→

 E
L
IS

A

§
P

a
rá

m
e
tro

s
 p

la
s
m

á
tic

o
s
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•
L
e
p
tin

a
, in

s
u
lin

a
 y

 A
n
g
-II→

 E
L
IS

A
 

•
G

lu
c
o
s
a
 →

 G
lu

c
ó
m

e
tro

 

§
P

a
rá

m
e
tro

s
 R

e
n
a
le

s
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•
C

re
a
tin

in
a
, p

ro
te

ín
a
s
, K

E
T
, g

lu
c
o
s
a
, p

H
, u

ro
b
ilin

ó
g
e
n
o
→

 m
é
to

d
o
s
 

e
n
z
im

á
tic

o
s
 c

o
lo

rim
é
tric

o
s

•
T

F
G

, U
N

aV
y
 U

K
V

 →
 to

m
a
s
 u

rin
a
ria

s
 d

e
 2

4
 h

rs
e
n
 la

 ja
u
la

 

m
e
ta

b
ó
lic

a
 y

 la
s
 c

o
n
c
e
n
tra

c
io

n
e
s
 m

e
d
id

a
s
 p

o
r fo

to
m

e
tría

 d
e
 fla

m
a
.

•
A

k
t, p

A
k
t, E

R
K

1
/2

, p
E

R
K

1
/2

, P
I3

K
 y

 p
P

I3
K

 →
 W

e
s
te

rn
 b

lo
t

M
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D
iseño experim

ental

§
E

xperim
ental, prospectivo, longitudinal, com

parativo, con la 
aplicación transversal sub-protocolos longitudinales diagnósticos. 

§
U

E
: rata

§
E

structura del tratam
iento

: trifactorial cruzado 2 x 2 x 2, un factor 
siendo dieta con dos niveles, otro factor siendo denervación con dos 
niveles y el otro factor siendo el punto tem

poral con 2 niveles.

§
E

structura del diseño
: com

pletam
ente aleatorizado

§
P

rocedim
iento diagnóstico

: m
edición de las variables

D
efinición operacional de las variables

Código
Nom

bre
Significado

Escala de m
edición

Valor

PAM
, PS, PD

Presión arterial m
edia,

sistólica y diastólica
Valores de presión 

sanguínea
Continua 

m
m

Hg

NERe
Norepinefrina renal

ANSER
Continua 

ng/g de tejido

Ang-II, IN, Lep
Angiotensina

II, 
insulina y leptina

Parám
etros

plasm
áticos

Continua 
pg/m

lo ng/m
l

GLU
Glucosa

Parám
etros

plasm
áticos

Continua 
m

g/dL

TFG,UNaV, UkV, 
Filtración glom

erular, 
excreción de sodio, 

excreción de potasio
Parám

etros renales
Continua 

m
L/m

in, %
, m

g 
albúm

ina/m
g 

creatinina

PROT, KET, URU, pH

Proteínas, cuerpos 
cetónicos, 

urubilinogeno
y pH 

urinarios

Parám
etros renales

Contínua
g/L y m

m
ol/L

pAkt, pERK1/2, pPI3K
Proteínas/segundos

m
ensajeros

Vías de señalización
Continua

Unidades arbitrarias
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c
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§
E

xperim
ental, prospectivo, longitudinal, com

parativo, con la 
aplicación transversal sub-protocolos longitudinales diagnósticos. 

§
U

E
: rata

§
E

structura del tratam
iento

: trifactorial cruzado 2 x 2 x 2, un factor 
siendo dieta con dos niveles, otro factor siendo denervación con dos 
niveles y el otro factor siendo el punto tem

poral con 2 niveles.

§
E

structura del diseño
: com

pletam
ente aleatorizado

§
P

rocedim
iento diagnóstico

: m
edición de las variables
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re
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s
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a
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ó
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á
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a
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c
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n
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c
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b
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E
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c
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rs
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,
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L
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á
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p
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a
e
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e
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c
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e
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p
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b
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á
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25/08/236

§
Valores de presión arterial→

 C
O

D
A 

§
N

orepinefrina R
enal→

 ELISA

§
Parám

etros plasm
áticos: 

•
Leptina, insulina y Ang-II→

 ELISA 
•

G
lucosa →

 G
lucóm

etro 

§
Parám

etros R
enales: 

•
C

reatinina, proteínas, KET, glucosa, pH
, urobilinógeno→

 m
étodos 

enzim
áticos colorim

étricos
•

TFG
, U

N
aV

y U
KV →

 tom
as urinarias de 24 hrs

en la jaula 
m

etabólica y las concentraciones m
edidas por fotom

etría de flam
a.

•
Akt, pAkt, ER

K1/2, pER
K1/2, PI3K y pPI3K →

 W
estern blot

M
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D
iseño experim

ental

§
E

xperim
ental, prospectivo, longitudinal, com

parativo, con la 
aplicación transversal sub-protocolos longitudinales diagnósticos. 

§
U

E
: rata

§
E

structura del tratam
iento

: trifactorial cruzado 2 x 2 x 2, un factor 
siendo dieta con dos niveles, otro factor siendo denervación con dos 
niveles y el otro factor siendo el punto tem

poral con 2 niveles.

§
E

structura del diseño
: com

pletam
ente aleatorizado

§
P

rocedim
iento diagnóstico

: m
edición de las variables

§
Se

probaron
los

criterios
param

étricos
por

Brow
n-Forsyte

(hom
o/heterocedasticidad)y

Shapiro
W

ilk
(ajuste

a
la

distribución
norm

al)
en

los
residuales

de
los

m
odelos

y
no

fue
necesario

ninguna
transform

ación
de

los
datos.

§
Elnivelde

alfa
im

puesto
fue

de
0.05.

§
Elanálisis

estadístico
fue

realizado
con

elprogram
a

JM
P

V5.01
(SAS

Institute)
y

G
raphPad

Prism
a

V9.1
com

o
los

datos
se

ajustaron
a

una
distribución

norm
al

se
expresaron

com
o

la
m

edia
±

EE.

AN
ÁLISIS D

E D
ATO

S

47

R
ESU

LTAD
O

S

48
* 8W

 DS, HS Y 12W
 DDS Y HS vs 8W

 DD, HD Y 12W
 DD, HD, p< 0.0057 

Datos no publicados

A
pesar

de
la

evidencia
m

orfológica
de

recrecim
iento

sim
pático,

el
contenido

de
N

E
no

se
recuperó

com
pletam

ente.
Estos

resultados
sugieren

que
un

excedente
neto

a
largo

plazo
de

la
influencia

aferente
sobre

elriñón
D

N
Xpuede

estarcontribuyendo
a

varios
procesos

renales.

Rodionova K. et al. Am
 J PhysiolRegulIntegrCom

p Physiol, 2016

El protocolo de BR
D

x fue exitoso, la cantidad de N
E decae

entre un 72 y 80 %
 de sus valores basales.

8 W
EEK

S
12 W

EEK
S

0

100

200

300

NE ng/g(kidney)

SH
AM
-SD

BR
D
x-SD

SH
AM
-H
FD

BR
D
x-H

FD
*

*
*

*

T
he

therm
ophysical

endovascular
denervation

procedure
used

for
hum

an
hypertension

therapy
exerts

its
m

ain
effects

in
the

perivascular
space

(36,
37,

42).
A

lthough
our

unilateral
subtotal

denervation
m

odel
does

not
perfectly

sim
ulate

the
clinicalprocedures,ourapproach

does
provide

new
insightinto

renal
reninnervation

processes.
O

ur
m

orphological
findings

support
the

w
ork

recently
pub-

lished
by

M
ulder

et
al.

(34),
w

hich
show

ed
a

com
plete

re-
grow

th
of

the
renal

pelvic
afferent

and
intrarenal

efferent
innervation

12
w

k
after

unilateral
renal

denervation.
In

their
w

ork,
the

renal
denervation

procedure
included

the
use

of
phenol

application
to

the
surface

of
the

vasculature
after

surgical
stripping

of
the

adventitia.
O

ur
w

ork
extends

these
findings

by
describing

intrarenalafferentand
efferentinnerva-

tion
w

ithout
the

use
of

phenol.W
e

purposely
om

itted
the

use
of

phenolfor
the

denervation
procedure

to
investigate

patterns
ofreinnervation

aftersubtotaldenervation
in

an
effortto

better
m

im
ic

the
subtotal

denervation
achieved

in
clinical

renal
de-

nervation
procedures.

O
ur

evidence
suggests

that
the

use
of

phenoldoes
nothave

m
uch

effecton
reinnervation

properties,
as

both
C

G
R

P
and

N
E

content
in

the
denervated

kidney
w

as
sim

ilar
w

hether
denervation

included
phenol

or
not.

Further-
m

ore,
w

e
could

not
detect

any
intram

ural
nerves

in
the

renal
artery

that
w

ould
definitely

require
the

use
of

phenol
(Fig.1).

T
o

our
know

ledge
this

is
the

first
study

that
indicates

a
contralateraleffectof

unilateraldenervation
of

the
kidney.W

e
ruled

out
the

possibility
of

bilateral
innervation

of
the

kidney
from

the
sam

e
source.O

ur
neuronaltracing

experim
ents

failed
to

identify
any

m
onosynaptic

innervation
from

the
kidney

to
the

contralateral
dorsal

root
ganglia

in
the

healthy
rat.

T
he

exact
m

echanism
s

for
altered

contralateral
innervation

are
not

clear.T
he

release
of

hum
oralfactors

atthe
lesion

site
or

som
e

com
m

unication
to

the
contralateral

side
by

neuronal
m

echa-
nism

s
is

speculated
to

play
a

role
(27).A

recentstudy
in

sheep
reported

com
plete

m
orphologicaland

functionalreinnervation,
the

latter
of

w
hich

w
as

tested
by

electrical
stim

ulation.
H

ow
-

Fig.11.R
enaltissue

C
G

R
P

content.Left:one
w

eek
after

unilateralsurgicalD
N

X
,C

G
R

P
contentw

as
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Elcontenido
de

N
E

no
se

recuperó
com

pletam
ente.

Rodionova K. et al. Am
 J PhysiolRegulIntegrCom

p Physiol, 2016

Estos
resultados

sugieren
que

un
excedente

neto
a

largo
plazo

de
la

influencia
aferente

sobre
el

riñón
puede

estar
contribuyendo

a
varios

procesos
renales.

49

H
FD

 produjo un aum
ento de peso que no fue atenuado o m

odificado por la B
R

D
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Datos no publicados
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El aum
ento del tejido adiposo causado por la HFD puede m

itigar los efectos 
de la deshidratación, posiblem

ente a través de la m
ayor producción de agua 

m
etabólica causada por la lipólisis en los adipocitos.

La
oxitocina

posiblem
ente

m
edia

la
respuesta

lipolítica.
La

lipólisis,
com

o
la

acuaporina-7
y

elreceptorα
activado

por
el

proliferador
de

peroxisom
as,

podrían
contribuir

a
los

diferentes
efectos

observados
en

las
ratas

controly
con

HFD.

La B
R

D
 no m

odifica el aum
ento de la m

asa adiposa ni de los niveles plasm
áticos de 
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(d)

(e)
(f)

(g)
(h)

(i)

F
IG

U
R
E
2

Fluid
intake

and
haem

atocrit.
(a–c)R

ats
fed

a
high-fat

diet(H
FD

)show
ed

a
decreased

baseline
intake

ofw
ater

(a,b),w
hilst

hypertonic
saline

intake
w
as

unchanged
by

the
dietin

the
norm

alized
data

(c).(d)W
hen

the
absolute

values
w
ere

analysed,hypertonic
saline

intake
w
as

significantly
affected

by
the

diet.(e)A
fter

4
8
h
ofw

ater
deprivation,w

ater
intake

increased
in
both

controland
high-fat

diet(H
FD

)groups,how
ever,H

FD
attenuated

this
increase.(f)H

ow
ever,w

hen
absolute

values
w
ere

analysed
w
ater

intake
w
as

significantly
different

betw
een

hydrated
and

dehydrated
groups,w

ith
no

difference
betw

een
the

diets.(g,h)O
n
the

other
hand,

hypertonic
saline

intake
w
as

only
affected

by
dehydration.(i)H

aem
atocrit

increased
in
both

controland
H
FD

rats;how
ever,H

FD
m
itigate

the
increase

in
haem

atocrit.*P<
0
.0
5
vs.

respective
hydrated

groups;#P<
0
.0
5
vs.

dehydrated
control.Tw

o-w
ay

A
N
O
V
A
w
as

used
for

allcom
parisons

and
Tukey’s

posthoc
test

w
as

used
in
(d–i).n=

9
–1

0

P=
0
.7
8
8
1
)orinteraction

betw
een

factors
(F

(6
,6
8
) =

1
.6
1
2
;P=

0
.1
5
7
1
),

w
hich

indicates
that

H
FD

decreased
w
ater

intake
(∼
5
0
%
)
during

the
3
days

of
assessm

ent.B
asal

hypertonic
saline

intake
(Figure

2
c)

decreased
throughout

the
3
days

(F
(2
,6
8
) =

2
1
.3
;
P<

0
.0
0
0
1
),
w
ith

no
effect

of
diet

(F
(3
,3
4
) =

1
.3
4
1
;P=

0
.2
7
7
4
)
or

interaction
betw

een

factors
(F

(6
,6
8
) =

0
.4
1
6
;
P=

0
.8
6
5
9
).
U
n-norm

alized
w
ater

intake

data
(Figure

2
b)show

ed
the

sam
e
results

as
norm

alized
w
ater

intake:

a
significant

influence
of

diet
factor

(F
(3
,3
4
) =

5
.2
5
4
;
P=

0
.0
0
4
4
),

w
ith

no
significant

effect
of

tim
e
(F

(2
,6
8
) =

0
.3
2
5
2
;
P=

0
.7
2
3
5
)
or

interaction
betw

een
tim

e
and

diet
(F

(6
,6
8
) =

1
.2
7
9
;
P=

0
.2
7
8
5
).

H
ow

ever,
the

un-norm
alized

hypertonic
saline

intake
(Figure

2
d)

show
ed

a
significant

effect
of

diet
(F

(3
,3
4
) =

2
0
.5
9
;
P<

0
.0
0
0
1
),

tim
e
(F

(2
,6
8
) =

2
2
.0
2
;
P<

0
.0
0
0
1
)
and

interaction
betw

een
factors

(F
(6
,6
8
) =

7
.5
1
5
;P<

0
.0
0
0
1
).Post

hoc
analysis

revealed
a
significant

difference
betw

een
hydrated

and
dehydrated

rats
(P<

0
.0
0
1
).

3
.5

T
he

effects
of

w
ater

deprivation
on

w
ater

and
hypertonic

saline
intake

and
haem

atocrit

A
fter

the
W
D

protocol,
fluids

w
ere

reintroduced
and

w
ater

and

hypertonic
saline

intake
w
ere

m
easured.W

ater
intake

(Figure
2
e)w

as

affected
by

diet
(F

(3
,3
4
) =

1
0
2
.6
;P<

0
.0
0
0
1
)and

tim
e
(F

(5
,1
7
0
) =

7
2
.3
1
;

P<
0
.0
0
0
1
)
and

show
ed

significant
interaction

betw
een

the
tw

o

factors
(F

(1
5
,1
7
0
) =

1
3
.9
2
;
P<

0
.0
0
0
1
).
Post

hoc
analysis

show
ed

that
w
ater

intake
increased

in
both

control
and

H
FD

dehydrated
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F
IG

U
R
E
4

E
ffects

ofhigh
fat

diet
(H
F
D
)on

m
R
N
A
expression.(a–c)H

F
D
significantly

increased
the

expression
ofO

xtr(a)and
Ppara

(b)m
R
N
A

and
decreased

H
slm

R
N
A
expression

(c).C
onversely,A

qp7
m
R
N
A
expression

(d)w
as

decreased
by

dehydration,w
ith

no
effects

ofdiet.Tw
o-w

ay
A
N
O
V
A
w
as

used
for

allcom
parisons.n=

4
–8

body
w
eight

loss
and

increase
in

haem
atocrit

in
dehydrated

rats

w
ere

less
pronounced

in
H
F
D
dehydrated

rats.T
hese

results
suggest

that
chronic

H
F
D

m
itigates

the
effects

of
dehydration

in
rats.

In
ad

libitum
conditions

and
afterW

D
,H

F
D
treated

rats
show

ed
low

erw
ater

drinking.
H
ow

ever,
w
hen

w
e
calculated

w
ater

intake
w
ithout

taking

into
account

the
changes

in
body

w
eight,there

w
ere

no
differences

in
w
ater

intake
betw

een
controland

obese
anim

als.N
orm

alization
is

used
to

analyse
a
dependent

variable
(in

this
case,

w
ater

intake)
in

relation
to

an
independent

variable
(in

this
case,body

w
eight),thus

rem
oving

the
influence

of
the

independent
variable

in
the

results

(N
evill

&
H
older,1

9
9
5
).T

he
norm

alization
of

intake
to

body
w
eight

is
com

m
only

used
due

to
the

assum
ption

that
body

w
eight

strongly

affects
the

intake
behaviour,that

is,a
heavier

rat
is
likely

to
consum

e

m
ore

food
and

w
ater.T

hus,norm
alization

is
required

for
an

accurate

assessm
ent

of
changes

in
intake

behaviour
betw

een
anim

als
w
ith

heterogeneous
body

w
eight,as

w
as

the
case

for
rats

fed
a
controldiet

or
H
F
D
in
this

study.C
hanges

in
the

extracellular
and

intracellular
fluid

com
partm

ents
are

know
n
to

regulate
drinking

behaviour.O
besity

w
as

show
n
to

be
associated

w
ith

an
increased

extracellular
fluid

to
intra-

cellular
fluid

ratio
(Stookey

etal.,2
0
0
7
;Segar

etal.,2
0
2
1
),and

thus
w
e

cannotrule
outthatthe

increase
in
the

extracellular
fluid

com
partm

ent

could
contribute

to
the

reduced
drinking

behaviour
observed

in
ad

libitum
conditions

and
after

W
D
in
the

H
F
D
group.

P
revious

studies
have

show
n
that

plasm
a
sodium

concentration

and
urinary

sodium
excretion

w
ere

unchanged
by

H
F
D

(Sá
et

al.,

2
0
1
9
).
B
asal

hypertonic
saline

ingestion
w
as

not
changed

by
H
F
D
,

and
this

result
is

possibly
due

to
the

plasm
a
levels

of
sodium

not

changing
after

H
F
D
.Indeed,hypertonic

saline
solutions

are
aversive

to
eunatraem

ic
rats

(M
ecaw

iet
al.,2

0
1
5
).A

fter
dehydration

induced

by
w
ater

deprivation,
both

control
and

H
F
D

rats
show

ed
increased

hypertonic
saline

intake
w
hen

com
pared

to
the

hydrated
anim

als,

but
hypertonic

saline
intake

w
as

not
changed

w
hen

the
dehydrated

groups
w
ere

com
pared.In

the
experim

entalm
odelused

in
this

study,

the
increase

in
hypertonic

saline
intake

is
likely

secondary
to

the

increase
in
w
ater

intake,i.e.increased
sodium

intake
counterbalances

the
decrease

in
plasm

a
sodium

caused
by

prior
rehydration

as
show

n
in

P
ereira-D

erderian
et

al.(2
0
1
0
).T

herefore,the
increase

in
hypertonic

saline
intake

in
both

W
D

groups
is
consistent

w
ith

the
dehydration-

induced
w
ater

intake.

T
he

behavioural
results

observed
here

indicate
that

chronic
H
F
D

changes
fluid

intake
in

response
to

dehydration
in

m
ale

rats.
It

is

not
know

n,how
ever,if

these
effects

are
also

present
in

fem
ale

rats.

O
varian

horm
ones

are
related

to
the

controlof
hydrom

ineralbalance

(M
ecaw

iet
al.,2

0
1
5
),and

therefore,further
studies

that
address

the

changes
in

fluid
intake

in
obese

fem
ale

rats
and

how
these

changes

are
related

to
different

neuroendocrine
factors

are
necessary.A

few
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El aum
ento del tejido adiposo causado por la H

FD
 puede m

itigar los efectos 
de la deshidratación.

La
oxitocina

posiblem
ente

m
edia

la
respuesta

lipolítica.
La

lipólisis,
com

o
la

acuaporina-
7

y
elPPR⍺,podrían

contribuira
los

diferentes
efectos

observados
en

las
ratas

controly
con

H
FD

.

Dos-Santos R. et al. Experim
ental Physiology, 2022
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El riñón puede am
ortiguar los increm

entos en [TG
]psin la presencia del 

estím
ulo nervioso.

Sun Y. et al. Cell Death & Disease, 2020.
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Fig.1
Long-term

high-fat
diet

(H
FD

)
feeding

induces
obesity

and
m
etabolic

syndrom
e
in

the
C57BL/6

m
ice.A

Body-w
eight

changes
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16
w
eeks

ofH
FD

or
low

-fat
diet

(LFD
)feeding;**P
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,n
=
5
each

group.B
Changes
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fasting

blood
glucose
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these

m
ice.C

Plasm
a
triglyceride;D

plasm
a
cholesterol;E

plasm
a-free

fatty
acids

(FFA)atthe
end

of16
w
eeks.**P

<
0.01

versus
LFD

;n
=
4–6

each
group.F

Plasm
a
TN

F-α.G
Plasm

a
IL-6

atthe
end

of16
w
eeks.**P

<
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versus
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,n
=
7
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G
lucose
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TT).IInsulin
tolerance

(ITT)at
the

end
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w
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<
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<
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versus
LFD

,n
=
5
each

group.D
ata

in
(A
–D

,H
,and

I)
are

representative
of
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o
independent

experim
ents.
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O
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D
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Association

[11],another
study

that
contributed

to
47%

of
the

w
eighting

[31]
did

not
state

the
criteria

for
diagnosing

obstructive
sleep

apnoea
orthe

de
finitionsofAH

Iused.Additionally,neitherthe
AH

Iindex
at

six
m
onthsfollow

up
northe

rate
ofCPAP

therapy
w
ere

included
in

the
originalreport,and

w
ere

obtained
follow

ing
contactby

authors
of

the
m
eta-analysis.Another

study,w
hich

contributed
to

17%
of

the
w
eighting

ofthe
m
eta-analysis,provided

no
inform

ation
on

the
use

ofCPAP
therapy

[32].
G
iven

the
effectofCPAP

on
substantially

im
proving

the
AH

I,itis
difficultto

determ
ine

from
previousstudies

w
hetherthe

reduction
in

AH
Iw

as
due

to
the

effects
ofCPAP

therapy
or

the
denervation

procedure,or
if

the
tw

o
have

an
additive

effect.A
retrospective

study
ofpatients

w
ith

resistant
hypertension

and
O
SA

com
paring

the
effects

of
RSD

(n
¼

15)
and

CPAP
(n

¼
16)

on
sleep

apnoea
severity

[33],reported
a
reduction

in
nocturnalAH

Ifrom
32

(12)to
27

(14)events/h
(p

<
0.05)in

the
RSD

group
and

from
35

(12)to
five

(3)
events/h

(p
<

0.05)
in

the
CPAP

group.The
reduction

in
AH

I
reported

w
ith

CPAP
w
as

significantly
low

er
than

the
AH

Iachieved
w
ith

RSD
(p

<
0.001).Finally,as

the
m
eta-analysis

includes
only

a
sm

all
num

ber
of

participants,
w
ith

substantial
heterogeneity

(I 2
¼

32.8%,
p

¼
0.202),

the
results

should
be

interpreted
w
ith

caution.M
ostconcerning

is
the

uncertainty
ofCPAP

use
in

som
e
of

the
studies

[31,32].
Previous

studies
report

that
m
etabolic

features
accom

panying
O
SA

im
prove

follow
ing

renal
denervation

[11,12],
based

on
the

assum
ption

that
increased

sym
pathetic

discharge
is

a
key

feature
of

disordered
glucose

and
lipid

m
etabolism

,
and

that
RSD

m
ay

haltthe
progression

oftype
2
diabetesm

ellitusoreven
reverse

this
condition.

These
novel

findings,
am

idst
the

uncertain
bene

fit
ofCPAP

on
insulin

resistance
and

glycaem
ic

control,gained
signif-

icantattention
in

the
m
edicalcom

m
unity

[34
e
40].H

ow
ever,these

results
have

not
since

been
reproduced.W

e
report

no
significant

im
provem

ent
in

fasting
glucose,

H
bA

1c ,
insulin

sensitivity
or

beta-cell
function;

how
ever,

there
w
as

a
m
odest

reduction
of

1.14
m
m
ol/l(95%

CI0.22
e
2.06,p

¼
0.03)in

m
ean

tw
o
hour

O
GTT

m
easurem

ents,sim
ilar

to
the

D
REAM

S-study
(n

¼
29)

w
hich

re-
ported

no
significant

changes
in

m
arkers

of
m
etabolic

control
follow

ing
denervation

[41].This
prospective

cohort
study

lim
ited

treatm
ent

to
a
m
axim

um
ofone

antihypertensive
and

one
antidi-

abetic
drug

and
assessed

patients
atboth

six
and

12
m
onths

after
denervation.

The
results

of
this

study,
along

w
ith

others
[42],

com
plem

entour
findings

and
highlightthe

com
plex

pathogenesis
ofm

etabolic
disturbances

seen
in

sleep
apnoea

[43,44].
O
ur

study
has

severallim
itations.First,our

sam
ple

size
is

rela-
tively

sm
all;how

ever,w
e
used

standardised
m
ethodology

to
de

fine
the

population
(particularly

for
diagnosis

ofO
SA)and

our
study

is
one

of
the

largest
com

pleted
in

this
area.O

ur
study

w
as

also
not

random
ised;w

e
chose

this
design

to
identify

the
effects

ofRSD
(in

the
absence

of
CPAP)

on
m
ultiple

param
eters,and

w
e
believe

it
w
ould

have
been

unethicalto
deny

patients
further

treatm
ent.In

addition,com
parisonsw

ere
perform

ed
w
ithin

the
sam

e
individual,

reducing
the

likelihood
of

confounding.O
ur

follow
-up

w
as

also
com

pleted
up

to
six

m
onths,w

ithoutan
earlier

assessm
entofpa-

ram
eters.Therefore,it

is
plausible

that
w
e
failed

to
identify

tran-
sienteffects

ofRSD
on

study
param

eters.W
e
chose

six
m
onths

as
the

follow
-up

period
to

be
consistentw

ith
previous

studies
and

to
enable

valid
com

parisons
and

m
eta-analysis.As

w
ith

allpublished
denervation

trials
to

date,a
m
arker

ofsuccessfuldenervation
w
as

notm
easured

and
itis

possible
thatw

e
failed

to
identify

effects
on

study
param

eters
as

the
adequacy

ofRSD
w
as

unknow
n.W

hile
w
e

excluded
patients

w
ith

suspected
or

confessed
non-com

pliance,
drug

diaries
w
ere

not
recorded

by
patients

and
urine

drug
levels

w
ere

notm
easured,so

adherence
could

notbe
con

firm
ed.Indeed,

this
is
an

im
portantdow

nfallofallrenaldenervation
trials

to
date.

A
notew

orthy
strength

ofourstudy
isthe

high
rate

offollow
-up

(no
patient

w
as

lost
to

follow
-up).

In
addition,

our
cohort

w
as

less
heterogeneousthan

m
ultiple

previousstudies,asw
e
included

w
ell-

de
fined

criteria
forthe

diagnosisofO
SA,allparticipantscom

pleted
polysom

nography
and

no
patients

received
CPAP

therapy,w
hich

m
ay

confound
or

m
odify

the
effectofRSD

.

Table
2

Changes
in

param
eters.

Pre-RSD
(n

¼
20)

Post-RSD
(n

¼
20)

D
ifference

(Pre
e

Post)

M
ean

SD
M
ean

SD
M
ean

SE
95%

CI
p-value

(A)Blood
pressure

24
h
SBP,m

m
H
g

154.0
11.9

145.7
16.7

8.3
2.3

3.8
e
12.8

0.002
24

h
D
BP,m

m
H
g

87.3
8.5

81.1
11.9

6.2
2.0

2.3
e
10.1

0.006
N
ight-tim

e
SBP,m

m
H
g

151.1
14.8

142.5
18.0

8.6
2.9

2.9
e
14.3

0.008
O
ffice

SBP,m
m
H
g

166.3
14.5

159.7
14.3

6.6
1.9

2.9
e
10.3

0.003
O
ffice

D
BP,m

m
H
g

92.8
11.7

86.3
7.7

6.5
2.0

2.6
e
10.4

0.004
(B)Polysom

nographic
param

eters
AH

I,events/h
21.3

5.3
20.5

6.7
0.9

1.0
"
1.1

e
2.9

0.39
M
ean

SaO
2 ,%

92.3
1.7

92.8
3.0

0.45
0.56

"
0.7

e
1.6

0.43
M
in

SaO
2 ,%

81.3
5.8

84.0
6.4

2.70
1.58

"
0.4

e
5.8

0.10
D
esaturation

<90%
45.3

56.1
27.9

30.8
17.3

13.0
"
8.2

e
42.8

0.20
(C)M

etabolic
indices

BM
I,kg/m

2
37.2

5.4
36.9

5.9
0.3

0.5
"
0.68

e
1.28

0.60
W

aist/H
ip

ratio
0.94

0.04
0.93

0.04
0.01

0.01
"
0.01

e
0.03

0.26
#

N
eck

circum
ference,inches

18.3
1.0

17.9
0.9

0.31
0.18

"
0.04

e
0.66

0.11
Totalcholesterol,m

m
ol/L

4.61
0.88

4.61
0.96

0.01
0.15

"
0.28

e
0.3

0.97
H
D
L,m

m
ol/L

1.15
0.40

1.24
0.30

"
0.09

0.07
"
0.23

e
0.05

0.22
LD

L,m
m
ol/L

2.60
0.94

2.35
0.89

0.15
0.15

"
0.14

e
0.44

0.35
TG

,m
m
ol/L

2.39
1.77

1.95
0.94

0.44
0.30

"
0.15

e
1.03

0.29
#

Fasting
glucose,m

m
ol/L

5.99
1.17

5.77
1.38

0.22
0.28

"
0.33

e
0.77

0.46
O
G
TT

2
h,m

m
ol/L

9.90
2.05

8.76
2.11

1.14
0.47

0.22
e
2.06

0.03
H
bA

1c ,m
m
ols/m

ol
42.8

7.0
41.7

7.4
"
1.1

1.2
"
3.45

e
1.25

0.62
#

%S
53.8

45.0
51.3

34.1
"
2.50

6.73
"
15.7

e
10.7

0.59
#

%b
138.0

59.1
145.5

59.4
7.5

11.7
"
15.4

e
34.6

0.53

SBP
indicatessystolicblood

pressure;D
BP,diastolicblood

pressure;AH
I,apnoeae

hypopnoea
index;SaO

2 ,arterialoxygen
saturation;BM

I,body
m
assindex;H

D
L,high-density

lipoprotein
cholesterol;LD

L,low
-density

lipoprotein
cholesterol;TG

,triglycerides;O
G
TT

2
h,oralglucose

tolerance
testm

easurem
entat2

h;%S,insulin
sensitivity;%b,beta-

cellfunction.
p-value

calculated
from

paired
t-testexceptin

the
cases

denoted
by

#
indicating

W
ilcoxon

m
atched-pairs

signed-rank
testw

as
used

for
analysis.
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[11],another
study

that
contributed

to
47%

of
the

w
eighting

[31]
did

not
state

the
criteria

for
diagnosing

obstructive
sleep

apnoea
orthe

de
finitionsofAH

Iused.Additionally,neitherthe
AH

Iindex
at

six
m
onthsfollow

up
northe

rate
ofCPAP

therapy
w
ere

included
in

the
originalreport,and

w
ere

obtained
follow

ing
contactby

authors
of

the
m
eta-analysis.Another

study,w
hich

contributed
to

17%
of

the
w
eighting

ofthe
m
eta-analysis,provided

no
inform

ation
on

the
use

ofCPAP
therapy

[32].
G
iven

the
effectofCPAP

on
substantially

im
proving

the
AH

I,itis
difficultto

determ
ine

from
previousstudies

w
hetherthe

reduction
in

AH
Iw

as
due

to
the

effects
ofCPAP

therapy
or

the
denervation

procedure,or
if

the
tw

o
have

an
additive

effect.A
retrospective

study
ofpatients

w
ith

resistant
hypertension

and
O
SA

com
paring

the
effects

of
RSD

(n
¼

15)
and

CPAP
(n

¼
16)

on
sleep

apnoea
severity

[33],reported
a
reduction

in
nocturnalAH

Ifrom
32

(12)to
27

(14)events/h
(p

<
0.05)in

the
RSD

group
and

from
35

(12)to
five

(3)
events/h

(p
<

0.05)
in

the
CPAP

group.The
reduction

in
AH

I
reported

w
ith

CPAP
w
as

significantly
low

er
than

the
AH

Iachieved
w
ith

RSD
(p

<
0.001).Finally,as

the
m
eta-analysis

includes
only

a
sm

all
num

ber
of

participants,
w
ith

substantial
heterogeneity

(I 2
¼

32.8%,
p

¼
0.202),

the
results

should
be

interpreted
w
ith

caution.M
ostconcerning

is
the

uncertainty
ofCPAP

use
in

som
e
of

the
studies

[31,32].
Previous

studies
report

that
m
etabolic

features
accom

panying
O
SA

im
prove

follow
ing

renal
denervation

[11,12],
based

on
the

assum
ption

that
increased

sym
pathetic

discharge
is

a
key

feature
of

disordered
glucose

and
lipid

m
etabolism

,
and

that
RSD

m
ay

haltthe
progression

oftype
2
diabetesm

ellitusoreven
reverse

this
condition.

These
novel

findings,
am

idst
the

uncertain
bene

fit
ofCPAP

on
insulin

resistance
and

glycaem
ic

control,gained
signif-

icantattention
in

the
m
edicalcom

m
unity

[34
e
40].H

ow
ever,these

results
have

not
since

been
reproduced.W

e
report

no
significant

im
provem

ent
in

fasting
glucose,

H
bA

1c ,
insulin

sensitivity
or

beta-cell
function;

how
ever,

there
w
as

a
m
odest

reduction
of

1.14
m
m
ol/l(95%

CI0.22
e
2.06,p

¼
0.03)in

m
ean

tw
o
hour

O
GTT

m
easurem

ents,sim
ilar

to
the

D
REAM

S-study
(n

¼
29)

w
hich

re-
ported

no
significant

changes
in

m
arkers

of
m
etabolic

control
follow

ing
denervation

[41].This
prospective

cohort
study

lim
ited

treatm
ent

to
a
m
axim

um
ofone

antihypertensive
and

one
antidi-

abetic
drug

and
assessed

patients
atboth

six
and

12
m
onths

after
denervation.

The
results

of
this

study,
along

w
ith

others
[42],

com
plem

entour
findings

and
highlightthe

com
plex

pathogenesis
ofm

etabolic
disturbances

seen
in

sleep
apnoea

[43,44].
O
ur

study
has

severallim
itations.First,our

sam
ple

size
is

rela-
tively

sm
all;how

ever,w
e
used

standardised
m
ethodology

to
de

fine
the

population
(particularly

for
diagnosis

ofO
SA)and

our
study

is
one

of
the

largest
com

pleted
in

this
area.O

ur
study

w
as

also
not

random
ised;w

e
chose

this
design

to
identify

the
effects

ofRSD
(in

the
absence

of
CPAP)

on
m
ultiple

param
eters,and

w
e
believe

it
w
ould

have
been

unethicalto
deny

patients
further

treatm
ent.In

addition,com
parisonsw

ere
perform

ed
w
ithin

the
sam

e
individual,

reducing
the

likelihood
of

confounding.O
ur

follow
-up

w
as

also
com

pleted
up

to
six

m
onths,w

ithoutan
earlier

assessm
entofpa-

ram
eters.Therefore,it

is
plausible

that
w
e
failed

to
identify

tran-
sienteffects

ofRSD
on

study
param

eters.W
e
chose

six
m
onths

as
the

follow
-up

period
to

be
consistentw

ith
previous

studies
and

to
enable

valid
com

parisons
and

m
eta-analysis.As

w
ith

allpublished
denervation

trials
to

date,a
m
arker

ofsuccessfuldenervation
w
as

notm
easured

and
itis

possible
thatw

e
failed

to
identify

effects
on

study
param

eters
as

the
adequacy

ofRSD
w
as

unknow
n.W

hile
w
e

excluded
patients

w
ith

suspected
or

confessed
non-com

pliance,
drug

diaries
w
ere

not
recorded

by
patients

and
urine

drug
levels

w
ere

notm
easured,so

adherence
could

notbe
con

firm
ed.Indeed,

this
is
an

im
portantdow

nfallofallrenaldenervation
trials

to
date.

A
notew

orthy
strength

ofourstudy
isthe

high
rate

offollow
-up

(no
patient

w
as

lost
to

follow
-up).

In
addition,

our
cohort

w
as

less
heterogeneousthan

m
ultiple

previousstudies,asw
e
included

w
ell-

de
fined

criteria
forthe

diagnosisofO
SA,allparticipantscom

pleted
polysom

nography
and

no
patients

received
CPAP

therapy,w
hich

m
ay

confound
or

m
odify

the
effectofRSD

.

Table
2

Changes
in

param
eters.

Pre-RSD
(n

¼
20)

Post-RSD
(n

¼
20)

D
ifference

(Pre
e

Post)

M
ean

SD
M
ean

SD
M
ean

SE
95%

CI
p-value

(A)Blood
pressure

24
h
SBP,m

m
H
g

154.0
11.9

145.7
16.7

8.3
2.3

3.8
e
12.8

0.002
24

h
D
BP,m

m
H
g

87.3
8.5

81.1
11.9

6.2
2.0

2.3
e
10.1

0.006
N
ight-tim

e
SBP,m

m
H
g

151.1
14.8

142.5
18.0

8.6
2.9

2.9
e
14.3

0.008
O
ffice

SBP,m
m
H
g

166.3
14.5

159.7
14.3

6.6
1.9

2.9
e
10.3

0.003
O
ffice

D
BP,m

m
H
g

92.8
11.7

86.3
7.7

6.5
2.0

2.6
e
10.4

0.004
(B)Polysom

nographic
param

eters
AH

I,events/h
21.3

5.3
20.5

6.7
0.9

1.0
"
1.1

e
2.9

0.39
M
ean

SaO
2 ,%

92.3
1.7

92.8
3.0

0.45
0.56

"
0.7

e
1.6

0.43
M
in

SaO
2 ,%

81.3
5.8

84.0
6.4

2.70
1.58

"
0.4

e
5.8

0.10
D
esaturation

<90%
45.3

56.1
27.9

30.8
17.3

13.0
"
8.2

e
42.8

0.20
(C)M

etabolic
indices

BM
I,kg/m

2
37.2

5.4
36.9

5.9
0.3

0.5
"
0.68

e
1.28

0.60
W

aist/H
ip

ratio
0.94

0.04
0.93

0.04
0.01

0.01
"
0.01

e
0.03

0.26
#

N
eck

circum
ference,inches

18.3
1.0

17.9
0.9

0.31
0.18

"
0.04

e
0.66

0.11
Totalcholesterol,m

m
ol/L

4.61
0.88

4.61
0.96

0.01
0.15

"
0.28

e
0.3

0.97
H
D
L,m

m
ol/L

1.15
0.40

1.24
0.30

"
0.09

0.07
"
0.23

e
0.05

0.22
LD

L,m
m
ol/L

2.60
0.94

2.35
0.89

0.15
0.15

"
0.14

e
0.44

0.35
TG

,m
m
ol/L

2.39
1.77

1.95
0.94

0.44
0.30

"
0.15

e
1.03

0.29
#

Fasting
glucose,m

m
ol/L

5.99
1.17

5.77
1.38

0.22
0.28

"
0.33

e
0.77

0.46
O
G
TT

2
h,m

m
ol/L

9.90
2.05

8.76
2.11

1.14
0.47

0.22
e
2.06

0.03
H
bA

1c ,m
m
ols/m

ol
42.8

7.0
41.7

7.4
"
1.1

1.2
"
3.45

e
1.25

0.62
#

%S
53.8

45.0
51.3

34.1
"
2.50

6.73
"
15.7

e
10.7

0.59
#

%b
138.0

59.1
145.5

59.4
7.5

11.7
"
15.4

e
34.6

0.53

SBP
indicatessystolicblood

pressure;D
BP,diastolicblood

pressure;AH
I,apnoeae

hypopnoea
index;SaO

2 ,arterialoxygen
saturation;BM

I,body
m
assindex;H

D
L,high-density

lipoprotein
cholesterol;LD

L,low
-density

lipoprotein
cholesterol;TG

,triglycerides;O
G
TT

2
h,oralglucose

tolerance
testm

easurem
entat2

h;%S,insulin
sensitivity;%b,beta-

cellfunction.
p-value

calculated
from

paired
t-testexceptin

the
cases

denoted
by

#
indicating

W
ilcoxon

m
atched-pairs

signed-rank
testw

as
used

for
analysis.
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of H
R

 to R
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N
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 w
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(Figure 4B
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A
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).
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as ≈88%
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D
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ith Sham
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ice (Figure S2).

E
ffect of R

D
N

x on G
lucose M

etabolism
Fasting blood glucose w

as significantly elevated in H
FD

 com
-

pared w
ith L

FD
 m

ice before Sham
/R

D
N

x (Figure 5A
). Further 

evidence of im
paired glucose m

etabolism
 in H

FD
 m

ice w
as 

evident from
 the G

T
T

 conducted 3 w
eeks after R

D
N

x or 
Sham

 surgery. H
FD

-fed m
ice exhibited significantly higher 

blood glucose levels than L
FD

-fed m
ice over the 180-m

in-
ute period after glucose adm

inistration (Figure 5B
 and 5C

). 
H

ow
ever, R

D
N

x had no significant effect on the G
T

T
 in either 

H
FD

 or L
FD

 groups.

Successful denervation w
as confirm

ed, in that renal nor-
epinephrine w

as ≈78%
 low

er in R
D

N
x com

pared w
ith Sham

 
m

ice (Figure S3).

E
ffect of R

D
N

x on R
enal Inflam

m
ation in H

F
D

 and 
L

F
D

 M
ice

O
ne approach w

e used to assess the effect of a H
FD

 and 
R

D
N

x on renal inflam
m

ation w
as to quantify the trafficking 

of T
 cells into the kidneys. W

e also assessed the num
ber of T

 
cells in the spleen and m

esenteric lym
ph node as m

easures of 
system

ic im
m

une status. T
he gating param

eters used to quan-
tify populations of C

D
4, C

D
8, T

 helper 1 cell, and T
 regula-

tory cells are described in the supplem
ent (Figure S4).

H
FD

 com
pared w

ith L
FD

 m
ice exhibited generalized 

inflam
m

ation, w
ith significant elevation of splenic C

D
8, C

D
4, 

T
 helper 1 cell, and T

 regulatory cells. N
ote that R

D
N

x had no 
significant effect on splenic (Figure 6A

) or m
esenteric lym

ph 
node (Figure 6B

) T
 cells. In contrast to our hypothesis, w

ith 
the exception of a higher num

ber of T
 regulatory cells in the 

H
FD

-R
D

N
x com

pared w
ith L

FD
-Sham

, w
e did not observe 

any effect of either H
FD

 or R
D

N
x on the num

ber of renal T
 

cells (Figure 6C
). Finally, protein levels of renal proinflam

m
a-

tory cytokines IL
1β, IL

2, IL
6, IL

17, tum
or necrosis factor-α

, 
and interferon-γ, as w

ell as the anti-inflam
m

atory cytokine 
IL

-10 (Figure 6D
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B

C
Figure 5. Effect of high-fat diet (H
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) 

and renal denervation (R
D

N
x) on glucose 

m
etabolism

. A
, Fasting blood glucose 

levels in low
-fat diet (LFD

) and H
FD

 m
ice. 

*P
<0.05. U

npaired t test. B
, G

lucose 
tolerance test show

ing changes in glucose 
m

etabolism
 w

ith R
D

N
x in groups. *P

<0.05 
LFD

 vs H
FD

 (S
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easures analysis of variance 

(A
N

O
VA

) follow
ed by B

onferroni’s m
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parison post hoc test. C
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U

C
) for glucose tolerance test 

(G
TT). *P
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ay A
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.
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Figure 6. R
enal inflam
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atory T cells and 

cytokines w
ith diet and renal denervation 

(R
D

N
x). Flow

 cytom
etry analysis of 

sam
ples from

 LFD
-S

ham
, LFD

-R
D

N
x, 

H
FD

-S
ham

, and H
FD

-R
D

N
x (n=9/group) 

in spleen (A
), m

esenteric lym
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(B
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); *P
<0.05. O

ne-w
ay 

analysis of variance (A
N

O
VA

). D
, R

enal 
cytokine levels after sham

 or R
D

N
x. H

FD
 

indicates high-fat diet; IFN
, interferon; IL, 

interleukin; LFD
, low

-fat diet; and TN
F, 

tum
or necrosis factor.
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D
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To our know
ledge, the present study is am

ong the first prospec-
tively investigating the effects of R

D
N

 on m
etabolic param

e-
ters and sym

pathetic activity in patients w
ith M

etS. W
e show

ed 
that R

D
N

 did not lead to an im
provem

ent of IS ≤12 m
onths 

after treatm
ent although w

e observed a significant reduc-
tion in am

bulatory B
P in this nearly drug-naïve population. 

R
em

arkably, w
e observed that R

D
N

 did not alter sym
pathetic 

activity as assessed by M
SN

A
 and H

RV. In contradiction w
ith 

changes in 24-hour B
P, it w

as found that repeated B
P m

easure-
m

ents at hom
e show

ed no significant reduction over tim
e.

D
ecreased IS is an im

portant risk factor for the occurrence 
of cardiovascular disease. 22 B

ecause direct m
easurem

ent of 
IS is invasive, 23 surrogate indexes have been developed using 
insulin and glucose levels at various O

G
T

T
 sam

pling tim
es. 23 

O
n the basis of retrieved O

G
T

T-data, w
e estim

ated IS by 
m

eans of the SIisO
G

T
T

 form
ula. SIisO

G
T

T
 is strongly asso-

ciated w
ith directly m

easured IS by euglycem
ic-hyperinsulin-

em
ic clam

ping. 14,23,24

B
ecause the SIisO

G
T

T
 show

ed that IS did not change 
after R

D
N

, w
e could not confirm

 the im
pressive im

prove-
m

ent in IS as reported previously. 11 A
s w

e did not include a 
control group, w

e cannot com
pare the results of the treated 

patients against the natural course. Potentially, a further 
deterioration in m

etabolic state can be prevented using 
R

D
N

 although this is highly speculative. T
he difference 

betw
een the present study and the previously published 

study m
ay be explained by patient selection. M

ahfoud et 
al 11 included patients w

ith resistant hypertension, w
hereas 

w
e included nearly drug-naïve patients. It m

ay, therefore, 
be that the sym

pathetic activation w
as higher in their popu-

lation. Y
et, H

O
M

A
-IR

 and other baseline characteristics in 
the present study w

ere com
parable w

ith the previous study 
or even m

ore im
paired. Second, patients had a high base-

line SN
A

 w
ith a m

ean of 48 (35) bursts per m
inute. In other 

studies investigating the change of sym
pathetic activity 

baseline values ranging from
 34±2 to 50±2 burst/m

in w
ere 

observed. 25,26

Figure. C
hange in insulin sensitivity. H

O
M

A
-IR

 indicates the hom
eostasis m

odel of assessm
ent-insulin resistance; and S

IisO
G

TT, S
im

ple 
Index A

ssessing Insulin S
ensitivity O

ral G
lucose Tolerance Test.

Table 2. 
Change in Anthropom

etrics and Laboratory M
easurem

ents

Anthropom
etrics and Laboratory 

M
easurem

ents
Baseline

6-m
o 

Follow
-Up

P Value*
12-m

o 
Follow

-Up
P Value†

W
eight, kg

96±15
95±15

0.08
95±15

0.22

Body m
ass index, kg/m

2
31.5±5.0

31.0±4.9
0.09

31.0±4.8
0.21

Abdom
inal w

aist, cm

 
 M

en
112±13

111±13
0.11

111±12
0.68

 
 W

om
en

110±11
111±11

0.19
110±11

0.83

eGFR,‡ m
L/m

in per 1.73 m
2

85±15
88±14

0.02
88±14

0.06

Fasting glucose, m
m

ol/L
7.2±1.7

7.4±2.6
0.34

7.0±1.3
0.34

Fasting insulin, m
IU/L

20.9±10.6
20.1±9.8

0.53
19.6±11.1

0.53

Fasting C-peptide, pm
ol/L

1319±410
…

…
1306±468

0.82

Daily use of antihypertensive drugs
1.2±0.4

1.3±0.5
0.41

1.3±0.5
0.83

eGFR indicates estim
ated glom

erular filtration rate.
*Six m

onths vs baseline.
†Tw

elve m
onths vs baseline

‡Calculated on the basis of the Chronic Kidney Disease Epidem
iology Collaboration form

ula.
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BRD puede dism
inuir la presión 

arterial 
en 

m
odelos 

de 
HFD 

reduciendo la retención de sodio, 
la sobreactivación sim

pática y la 
inflam

ación renal.

La DRB puede influir en “norm
alizar” los receptores de Ang II (en especial 

el 2), en la presión arterial y en la inflam
ación renal, pero sus m

ecanism
os 

no se conocen con detalle.
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La BRD sólo atenúa el am
ento de presión inducido por la HFD m

ientras que 
a las 8S atenúa el aum

ento de [ANG
-II]p que no se ve m

odificado a las 12S

decades,diverse
biologicalm

echanism
sw

ere
reported

to
play

a
key

role
in

obesity-induced
cardiac

rem
odeling,

including
TG

F-β1,
leptin,

en-
dothelin

1,oxidative
stress

and
activation

of
the

RA
S
(Cavalera

et
al.,

2014;M
ahajan

etal.,2015).In
fact,obese

Zucker
rats

display
elevated

A
ng

II
levels

and
A
T2R

expression
in

heart
(Barretti

et
al.,

2012).
In

addition,H
F
diet

increases
A
T2R

expression
in

heart
ofobese

rats
(H

a
etal.,2011).H

ow
ever,the

potentialrole
ofA

T2R
in

the
developm

entof
obesity-induced

cardiac
rem

odeling
has

rem
ained

elusive.
H
erein

w
e

observed
that

A
T2R

protein
levels

w
ere

increased
in

heart
of

obese
m
ice.

A
T2RW

T
m
ice

fed
H
F

diet
did

not
display

alteration
in

heart
w
eight

and
H
W
/TL

ratio
com

pared
to

their
respective

controls.
W
e

have
previously

dem
onstrated

that
H
F
diet

for
10

and
12

w
eeks

in-
creases

both
heartw

eightand
H
W
/TL

ratio
in

m
ice

(D
iniz

etal.,2017;
G
uedes

et
al.,2016).The

reasons
by

w
hich

these
param

eters
w
ere

not
increased

in
response

to
H
F
diet

are
unknow

n.H
ow

ever,it
is

possible
that

diff
erences

in
genetic

background
of

the
m
ice

used
in

the
current

study
m
ay

be
involved

in
these

events.
Conversely,

w
e
found

that
H
F

feeding
induced

cardiom
yocyte

hypertrophy,as
evaluated

by
histology,

w
estern

blotting
and

qPCR
analysis.

Interestingly,
loss

of
A
T2R

pre-
vented

H
F

diet-induced
cardiom

yocyte
hypertrophy,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

H
F

feeding.
A
lthough

A
T2R

is
associated

w
ith

cardioprotection,previous
studies

reported
the

involvem
ent

of
A
T2R

in
cardiac

hypertrophy
induced

by
diverse

sti-
m
uli,

including
thyroid

horm
one,

pressure
overload

and
A
ng

II
(Carneiro-Ram

os
etal.,2010;Ichihara

etal.,2001;Senbonm
atsu

etal.,
2000),

reinforcing
the

role
of

A
T2R

in
regulation

of
several

cardiac
hypertrophy

m
odels.In

addition,w
e
found

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

increased
M
yh6/M

yh7
ratio,suggesting

that
these

m
ice

m
ay

have
an

im
proved

cardiac
function.

H
ow

ever,
further

echo-
cardiographic

analyses
are

required
to

determ
ine

w
hether

loss
ofA

T2R
m
ay

a
ff
ect

cardiac
contractile

function
in

obese
m
ice.

A
dditionally,

our
results

dem
onstrated

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

a
reduction

on
collagen

area
and

Col1
protein

levels
com

pared
to

H
F

diet-fed
A
T2RW

T
m
ice,

suggesting
that

deletion
of

A
T2R

decreases
the

cardiac
collagen

contentin
response

to
H
F
feeding.

In
addition,

w
e
found

that
A
T2RW

T
m
ice

fed
H
F
diet

had
increased

expression
levels

of
Tim

p1,
w
hich

is
used

as
a
m
arker

of
cardiac

fi-
brosis.In

contrast,H
F
diet-fed

A
T2RKO

m
ice

did
notdisplay

increased
Tim

p1
m
RN

A
levels

in
response

to
H
F
diet.H

ow
ever,future

studies
are

required
to

evaluate
w
hether

deletion
of

A
T2R

m
ay

in
fluence

cardiac
fibrosis

induced
by

long-term
exposition

to
H
F
feeding.

The
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardio-
m
yocyte

hypertrophy
in

m
ice

are
unclear.W

e
have

previously
reported

that
H
F
feeding-induced

cardiac
hypertrophy

w
as

not
accom

panied
by

alteration
in

systolic
blood

pressure
(G

uedes
et

al.,
2016),

suggesting
that

H
F
diet-induced

hypertrophic
e
ff
ect

observed
herein

is
not

asso-
ciated

w
ith

hypertension.
Interestingly,

the
cardioprotective

e
ffect

m
ediated

by
loss

ofA
T2R

in
obese

m
ice

seem
s
to

be
not

dependent
on

the
e
ffects

in
body

w
eight

gain,
glucose

intolerance,
leptin

levels,
adiposity

and
energy

expenditure,
since

these
param

eters
w
ere

un-
changed

in
A
T2RKO

m
ice

fed
H
F
diet.G

iven
thathypercholesterolem

ia
has

been
associated

to
cardiac

hypertrophy
and

fibrosis
(Kang

et
al.,

2009),
it

is
possible

that
the

resistance
to

H
F
diet-induced

hypercho-
lesterolem

ia
in

A
T2RKO

m
ice

m
ay

be
involved,at

least
in

part,in
the

resistance
to

cardiac
rem

odeling
in

response
to

H
F

feeding
in

these
m
ice.

H
ow

ever,
further

investigations
are

needed
to

validate
this

hy-
pothesis.

O
bese

individuals
m
ay

develop
cardiom

yopathy,
w
hich

is
char-

acterized
by

cardiac
m
orphological,

functional,
and

m
etabolic

ab-
norm

alities
(Zhang

and
Ren,2016).W

e
have

previously
reported

that
H
F

diet-induced
cardiac

hypertrophy
for

12
w
eeks

w
as

not
accom

-
panied

by
alteration

in
cardiac

function
(D

iniz
et

al.,2017).A
lthough

our
study

suggests
a
key

role
for

A
T2R

in
H
F
diet-induced

cardiac
hy-

pertrophy,
further

studies
are

required
to

characterize
w
hether

A
T2R

m
ay

in
fluence

the
developm

ent
of

obesity-related
cardiom

yopathy.
In

order
to

characterize
the

potential
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F

diet-induced
cardiom

yocyte
hypertrophy,

w
e
evaluated

som
e
signaling

pathw
ays

involved
in

control
of

cardiac
hypertrophy.

W
estern

blotting
analysis

revealed
that

phosphorylation
levels

ofA
KT,

ERK1/2
and

G
SK3β

w
ere

unchanged
in

heart
from

A
T2RW

T
and

A
T2RKO

m
ice

fed
H
F
diet

com
pared

to
their

respective
controls.

The
reasons

by
w
hich

w
e
did

notobserve
alteration

in
the

phosphorylation
levelsofthese

proteinsare
unclear.H

ow
ever,itisim

portantto
consider

that
these

analyses
w
ere

perform
ed

after
10

w
eeks

of
dietary

feeding,
w
hich

m
ay

lead
to

severaladaptations
in

the
cardiac

tissue,including
the

dow
nregulation

of
prohypertrophic

signaling
pathw

ays.
In

order
to

determ
ine

the
potential

m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardiom
yocyte

hypertrophy,
w
e
perform

ed
som

e
in

vitro
studies

using
cardiom

yocytes
cultures.D

iverse
biological

m
echanism

s
have

been
im

plicated
in

obesity-induced
cardiac

hyper-
trophy,

including
hem

odynam
ic

and
neurohorm

onal
factors,

TG
F-β1,

leptin,
endothelin

1,oxidative
stress,

in
flam

m
ation,

apoptosis
and

ac-
tivation

ofthe
RA

S
(Cavalera

etal.,2014;M
ahajan

etal.,2015;Zhang
and

Ren,
2016).It

is
w
ell

know
n
that

obese
patients

display
elevated

circulating
leptin

levels
(Considine

et
al.,

1996),
and

that
higher

cir-
culating

leptin
levels

have
been

associated
w
ith

cardiac
hypertrophy

(Paolisso
et

al.,
1999;

Perego
et

al.,
2005).

In
fact,

isolated
cardio-

m
yocytes

treated
w
ith

leptin
display

hypertrophic
phenotype

(Jong
et

al.,
2019;

Rajapurohitam
et

al.,
2012).

A
s
expected,

our
results

re-
vealed

that
cardiom

yocytes
treated

w
ith

leptin
exhibited

hypertrophy,
as

evaluated
by

increased
cell

surface
area

and
BN

P
m
RN

A
levels.

H
ow

ever,
A
T2R

antagonist
prevented

leptin-induced
cardiom

yocyte
hypertrophy

in
vitro,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

leptin.
A
lthough

PD
123,319

has
been

w
idely

used
as

an
A
T2R

antagonistto
study

the
role

ofthisreceptorin
vitro

and
in

vivo
(A

li
and

H
ussain,

2012;
Bruce

et
al.,

2015;
Carneiro-Ram

os
et

al.,
2010;

Kem
p
et

al.,2014;Peluso
et

al.,2018),a
previous

study
reported

that
PD

123,319
m
ay

act
through

an
A
T2R-independent

m
echanism

(D
augherty

et
al.,2013).O

ur
findings

revealed
that

A
T2R

knockdow
n

using
siRN

A
prevented

the
hypertrophic

response
to

leptin,indicating
a

key
role

ofA
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.
Itis

also
im

portantofnote
thatcardiom

yocytes
and

cardiac
fibroblasts

express
A
T2R

(M
atsubara

etal.,1994).Then,itis
possible

thatA
T2R

of
these

diff
erentcelltypes

m
ay

be
contributing

to
the

cardiac
rem

odeling
in

response
to

H
F
diet

observed
in

m
ice.

Previous
report

show
ed

that
leptin-induced

cardiom
yocyte

hyper-
trophy

is
associated

w
ith

increased
phosphorylation

levels
of

ERK1/2
(Rajapurohitam

et
al.,

2012).
In

the
present

study,
the

treatm
ent

of
cardiom

yocytes
w
ith

leptin
for

10
m
in

did
not

change
the

Fig.6.Schem
atic

representation
ofthe

proposed
m
echanism

ofaction
for

A
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.Leptin
rapidly

increases
the

phosphorylation
levels

of
G
SK3β

and
induces

cardiom
yocyte

hy-
pertrophy

in
vitro.H

ow
ever,the

use
ofA

T2R
antagonist

(PD
123,319)

prevents
leptin-induced

phosphorylation
of

G
SK3β

and
cardiom

yocyte
hypertrophy.

Further
pharm

acological
or

functional
studies

are
required

to
evaluate

the
potentialrole

of
G
SK3β

in
leptin-induced

cardiom
yocyte

hypertrophy.
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entos 
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etabolism

o de los adipocitos, la 
expresión del SR

A y la expresión 
del receptor de Ang II.
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alizar” los receptores de Ang II (en especial 

el 2), en la presión arterial y en la inflam
ación renal, pero sus m

ecanism
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no se conocen con detalle.
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the
rate

ofpressure
developm

ent+dp/dtm
ax

and−dp/dtm
in

were
signi-cantly

reduced
while

LVED
P
was

signi-cantly
increased

(>15m
m
H
g)in

ISO
group

com
pared

with
saline

group
(#<0.05,Table

2).EitherRD,icv
Irbe,oricv

EN
T

signi-cantly
im

proved
theISO

-induced
depression

in
LVSP,

+dp/dtm
ax ,and−dp/dtm

in ,whereastheISO
-inducedincrease

in
LVED

P
wassigni-cantlyattenuated

(#<0.05,Table2).
3.3.E"ectsofRenalD

enervation,CentralBlockadeofAT1-R,
orInhibition

ofTNF-!
on

ISO-Induced
BP

and
H
R.

Baseline
M
AP

and
H
R

were101.7±2.5m
m
H
g
and372.3±6.2

beats/m
in

in
Sham

groups
ofrats,respectively.RD

signi--
cantlyreducedbaselineM

AP
(93.6±1.9m

m
H
g,#<0.05)but

did
notalterbaselineH

R
(356.8±5.9

beats/m
in,#>0.05).

Saline
treatm

enthad
no

e(ectson
these

basalBPsand
H
Rs

(Figures3(a)and
4(a)).

In
Sham

group
of

rats,
ISO

resulted
in

a
rem

arked
decrease

in
M
AP

throughout
treatm

ent
period.

)
is

decreased
M
AP

wasgreaterin
-rstweek

and
then

gradually

restored
but

did
not

return
to

baseline
level(#<0.05,

Figure
3(a)).H

owever,ISO
elicited

a
lessdecrease

in
BP

in
m
ostofadm

inistration
period

in
the

RD
group

(#<0.05,
Figure

3(b)).N
otably,the

ISO
-induced

decrease
in

M
AP

in
RD

group
restored

to
itsbaseline

levelin
second

week,but
notin

Sham
,icvIrbe,oricvEN

T
group

(Figure3(a)).
ISO

adm
inistration

induced
signi-cantincrease

in
H
R

thatsustained
thewholeadm

inistration
period

in
both

sham
and

RD
rats(#<0.05,Figure4(a)).)

eRD,butnoticvIrbe
andicvEN

T,signi-cantlyattenuatedISO
-inducedincreasein

H
R
in

-rst5
days(#<0.05);therea+er,ISO

elicited
sim

ilar
increasein

H
R
in

allgroups(Figure4(b)).

3.4.E"ectsofRenalD
enervation,CentralBlockadeofAT1-R,or

Inhibition
ofTNF-!

on
ISO-Induced

CardiovascularVariabil-
ity

and
SpontaneousBarore%ex.

Although
these

param
eters

did
not

di(er
in

the
2
groups

of
rats

with
saline

treat-
m
ent,overallH

R
variability

(variance
ofPI)

and
beat-to-

beat
variability

attributed
to

parasym
pathetic

m
odulation
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La BR
D

 sólo atenúa el am
ento de presión inducido por la H

FD
 m

ientras que 
a las 8S atenúa el aum

ento de [AN
G

-II]p que no se ve m
odificado a las 12S

decades,diverse
biologicalm

echanism
sw

ere
reported

to
play

a
key

role
in

obesity-induced
cardiac

rem
odeling,

including
TG

F-β1,
leptin,

en-
dothelin

1,oxidative
stress

and
activation

of
the

RA
S
(Cavalera

et
al.,

2014;M
ahajan

etal.,2015).In
fact,obese

Zucker
rats

display
elevated

A
ng

II
levels

and
A
T2R

expression
in

heart
(Barretti

et
al.,

2012).
In

addition,H
F
diet

increases
A
T2R

expression
in

heart
of

obese
rats

(H
a

etal.,2011).H
ow

ever,the
potentialrole

ofA
T2R

in
the

developm
entof

obesity-induced
cardiac

rem
odeling

has
rem

ained
elusive.

H
erein

w
e

observed
that

A
T2R

protein
levels

w
ere

increased
in

heart
of

obese
m
ice.

A
T2RW

T
m
ice

fed
H
F

diet
did

not
display

alteration
in

heart
w
eight

and
H
W
/TL

ratio
com

pared
to

their
respective

controls.
W
e

have
previously

dem
onstrated

that
H
F
diet

for
10

and
12

w
eeks

in-
creases

both
heartw

eightand
H
W
/TL

ratio
in

m
ice

(D
iniz

etal.,2017;
G
uedes

et
al.,2016).The

reasons
by

w
hich

these
param

eters
w
ere

not
increased

in
response

to
H
F
diet

are
unknow

n.H
ow

ever,it
is

possible
that

diff
erences

in
genetic

background
of

the
m
ice

used
in

the
current

study
m
ay

be
involved

in
these

events.
Conversely,

w
e
found

that
H
F

feeding
induced

cardiom
yocyte

hypertrophy,as
evaluated

by
histology,

w
estern

blotting
and

qPCR
analysis.

Interestingly,
loss

of
A
T2R

pre-
vented

H
F

diet-induced
cardiom

yocyte
hypertrophy,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

H
F

feeding.
A
lthough

A
T2R

is
associated

w
ith

cardioprotection,previous
studies

reported
the

involvem
ent

of
A
T2R

in
cardiac

hypertrophy
induced

by
diverse

sti-
m
uli,

including
thyroid

horm
one,

pressure
overload

and
A
ng

II
(Carneiro-Ram

os
etal.,2010;Ichihara

etal.,2001;Senbonm
atsu

etal.,
2000),

reinforcing
the

role
of

A
T2R

in
regulation

of
several

cardiac
hypertrophy

m
odels.In

addition,w
e
found

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

increased
M
yh6/M

yh7
ratio,suggesting

that
these

m
ice

m
ay

have
an

im
proved

cardiac
function.

H
ow

ever,
further

echo-
cardiographic

analyses
are

required
to

determ
ine

w
hether

loss
ofA

T2R
m
ay

a
ff
ect

cardiac
contractile

function
in

obese
m
ice.

A
dditionally,

our
results

dem
onstrated

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

a
reduction

on
collagen

area
and

Col1
protein

levels
com

pared
to

H
F

diet-fed
A
T2RW

T
m
ice,

suggesting
that

deletion
of

A
T2R

decreases
the

cardiac
collagen

contentin
response

to
H
F
feeding.

In
addition,

w
e
found

that
A
T2RW

T
m
ice

fed
H
F
diet

had
increased

expression
levels

of
Tim

p1,
w
hich

is
used

as
a
m
arker

of
cardiac

fi-
brosis.In

contrast,H
F
diet-fed

A
T2RKO

m
ice

did
notdisplay

increased
Tim

p1
m
RN

A
levels

in
response

to
H
F
diet.H

ow
ever,future

studies
are

required
to

evaluate
w
hether

deletion
of

A
T2R

m
ay

in
fluence

cardiac
fibrosis

induced
by

long-term
exposition

to
H
F
feeding.

The
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardio-
m
yocyte

hypertrophy
in

m
ice

are
unclear.W

e
have

previously
reported

that
H
F
feeding-induced

cardiac
hypertrophy

w
as

not
accom

panied
by

alteration
in

systolic
blood

pressure
(G

uedes
et

al.,
2016),

suggesting
that

H
F
diet-induced

hypertrophic
e
ff
ect

observed
herein

is
not

asso-
ciated

w
ith

hypertension.
Interestingly,

the
cardioprotective

e
ffect

m
ediated

by
loss

ofA
T2R

in
obese

m
ice

seem
s
to

be
not

dependent
on

the
e
ffects

in
body

w
eight

gain,
glucose

intolerance,
leptin

levels,
adiposity

and
energy

expenditure,
since

these
param

eters
w
ere

un-
changed

in
A
T2RKO

m
ice

fed
H
F
diet.G

iven
thathypercholesterolem

ia
has

been
associated

to
cardiac

hypertrophy
and

fibrosis
(Kang

et
al.,

2009),
it

is
possible

that
the

resistance
to

H
F
diet-induced

hypercho-
lesterolem

ia
in

A
T2RKO

m
ice

m
ay

be
involved,at

least
in

part,in
the

resistance
to

cardiac
rem

odeling
in

response
to

H
F

feeding
in

these
m
ice.

H
ow

ever,
further

investigations
are

needed
to

validate
this

hy-
pothesis.

O
bese

individuals
m
ay

develop
cardiom

yopathy,
w
hich

is
char-

acterized
by

cardiac
m
orphological,

functional,
and

m
etabolic

ab-
norm

alities
(Zhang

and
Ren,2016).W

e
have

previously
reported

that
H
F

diet-induced
cardiac

hypertrophy
for

12
w
eeks

w
as

not
accom

-
panied

by
alteration

in
cardiac

function
(D

iniz
et

al.,2017).A
lthough

our
study

suggests
a
key

role
for

A
T2R

in
H
F
diet-induced

cardiac
hy-

pertrophy,
further

studies
are

required
to

characterize
w
hether

A
T2R

m
ay

in
fluence

the
developm

ent
of

obesity-related
cardiom

yopathy.
In

order
to

characterize
the

potential
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F

diet-induced
cardiom

yocyte
hypertrophy,

w
e
evaluated

som
e
signaling

pathw
ays

involved
in

control
of

cardiac
hypertrophy.

W
estern

blotting
analysis

revealed
that

phosphorylation
levels

ofA
KT,

ERK1/2
and

G
SK3β

w
ere

unchanged
in

heart
from

A
T2RW

T
and

A
T2RKO

m
ice

fed
H
F
diet

com
pared

to
their

respective
controls.

The
reasons

by
w
hich

w
e
did

notobserve
alteration

in
the

phosphorylation
levelsofthese

proteinsare
unclear.H

ow
ever,itisim

portantto
consider

that
these

analyses
w
ere

perform
ed

after
10

w
eeks

of
dietary

feeding,
w
hich

m
ay

lead
to

severaladaptations
in

the
cardiac

tissue,including
the

dow
nregulation

of
prohypertrophic

signaling
pathw

ays.
In

order
to

determ
ine

the
potential

m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardiom
yocyte

hypertrophy,
w
e
perform

ed
som

e
in

vitro
studies

using
cardiom

yocytes
cultures.D

iverse
biological

m
echanism

s
have

been
im

plicated
in

obesity-induced
cardiac

hyper-
trophy,

including
hem

odynam
ic

and
neurohorm

onal
factors,

TG
F-β1,

leptin,
endothelin

1,oxidative
stress,

in
flam

m
ation,

apoptosis
and

ac-
tivation

ofthe
RA

S
(Cavalera

etal.,2014;M
ahajan

etal.,2015;Zhang
and

Ren,
2016).

It
is

w
ell

know
n
that

obese
patients

display
elevated

circulating
leptin

levels
(Considine

et
al.,

1996),
and

that
higher

cir-
culating

leptin
levels

have
been

associated
w
ith

cardiac
hypertrophy

(Paolisso
et

al.,
1999;

Perego
et

al.,
2005).

In
fact,

isolated
cardio-

m
yocytes

treated
w
ith

leptin
display

hypertrophic
phenotype

(Jong
et

al.,
2019;

Rajapurohitam
et

al.,
2012).

A
s
expected,

our
results

re-
vealed

that
cardiom

yocytes
treated

w
ith

leptin
exhibited

hypertrophy,
as

evaluated
by

increased
cell

surface
area

and
BN

P
m
RN

A
levels.

H
ow

ever,
A
T2R

antagonist
prevented

leptin-induced
cardiom

yocyte
hypertrophy

in
vitro,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

leptin.
A
lthough

PD
123,319

has
been

w
idely

used
as

an
A
T2R

antagonistto
study

the
role

ofthisreceptorin
vitro

and
in

vivo
(A

li
and

H
ussain,

2012;
Bruce

et
al.,

2015;
Carneiro-Ram

os
et

al.,
2010;

Kem
p
et

al.,2014;Peluso
et

al.,2018),a
previous

study
reported

that
PD

123,319
m
ay

act
through

an
A
T2R-independent

m
echanism

(D
augherty

et
al.,2013).O

ur
findings

revealed
that

A
T2R

knockdow
n

using
siRN

A
prevented

the
hypertrophic

response
to

leptin,indicating
a

key
role

ofA
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.
Itis

also
im

portantofnote
thatcardiom

yocytes
and

cardiac
fibroblasts

express
A
T2R

(M
atsubara

etal.,1994).Then,itis
possible

thatA
T2R

of
these

diff
erentcelltypes

m
ay

be
contributing

to
the

cardiac
rem

odeling
in

response
to

H
F
diet

observed
in

m
ice.

Previous
report

show
ed

that
leptin-induced

cardiom
yocyte

hyper-
trophy

is
associated

w
ith

increased
phosphorylation

levels
of

ERK1/2
(Rajapurohitam

et
al.,

2012).
In

the
present

study,
the

treatm
ent

of
cardiom

yocytes
w
ith

leptin
for

10
m
in

did
not

change
the

Fig.6.Schem
atic

representation
ofthe

proposed
m
echanism

ofaction
for

A
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.Leptin
rapidly

increases
the

phosphorylation
levels

of
G
SK3β

and
induces

cardiom
yocyte

hy-
pertrophy

in
vitro.H

ow
ever,the

use
ofA

T2R
antagonist

(PD
123,319)

prevents
leptin-induced

phosphorylation
of

G
SK3β

and
cardiom

yocyte
hypertrophy.

Further
pharm

acological
or

functional
studies

are
required

to
evaluate

the
potentialrole

of
G
SK3β

in
leptin-induced

cardiom
yocyte

hypertrophy.
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)in
ratswith

sham
surgery

(Sham
),renaldenervation

(RD
),intracerebroven-

tricular(icv)infusion
ofAT1-R

antagonistirbesartan
(Irbe),orTN

F-!
inhibitoretanercept(EN

T)(a).(b)showsthechangesin
heartrate

(H
R)a+ersalineorISO

adm
inistration

in
allgroups("=6/group; ∗# <0.05

versusSham
+
ISO

orRD
+
ISO

; §# <0.05
versusRD

+
ISO

).

the
rate

ofpressure
developm

ent+dp/dtm
ax

and−dp/dtm
in

were
signi-cantly

reduced
while

LVED
P
was

signi-cantly
increased

(>15m
m
H
g)in

ISO
group

com
pared

with
saline

group
(#<0.05,Table

2).EitherRD,icv
Irbe,oricv

EN
T

signi-cantly
im

proved
theISO

-induced
depression

in
LVSP,

+dp/dtm
ax ,and−dp/dtm

in ,whereastheISO
-inducedincrease

in
LVED

P
wassigni-cantlyattenuated

(#<0.05,Table2).
3.3.E"ectsofRenalD

enervation,CentralBlockadeofAT1-R,
orInhibition

ofTNF-!
on

ISO-Induced
BP

and
H
R.

Baseline
M
AP

and
H
R

were101.7±2.5m
m
H
g
and372.3±6.2

beats/m
in

in
Sham

groups
ofrats,respectively.RD

signi--
cantlyreducedbaselineM

AP
(93.6±1.9m

m
H
g,#<0.05)but

did
notalterbaselineH

R
(356.8±5.9

beats/m
in,#>0.05).

Saline
treatm

enthad
no

e(ectson
these

basalBPsand
H
Rs

(Figures3(a)and
4(a)).

In
Sham

group
of

rats,
ISO

resulted
in

a
rem

arked
decrease

in
M
AP

throughout
treatm

ent
period.

)
is

decreased
M
AP

wasgreaterin
-rstweek

and
then

gradually

restored
but

did
not

return
to

baseline
level(#<0.05,

Figure
3(a)).H

owever,ISO
elicited

a
lessdecrease

in
BP

in
m
ostofadm

inistration
period

in
the

RD
group

(#<0.05,
Figure

3(b)).N
otably,the

ISO
-induced

decrease
in

M
AP

in
RD

group
restored

to
itsbaseline

levelin
second

week,but
notin

Sham
,icvIrbe,oricvEN

T
group

(Figure3(a)).
ISO

adm
inistration

induced
signi-cantincrease

in
H
R

thatsustained
thewholeadm

inistration
period

in
both

sham
and

RD
rats(#<0.05,Figure4(a)).)

eRD,butnoticvIrbe
andicvEN

T,signi-cantlyattenuatedISO
-inducedincreasein

H
R
in

-rst5
days(#<0.05);therea+er,ISO

elicited
sim

ilar
increasein

H
R
in

allgroups(Figure4(b)).

3.4.E"ectsofRenalD
enervation,CentralBlockadeofAT1-R,or

Inhibition
ofTNF-!

on
ISO-Induced

CardiovascularVariabil-
ity

and
SpontaneousBarore%ex.

Although
these

param
eters

did
not

di(er
in

the
2
groups

of
rats

with
saline

treat-
m
ent,overallH

R
variability

(variance
ofPI)

and
beat-to-

beat
variability

attributed
to

parasym
pathetic

m
odulation

b
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La BR
D

 sólo atenúa el am
ento de presión inducido por la H

FD
 m

ientras que 
a las 8S atenúa el aum

ento de [AN
G

-II]p que no se ve m
odificado a las 12S

decades,diverse
biologicalm

echanism
sw

ere
reported

to
play

a
key

role
in

obesity-induced
cardiac

rem
odeling,

including
TG

F-β1,
leptin,

en-
dothelin

1,oxidative
stress

and
activation

of
the

RA
S
(Cavalera

et
al.,

2014;M
ahajan

etal.,2015).In
fact,obese

Zucker
rats

display
elevated

A
ng

II
levels

and
A
T2R

expression
in

heart
(Barretti

et
al.,

2012).
In

addition,H
F
diet

increases
A
T2R

expression
in

heart
of

obese
rats

(H
a

etal.,2011).H
ow

ever,the
potentialrole

ofA
T2R

in
the

developm
entof

obesity-induced
cardiac

rem
odeling

has
rem

ained
elusive.

H
erein

w
e

observed
that

A
T2R

protein
levels

w
ere

increased
in

heart
of

obese
m
ice.

A
T2RW

T
m
ice

fed
H
F

diet
did

not
display

alteration
in

heart
w
eight

and
H
W
/TL

ratio
com

pared
to

their
respective

controls.
W
e

have
previously

dem
onstrated

that
H
F
diet

for
10

and
12

w
eeks

in-
creases

both
heartw

eightand
H
W
/TL

ratio
in

m
ice

(D
iniz

etal.,2017;
G
uedes

et
al.,2016).The

reasons
by

w
hich

these
param

eters
w
ere

not
increased

in
response

to
H
F
diet

are
unknow

n.H
ow

ever,it
is

possible
that

diff
erences

in
genetic

background
of

the
m
ice

used
in

the
current

study
m
ay

be
involved

in
these

events.
Conversely,

w
e
found

that
H
F

feeding
induced

cardiom
yocyte

hypertrophy,as
evaluated

by
histology,

w
estern

blotting
and

qPCR
analysis.

Interestingly,
loss

of
A
T2R

pre-
vented

H
F

diet-induced
cardiom

yocyte
hypertrophy,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

H
F

feeding.
A
lthough

A
T2R

is
associated

w
ith

cardioprotection,previous
studies

reported
the

involvem
ent

of
A
T2R

in
cardiac

hypertrophy
induced

by
diverse

sti-
m
uli,

including
thyroid

horm
one,

pressure
overload

and
A
ng

II
(Carneiro-Ram

os
etal.,2010;Ichihara

etal.,2001;Senbonm
atsu

etal.,
2000),

reinforcing
the

role
of

A
T2R

in
regulation

of
several

cardiac
hypertrophy

m
odels.In

addition,w
e
found

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

increased
M
yh6/M

yh7
ratio,suggesting

that
these

m
ice

m
ay

have
an

im
proved

cardiac
function.

H
ow

ever,
further

echo-
cardiographic

analyses
are

required
to

determ
ine

w
hether

loss
ofA

T2R
m
ay

a
ff
ect

cardiac
contractile

function
in

obese
m
ice.

A
dditionally,

our
results

dem
onstrated

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

a
reduction

on
collagen

area
and

Col1
protein

levels
com

pared
to

H
F

diet-fed
A
T2RW

T
m
ice,

suggesting
that

deletion
of

A
T2R

decreases
the

cardiac
collagen

contentin
response

to
H
F
feeding.

In
addition,

w
e
found

that
A
T2RW

T
m
ice

fed
H
F
diet

had
increased

expression
levels

of
Tim

p1,
w
hich

is
used

as
a
m
arker

of
cardiac

fi-
brosis.In

contrast,H
F
diet-fed

A
T2RKO

m
ice

did
notdisplay

increased
Tim

p1
m
RN

A
levels

in
response

to
H
F
diet.H

ow
ever,future

studies
are

required
to

evaluate
w
hether

deletion
of

A
T2R

m
ay

in
fluence

cardiac
fibrosis

induced
by

long-term
exposition

to
H
F
feeding.

The
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardio-
m
yocyte

hypertrophy
in

m
ice

are
unclear.W

e
have

previously
reported

that
H
F
feeding-induced

cardiac
hypertrophy

w
as

not
accom

panied
by

alteration
in

systolic
blood

pressure
(G

uedes
et

al.,
2016),

suggesting
that

H
F
diet-induced

hypertrophic
e
ff
ect

observed
herein

is
not

asso-
ciated

w
ith

hypertension.
Interestingly,

the
cardioprotective

e
ffect

m
ediated

by
loss

ofA
T2R

in
obese

m
ice

seem
s
to

be
not

dependent
on

the
e
ffects

in
body

w
eight

gain,
glucose

intolerance,
leptin

levels,
adiposity

and
energy

expenditure,
since

these
param

eters
w
ere

un-
changed

in
A
T2RKO

m
ice

fed
H
F
diet.G

iven
thathypercholesterolem

ia
has

been
associated

to
cardiac

hypertrophy
and

fibrosis
(Kang

et
al.,

2009),
it

is
possible

that
the

resistance
to

H
F
diet-induced

hypercho-
lesterolem

ia
in

A
T2RKO

m
ice

m
ay

be
involved,at

least
in

part,in
the

resistance
to

cardiac
rem

odeling
in

response
to

H
F

feeding
in

these
m
ice.

H
ow

ever,
further

investigations
are

needed
to

validate
this

hy-
pothesis.

O
bese

individuals
m
ay

develop
cardiom

yopathy,
w
hich

is
char-

acterized
by

cardiac
m
orphological,

functional,
and

m
etabolic

ab-
norm

alities
(Zhang

and
Ren,2016).W

e
have

previously
reported

that
H
F

diet-induced
cardiac

hypertrophy
for

12
w
eeks

w
as

not
accom

-
panied

by
alteration

in
cardiac

function
(D

iniz
et

al.,2017).A
lthough

our
study

suggests
a
key

role
for

A
T2R

in
H
F
diet-induced

cardiac
hy-

pertrophy,
further

studies
are

required
to

characterize
w
hether

A
T2R

m
ay

in
fluence

the
developm

ent
of

obesity-related
cardiom

yopathy.
In

order
to

characterize
the

potential
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F

diet-induced
cardiom

yocyte
hypertrophy,

w
e
evaluated

som
e
signaling

pathw
ays

involved
in

control
of

cardiac
hypertrophy.

W
estern

blotting
analysis

revealed
that

phosphorylation
levels

ofA
KT,

ERK1/2
and

G
SK3β

w
ere

unchanged
in

heart
from

A
T2RW

T
and

A
T2RKO

m
ice

fed
H
F
diet

com
pared

to
their

respective
controls.

The
reasons

by
w
hich

w
e
did

notobserve
alteration

in
the

phosphorylation
levelsofthese

proteinsare
unclear.H

ow
ever,itisim

portantto
consider

that
these

analyses
w
ere

perform
ed

after
10

w
eeks

of
dietary

feeding,
w
hich

m
ay

lead
to

severaladaptations
in

the
cardiac

tissue,including
the

dow
nregulation

of
prohypertrophic

signaling
pathw

ays.
In

order
to

determ
ine

the
potential

m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardiom
yocyte

hypertrophy,
w
e
perform

ed
som

e
in

vitro
studies

using
cardiom

yocytes
cultures.D

iverse
biological

m
echanism

s
have

been
im

plicated
in

obesity-induced
cardiac

hyper-
trophy,

including
hem

odynam
ic

and
neurohorm

onal
factors,

TG
F-β1,

leptin,
endothelin

1,oxidative
stress,

in
flam

m
ation,

apoptosis
and

ac-
tivation

ofthe
RA

S
(Cavalera

etal.,2014;M
ahajan

et
al.,2015;Zhang

and
Ren,

2016).
It

is
w
ell

know
n
that

obese
patients

display
elevated

circulating
leptin

levels
(Considine

et
al.,

1996),
and

that
higher

cir-
culating

leptin
levels

have
been

associated
w
ith

cardiac
hypertrophy

(Paolisso
et

al.,
1999;

Perego
et

al.,
2005).

In
fact,

isolated
cardio-

m
yocytes

treated
w
ith

leptin
display

hypertrophic
phenotype

(Jong
et

al.,
2019;

Rajapurohitam
et

al.,
2012).

A
s
expected,

our
results

re-
vealed

that
cardiom

yocytes
treated

w
ith

leptin
exhibited

hypertrophy,
as

evaluated
by

increased
cell

surface
area

and
BN

P
m
RN

A
levels.

H
ow

ever,
A
T2R

antagonist
prevented

leptin-induced
cardiom

yocyte
hypertrophy

in
vitro,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

leptin.
A
lthough

PD
123,319

has
been

w
idely

used
as

an
A
T2R

antagonistto
study

the
role
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et
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et
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hy-
pertrophy
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use
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T2R
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(PD
123,319)
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leptin-induced

phosphorylation
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G
SK3β

and
cardiom

yocyte
hypertrophy.

Further
pharm

acological
or

functional
studies

are
required

to
evaluate

the
potentialrole

of
G
SK3β

in
leptin-induced

cardiom
yocyte

hypertrophy.
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-induced
depression

in
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+dp/dtm
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-inducedincrease

in
LVED

P
wassigni-cantlyattenuated

(#<0.05,Table2).
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and
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m
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did
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Saline
treatm
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(Figures3(a)and
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La BR
D

 sólo atenúa el am
ento de presión inducido por la H

FD
 m

ientras que 
a las 8S atenúa el aum

ento de [AN
G

-II]p que no se ve m
odificado a las 12S

decades,diverse
biologicalm

echanism
sw

ere
reported

to
play

a
key

role
in

obesity-induced
cardiac

rem
odeling,

including
TG

F-β1,
leptin,

en-
dothelin

1,oxidative
stress

and
activation

of
the

RA
S
(Cavalera

et
al.,

2014;M
ahajan

etal.,2015).In
fact,obese

Zucker
rats

display
elevated

A
ng

II
levels

and
A
T2R

expression
in

heart
(Barretti

et
al.,

2012).
In

addition,H
F
diet

increases
A
T2R

expression
in

heart
of

obese
rats

(H
a

etal.,2011).H
ow

ever,the
potentialrole

ofA
T2R

in
the

developm
entof

obesity-induced
cardiac

rem
odeling

has
rem

ained
elusive.

H
erein

w
e

observed
that

A
T2R

protein
levels

w
ere

increased
in

heart
of

obese
m
ice.

A
T2RW

T
m
ice

fed
H
F

diet
did

not
display

alteration
in

heart
w
eight

and
H
W
/TL

ratio
com

pared
to

their
respective

controls.
W
e

have
previously

dem
onstrated

that
H
F
diet

for
10

and
12

w
eeks

in-
creases

both
heartw

eightand
H
W
/TL

ratio
in

m
ice

(D
iniz

etal.,2017;
G
uedes

et
al.,2016).The

reasons
by

w
hich

these
param

eters
w
ere

not
increased

in
response

to
H
F
diet

are
unknow

n.H
ow

ever,it
is

possible
that

diff
erences

in
genetic

background
of

the
m
ice

used
in

the
current

study
m
ay

be
involved

in
these

events.
Conversely,

w
e
found

that
H
F

feeding
induced

cardiom
yocyte

hypertrophy,as
evaluated

by
histology,

w
estern

blotting
and

qPCR
analysis.

Interestingly,
loss

of
A
T2R

pre-
vented

H
F

diet-induced
cardiom

yocyte
hypertrophy,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

H
F

feeding.
A
lthough

A
T2R

is
associated

w
ith

cardioprotection,previous
studies

reported
the

involvem
ent

of
A
T2R

in
cardiac

hypertrophy
induced

by
diverse

sti-
m
uli,

including
thyroid

horm
one,

pressure
overload

and
A
ng

II
(Carneiro-Ram

os
etal.,2010;Ichihara

etal.,2001;Senbonm
atsu

etal.,
2000),

reinforcing
the

role
of

A
T2R

in
regulation

of
several

cardiac
hypertrophy

m
odels.In

addition,w
e
found

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

increased
M
yh6/M

yh7
ratio,suggesting

that
these

m
ice

m
ay

have
an

im
proved

cardiac
function.

H
ow

ever,
further

echo-
cardiographic

analyses
are

required
to

determ
ine

w
hether

loss
ofA

T2R
m
ay

a
ff
ect

cardiac
contractile

function
in

obese
m
ice.

A
dditionally,

our
results

dem
onstrated

that
A
T2RKO

m
ice

fed
H
F

diet
exhibited

a
reduction

on
collagen

area
and

Col1
protein

levels
com

pared
to

H
F

diet-fed
A
T2RW

T
m
ice,

suggesting
that

deletion
of

A
T2R

decreases
the

cardiac
collagen

contentin
response

to
H
F
feeding.

In
addition,

w
e
found

that
A
T2RW

T
m
ice

fed
H
F
diet

had
increased

expression
levels

of
Tim

p1,
w
hich

is
used

as
a
m
arker

of
cardiac

fi-
brosis.In

contrast,H
F
diet-fed

A
T2RKO

m
ice

did
notdisplay

increased
Tim

p1
m
RN

A
levels

in
response

to
H
F
diet.H

ow
ever,future

studies
are

required
to

evaluate
w
hether

deletion
of

A
T2R

m
ay

in
fluence

cardiac
fibrosis

induced
by

long-term
exposition

to
H
F
feeding.

The
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardio-
m
yocyte

hypertrophy
in

m
ice

are
unclear.W

e
have

previously
reported

that
H
F
feeding-induced

cardiac
hypertrophy

w
as

not
accom

panied
by

alteration
in

systolic
blood

pressure
(G

uedes
et

al.,
2016),

suggesting
that

H
F
diet-induced

hypertrophic
e
ff
ect

observed
herein

is
not

asso-
ciated

w
ith

hypertension.
Interestingly,

the
cardioprotective

e
ffect

m
ediated

by
loss

ofA
T2R

in
obese

m
ice

seem
s
to

be
not

dependent
on

the
e
ffects

in
body

w
eight

gain,
glucose

intolerance,
leptin

levels,
adiposity

and
energy

expenditure,
since

these
param

eters
w
ere

un-
changed

in
A
T2RKO

m
ice

fed
H
F
diet.G

iven
thathypercholesterolem

ia
has

been
associated

to
cardiac

hypertrophy
and

fibrosis
(Kang

et
al.,

2009),
it

is
possible

that
the

resistance
to

H
F
diet-induced

hypercho-
lesterolem

ia
in

A
T2RKO

m
ice

m
ay

be
involved,at

least
in

part,in
the

resistance
to

cardiac
rem

odeling
in

response
to

H
F

feeding
in

these
m
ice.

H
ow

ever,
further

investigations
are

needed
to

validate
this

hy-
pothesis.

O
bese

individuals
m
ay

develop
cardiom

yopathy,
w
hich

is
char-

acterized
by

cardiac
m
orphological,

functional,
and

m
etabolic

ab-
norm

alities
(Zhang

and
Ren,2016).W

e
have

previously
reported

that
H
F

diet-induced
cardiac

hypertrophy
for

12
w
eeks

w
as

not
accom

-
panied

by
alteration

in
cardiac

function
(D

iniz
et

al.,2017).A
lthough

our
study

suggests
a
key

role
for

A
T2R

in
H
F
diet-induced

cardiac
hy-

pertrophy,
further

studies
are

required
to

characterize
w
hether

A
T2R

m
ay

in
fluence

the
developm

ent
of

obesity-related
cardiom

yopathy.
In

order
to

characterize
the

potential
m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F

diet-induced
cardiom

yocyte
hypertrophy,

w
e
evaluated

som
e
signaling

pathw
ays

involved
in

control
of

cardiac
hypertrophy.

W
estern

blotting
analysis

revealed
that

phosphorylation
levels

ofA
KT,

ERK1/2
and

G
SK3β

w
ere

unchanged
in

heart
from

A
T2RW

T
and

A
T2RKO

m
ice

fed
H
F
diet

com
pared

to
their

respective
controls.

The
reasons

by
w
hich

w
e
did

notobserve
alteration

in
the

phosphorylation
levelsofthese

proteinsare
unclear.H

ow
ever,itisim

portantto
consider

that
these

analyses
w
ere

perform
ed

after
10

w
eeks

of
dietary

feeding,
w
hich

m
ay

lead
to

severaladaptations
in

the
cardiac

tissue,including
the

dow
nregulation

of
prohypertrophic

signaling
pathw

ays.
In

order
to

determ
ine

the
potential

m
echanism

s
by

w
hich

A
T2R

m
ediates

H
F
diet-induced

cardiom
yocyte

hypertrophy,
w
e
perform

ed
som

e
in

vitro
studies

using
cardiom

yocytes
cultures.D

iverse
biological

m
echanism

s
have

been
im

plicated
in

obesity-induced
cardiac

hyper-
trophy,

including
hem

odynam
ic

and
neurohorm

onal
factors,

TG
F-β1,

leptin,
endothelin

1,oxidative
stress,

in
flam

m
ation,

apoptosis
and

ac-
tivation

ofthe
RA

S
(Cavalera

etal.,2014;M
ahajan

et
al.,2015;Zhang

and
Ren,

2016).
It

is
w
ell

know
n
that

obese
patients

display
elevated

circulating
leptin

levels
(Considine

et
al.,

1996),
and

that
higher

cir-
culating

leptin
levels

have
been

associated
w
ith

cardiac
hypertrophy

(Paolisso
et

al.,
1999;

Perego
et

al.,
2005).

In
fact,

isolated
cardio-

m
yocytes

treated
w
ith

leptin
display

hypertrophic
phenotype

(Jong
et

al.,
2019;

Rajapurohitam
et

al.,
2012).

A
s
expected,

our
results

re-
vealed

that
cardiom

yocytes
treated

w
ith

leptin
exhibited

hypertrophy,
as

evaluated
by

increased
cell

surface
area

and
BN

P
m
RN

A
levels.

H
ow

ever,
A
T2R

antagonist
prevented

leptin-induced
cardiom

yocyte
hypertrophy

in
vitro,

suggesting
that

A
T2R

m
ediates

the
hypertrophic

response
to

leptin.
A
lthough

PD
123,319

has
been

w
idely

used
as

an
A
T2R

antagonistto
study

the
role

ofthisreceptorin
vitro

and
in

vivo
(A

li
and

H
ussain,

2012;
Bruce

et
al.,

2015;
Carneiro-Ram

os
et

al.,
2010;

Kem
p
et

al.,2014;Peluso
et

al.,2018),a
previous

study
reported

that
PD

123,319
m
ay

act
through

an
A
T2R-independent

m
echanism

(D
augherty

et
al.,2013).O

ur
findings

revealed
that

A
T2R

knockdow
n

using
siRN

A
prevented

the
hypertrophic

response
to

leptin,indicating
a

key
role

ofA
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.
Itis

also
im

portantofnote
thatcardiom

yocytes
and

cardiac
fibroblasts

express
A
T2R

(M
atsubara

etal.,1994).Then,itis
possible

thatA
T2R

of
these

diff
erentcelltypes

m
ay

be
contributing

to
the

cardiac
rem

odeling
in

response
to

H
F
diet

observed
in

m
ice.

Previous
report

show
ed

that
leptin-induced

cardiom
yocyte

hyper-
trophy

is
associated

w
ith

increased
phosphorylation

levels
of

ERK1/2
(Rajapurohitam

et
al.,

2012).
In

the
present

study,
the

treatm
ent

of
cardiom

yocytes
w
ith

leptin
for

10
m
in

did
not

change
the

Fig.6.Schem
atic

representation
ofthe

proposed
m
echanism

ofaction
for

A
T2R

in
leptin-induced

cardiom
yocyte

hypertrophy
in

vitro.Leptin
rapidly

increases
the

phosphorylation
levels

of
G
SK3β

and
induces

cardiom
yocyte

hy-
pertrophy

in
vitro.H

ow
ever,the

use
ofA

T2R
antagonist

(PD
123,319)

prevents
leptin-induced

phosphorylation
of

G
SK3β

and
cardiom

yocyte
hypertrophy.

Further
pharm

acological
or

functional
studies

are
required

to
evaluate

the
potentialrole

of
G
SK3β

in
leptin-induced

cardiom
yocyte

hypertrophy.
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Figure
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uantitative
com

parison
ofthe

m
RN

A
expression

ofrenin-angiotensin
system

com
ponentsand

proin(am
m
atory

cytokinesin
thelam

inaterm
inalis(LT

(a))and
paraventricularnucleus(PV

N
(b))ofratsreceiving

renaldenervation
(RD

),intracerebroventricular(icv)
infusion

ofAT1-R
antagonistirbesartan

(Irbe),orTN
F-!

inhibitoretanercept(EN
T)a*erisoproterenol(ISO

)adm
inistration

("=6/group;
§# <0.05

versusSham
+
saline; ∗# <0.05

versusSham
+
salineorRD

+
saline; ## <0.05

versusSham
+
ISO

).

4.D
iscu

ssion

Although
RD

has
been

shown
to

im
prove

cardiac
function

which
isaccom

panied
bydecreased

plasm
aRAScom

ponents
and

im
proved

autonom
icm

odulation
[17,20];itisunknown

how
RD

im
pactson

BP
and

H
R
in

the
developm

entofH
F

and
how

interaction
between

RD
and

the
CN

S
is
involved

in
the

bene-ciale.ects
of

RD
./

e
m
ajor

-ndings
of

the
presentstudyareasfollows:(1)RD

signi-cantlyinhibited
the

decrease
in

BP
in

the
developm

entofISO
-induced

H
F
and

favorablyaltered
autonom

icregulation,includingincreasein
H
R
variabilityand

BRSand
decreasein

BP
variability;(2)RD

signi-cantly
inhibited

ISO
-induced

increasesin
m
RN

A
and

protein
expression

ofRAS
com

ponentsand
PICsin

the
LT

and
PV

N
,two

forebrain
nucleiinvolved

in
regulation

ofBP
and

sym
patheticactivity;(3)centralblockadeofeitherAT1-R

orTN
F-!

partially
m
im

icked
thebene-cialactionsofRD

in
theISO

-induced
H
F./

eresultsindicatethatRD
restoresBP,

autonom
icand

cardiacdysfunction
induced

byISO
,and

that
thecentralm

echanism
sinvolving

inhibition
oftheRAS

and
PICscontributeto

thebene-ciale.ectsofRD
.

Based
on

the
e.ectiveness

ofRD
in

profound
and

pro-
longed

reduction
ofBP

and
sym

patheticout(ow
asatherapy

fordrug-resistanthypertension
[29,30],thee2

ciencyofthis
procedure

in
the

setting
ofCH

F
has

begun
to

be
assessed

extensively.Recentstudieshave
dem

onstrated
thatbilateral

RD
exerts

bene-cial
actions

in
both

anim
al

and
patient

m
odels

ofCH
F
[14,21],including

reduction
ofm

yocardial
hypertrophy

[15],im
provem

ent
of

renalfunction
[31]

and
cardiacoutput[32],restoration

ofautonom
icbalance[17,20,

33],and
inhibition

ofRAS
activity

and
in(am

m
ation

in
the

m
yocardium

[17,19].
/

e
capacity

of
ISO

to
induce

H
F

has
been

exten-
sively

studied
by

using
di.erentdosesand

duration
ofISO

adm
inistration

[22].H
igh

doses
ofISO

(150–340m
g/kg

in
single

dose
or

in
two

consecutive
doses)

adm
inistration

resulted
in

m
yocyte

necrosis
and

decreased
diastolic

and

systolicfunctions[34,35]./
epresentstudy

con-rm
ed

that
continued

infusion
of

a
high

dose
of

ISO
(40m

g/kg/day
for

14
days)

considerably
worsened

both
the

systolic
and

thediastolicparam
eters.N

otably,weused
telem

etricprobes
to

continuously
m
onitor

the
tim

e
course

of
BP

and
H
R

changes
during

ISO
adm

inistration
although

the
previous

studieshaveused
tail-cu.

plethysm
ographyor(uid

catheter
to

m
easureBP

and
H
R
attheend

oftheexperim
ent,showing

a
decrease

in
BP

and
H
R
[22,36,37].W

e
found

thatISO
elicited

a
sharp

decrease
in

BP
in

-rstweek
and

gradually
restored

in
second

week
butdid

notreturn
to

basallevel.In
contrast,H

R
exhibited

a
signi-cantincreasethroughoutthe

ISO
infusion

ratherthan
adecreaseshown

in
previousstudies

[37].RD
signi-cantly

am
eliorated

cardiac
dysfunction

and
inhibited

thedecreasein
BP

and
theincreasein

H
R
produced

byISO
./

esefavorablee.ectsofRD
on

BP
m
aybeattributed

to
im

provem
ent

of
cardiac

systolic
and

diastolic
function,

reduction
oftotalperipheralresistance,and

restoration
of

cardiac
output

[32,
38].

O
ur

results
are

consistent
with

the
recent

REACH
-pilot

study
showing

that,
in

patients
with

CH
F,

bilateral
RD

increases
exercise

tolerance
and

provides
patients

with
sym

ptom
atic

im
provem

ent,whereas
BP

rem
ainsstable[16].

Using
spectralanalysis,the

m
easurem

entofvariability
in

the
tim

e
and

frequency
dom

ain
allows

identi-cation
of

sequence
ofsuccessive

PI
or

M
AP

values./
ese

rhythm
ic

oscillations
at

various
frequencies

re(ect
sym

pathetic
or

parasym
pathetic

m
odulation

on
the

cardiovascular
system

in
physiologicaland

pathophysiologicalstates
[24,25].In

the
present

study,the
ISO

treated
anim

als
had

decreased
H
R
variability

and
RM

SSD
and

increased
LF/H

F
ratio

and
BP

variability,suggesting
a
highersym

pathetic
and

a
lower

parasym
patheticm

odulation
in

heartand
blood

vessels.BRS
can

be
assessed

by
analyzing

the
spontaneous

changes
in

M
AP

and
PIusingthesequencem

ethod[39]orbym
easuring

ratio
of

bradycardia
response

to
rise

in
BP

and
ratio

of
tachycardia

response
to

fall
in

BP
using

pharm
acological
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perfiles
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glom
eruli of each m

ouse. In seven ranges, the glom
erular 

areas were distributed, the percentage in each range was 
calculated and the statistical differences between the C 
and M

HDF groups were analyzed by contingency analy-
sis (Figure 3). Interestingly we found a higher proportion 
of large glom

eruli (>3200 μm
2) in the kidney m

icropho-
tographs from

 obese m
ice, whereas the C group exhibited 

a norm
al distribution in the glom

erular areas, where m
ost 

of the glom
eruli were between 2001 and 2400 μm

2 (Figure 

3b), indicating that glom
erular hypertrophy is part of the 

renal structural abnorm
alities in our m

odel. To address the 
establishm

ent of chronic kidney disease, we also evaluated 
fibrotic area using Sirius Red stain, as a final com

m
on 

pathway of chronic kidney injury; however, we did not find 
extracellular m

atrix (ECM
) expansion in any of the obese 

m
ice com

pared to the C group (Figure 3e,f). These results 
indicated that m

ice fed with a M
HFD exhibited clear signs 

of early renal injury.

FIG
U

R
E 1 

Physiological parameters 
induced by a M

HFD at the end of the study. 
(a) Body weight (BW

) and (b) kidney 
weight (KW

) (g), respectively. (c) Kidney 
weight/body weight ratio (KW

/BW
). (d) 

urinary volume (µl/24 h). The group fed 
with a control diet (c) is represented in white 
circles, while the M

HFD group in black 
circles, n = 10/11 per group, respectively 
for (a), (b), (c) and n = 10 per group for 
(d). Lines stated in each group represent the 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t- test

FIG
U

R
E 2 

Kidney biomarkers of 
renal injury. (a) Albuminuria/UCr evaluated 
by ELISA (µg/ml). (b, c, and d) Urinary 
HSP72, urinary KIM

- 1, and urinary 
SerpinA3K respectively, detected by W

B 
analysis and corrected by urinary creatinine 
(AU/UCr), in these graphs insets of 
representative blots are included. The group 
fed a control diet (C) is represented in white 
circles, while the M

HFD group in black 
circles, n = 8/10 per group, respectively for 
(b), (c), (d) and n = 10 per group for (a). 
Lines reflect mean ± SE. *p < 0.05 versus 
the C group assessed by unpaired t- test

C
M

HFD
0

300

600

900

1200

Urinary HSP72
AU/UCr

*

C
M

HFD
0

250

500

750

1000

Urinary KIM-1
AU/UCr

*

C
M

HFD
0.00

0.04

0.08

0.12

Albuminuria/UCr

*

C
M

HFD
0

250

500

750

1000

USerpinA3K
AU/UCr

*

(a)
(b)

(c)
(d)

 2051817x, 2021, 14, Downloaded from https://physoc.onlinelibrary.wiley.com/doi/10.14814/phy2.14937 by Cochrane Mexico, Wiley Online Library on [02/08/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

phospho-D
rp1

w
ere

substantially
increased

in
the

kidney
cortex

of
H
FD

-fed
m
ice

(Fig.
4H

,
I),

strongly
suggesting

that
m
itochondrial

fission
w
as

involved
in

driving
renal

tubular
cell

apoptosis.

G
lucose,fatty

acid,and
cytokine

induce
oxidative

stress
and

m
itochondrialdysfunction

in
renaltubular

cells
Since

the
H
FD

-fed
m
ice

developed
hyperglycem

ia,
hyperlipidem

ia
w
ith

increased
circulating

FFA
,

and
chronic

in
flam

m
ation

w
ith

increased
circulating

pro-
in
flam

m
atory

cytokines,
w
e
speculated

that
these

factors
are

involved
in

driving
renal

injury
in

these
m
ice.

T
o

m
im

ic
these

factors,w
e
exposed

H
K
-2

cells,a
renal

tub-
ular

cell
line,

to
high

glucose
(H

G
),
palm

itic
acid

(PA
),

T
N
F-α,or

their
com

bination.PA
w
as

selected
because

it
is
a
m
ajor

long-chain
saturated

fatty
acid

that
is
know

n
to

alter
cellular

m
etabolism

,
increase

oxidative
stress,

and
prom

ote
in
flam

m
ation

7,24.A
s
show

n
in

Fig.5,these
fac-

tors,especially
their

com
binations,w

ere
able

to
m
arkedly

increase
R
O
S

production
(Fig.

5A
,
C
)
and

disrupted
m
itochondrial

m
em

brane
potential,

as
revealed

by
JC
-1

assays
(Fig.5B

,D
).JC

-1
dye

exhibits
potential-dependent

accum
ulation

in
m
itochondria,

indicated
by

a
fluores-

cence
em

ission
shift

from
green

to
red.

M
itochondrial

Fig.4
H
igh-fat

diet
(H
FD

)
feeding

prom
otes

oxidative
stress

and
m
itochondrialdysfunction

in
the

kidney.A
Fluorescence

m
icroscopic

im
ages

ofD
CFH

-D
A
staining

ofkidney
cellsuspension

from
LFD

-
or

H
FD

-fed
m
ice,m

agnification
×
200.B

Q
uantitation

of
fluorescence

intensity
of

D
CFH

-D
A
stained

cells.**P
<
0.01

versus
LFD

,n
=
4
each

group.C
TU

N
EL

staining
ofkidney

sections.Enlarged
im

ages
are

the
boxed

areas.D
Sem

i-
quantification

ofTU
N
EL

stain-positive
kidney

cells.In
each

m
ouse

kidney
section,20

random
m
icroscopic

fields
(×
200

m
agnification)w

ere
counted

for
TU

N
EL-positive

cells,and
the

data
are

expressed
as

average
positive

cells
per

field.***P
<
0.001

versus
LFD

,n
=
4
each

group.E,F
W
estern

blot
analysis

(E)
of

cytosolic
(C)

and
m
itochondrial(M

)cytochrom
e
(Cyto)-c,caspase-3,PU

M
A,and

G
p91

in
the

kidney
cortex

and
their

densitom
etric

quantitation
(F);*P

<
0.05,**P

<
0.01

versus
LFD

,n
=
4
each

group.G
Transm

ission
electron

m
icroscopic

exam
ination

ofproxim
altubular

epithelial
cells.The

enlarged
im

ages
are

the
boxed

areas.H
Protein

levels
oftotalcellularD

rp1
and

phospho-D
rp1,and

m
itochondrial(M

)D
rp1

and
phospho-

D
rp1

in
the

renalcortex
ofLFD

-
or

H
FD

-fed
m
ice.I

D
ensitom

etric
quantitation

of
phospho-D

rp1
to

D
rp1

ratio
in

the
totalcelllysates

and
the

m
itochondrialfraction;*P

<
0.05

versus
LFD

,n
=
4
each

group.D
ata

in
(A
,B,E,F,H

,and
I)
are

representative
of

tw
o
independent

experim
ents.
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Figure
1.M

echanistic
m

odelassociating
dietary

interventions
and

reduction
ofproteinuria.H

igh
dietary

protein
intake

(a)leads
to

intraglom
erularhypertension

eliciting
high

levels
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F-beta
and

subsequentaccum
ulation

ofextraglom
erular

m
atrix

w
ith

the
developm

entoffibrosis.D
uring

a
low

protein
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odynam
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is
preserved

and
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F

beta-m
ediated

is
avoided.

The
im

plem
entation

of
base-inducing

fruits
and

vegetables
into

the
diet

has
been

dem
onstrated

also
to

decrease
dietary

acid
load

and
blood

pressure
in

patients
w

ith
m

acroalbum
inuric

hypertensive
nephropathy

and
stage

2
C

K
D

[15].
In

vivo
and

anim
alm

odels
on

this
approach

have
been

carried
outsince

the
1980s

w
ith

Brenner
and

El-N
ahas

show
ing

thatan
LPD

reduced
hyperfiltration

and
glom

erular
sclerosis

in
rats

[16,17].Since
then,m

any
studies

have
analyzed

the
effects

ofLPD
,unfortu-

nately,m
ostly

in
patients

w
ho

already
had

chronic
renalfailure

and
rarely

in
those

w
ho

as
yethad

no
renaldam

age.
The

m
ostrecentm

eta-analysis
ofrandom

ized
controlled

trials
w

as
perform

ed
in

2019
and

analyzed
the

effectofa
low

-protein
dieton

kidney
function

(Table
1).Itdem

onstrated
thatthe

principaltargetofan
LPD

w
as

notthe
im

provem
entofglom

erular
filtration

rate
(G
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),but

the
reduction

in
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In
fact,in

19
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had
no
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G
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,butinversely
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a
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on
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analysis
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reduction
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by
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w
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associated
w

ith
a

0.0031
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reduction

in
proteinuria.N

evertheless,w
hen
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w

as
continued

for
over
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w
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reduced
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0.673

g/24
h),and

the
reduction
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greater

in
subjects

aged
over

60
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h).Furtherm
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also
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to

reduce
body
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to
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in
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to
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and
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both
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proteinuria
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by
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greater
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efficacy
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glom
eruli of each m

ouse. In seven ranges, the glom
erular 

areas were distributed, the percentage in each range was 
calculated and the statistical differences between the C 
and M

HDF groups were analyzed by contingency analy-
sis (Figure 3). Interestingly we found a higher proportion 
of large glom

eruli (>3200 μm
2) in the kidney m

icropho-
tographs from

 obese m
ice, whereas the C group exhibited 

a norm
al distribution in the glom

erular areas, where m
ost 

of the glom
eruli were between 2001 and 2400 μm

2 (Figure 

3b), indicating that glom
erular hypertrophy is part of the 

renal structural abnorm
alities in our m

odel. To address the 
establishm

ent of chronic kidney disease, we also evaluated 
fibrotic area using Sirius Red stain, as a final com

m
on 

pathway of chronic kidney injury; however, we did not find 
extracellular m

atrix (ECM
) expansion in any of the obese 

m
ice com

pared to the C group (Figure 3e,f). These results 
indicated that m

ice fed with a M
HFD exhibited clear signs 

of early renal injury.

FIG
U

R
E 1 

Physiological parameters 
induced by a M

HFD at the end of the study. 
(a) Body weight (BW

) and (b) kidney 
weight (KW

) (g), respectively. (c) Kidney 
weight/body weight ratio (KW

/BW
). (d) 

urinary volume (µl/24 h). The group fed 
with a control diet (c) is represented in white 
circles, while the M

HFD group in black 
circles, n = 10/11 per group, respectively 
for (a), (b), (c) and n = 10 per group for 
(d). Lines stated in each group represent the 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t- test

FIG
U

R
E 2 

Kidney biomarkers of 
renal injury. (a) Albuminuria/UCr evaluated 
by ELISA (µg/ml). (b, c, and d) Urinary 
HSP72, urinary KIM

- 1, and urinary 
SerpinA3K respectively, detected by W

B 
analysis and corrected by urinary creatinine 
(AU/UCr), in these graphs insets of 
representative blots are included. The group 
fed a control diet (C) is represented in white 
circles, while the M

HFD group in black 
circles, n = 8/10 per group, respectively for 
(b), (c), (d) and n = 10 per group for (a). 
Lines reflect mean ± SE. *p < 0.05 versus 
the C group assessed by unpaired t- test
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phospho-D
rp1

w
ere

substantially
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in
the

kidney
cortex

of
H
FD

-fed
m
ice

(Fig.
4H

,
I),

strongly
suggesting

that
m
itochondrial

fission
w
as

involved
in

driving
renal

tubular
cell

apoptosis.

G
lucose,fatty

acid,and
cytokine

induce
oxidative

stress
and

m
itochondrialdysfunction

in
renaltubular

cells
Since

the
H
FD

-fed
m
ice

developed
hyperglycem

ia,
hyperlipidem

ia
w
ith

increased
circulating

FFA
,

and
chronic

in
flam

m
ation

w
ith

increased
circulating

pro-
in
flam

m
atory

cytokines,
w
e
speculated

that
these

factors
are

involved
in

driving
renal

injury
in

these
m
ice.

T
o

m
im

ic
these

factors,w
e
exposed

H
K
-2

cells,a
renal

tub-
ular

cell
line,

to
high

glucose
(H

G
),
palm

itic
acid

(PA
),

T
N
F-α,or

their
com

bination.PA
w
as

selected
because

it
is
a
m
ajor

long-chain
saturated

fatty
acid

that
is
know

n
to

alter
cellular

m
etabolism

,
increase

oxidative
stress,

and
prom

ote
in
flam

m
ation

7,24.A
s
show

n
in

Fig.5,these
fac-

tors,especially
their

com
binations,w

ere
able

to
m
arkedly

increase
R
O
S

production
(Fig.

5A
,
C
)
and

disrupted
m
itochondrial

m
em

brane
potential,

as
revealed

by
JC
-1

assays
(Fig.5B

,D
).JC

-1
dye

exhibits
potential-dependent

accum
ulation

in
m
itochondria,

indicated
by

a
fluores-

cence
em

ission
shift

from
green

to
red.

M
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Fig.4
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and
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Protein

levels
oftotalcellularD

rp1
and

phospho-D
rp1,and

m
itochondrial(M

)D
rp1

and
phospho-

D
rp1

in
the

renalcortex
ofLFD

-
or

H
FD

-fed
m
ice.I

D
ensitom

etric
quantitation

of
phospho-D

rp1
to

D
rp1

ratio
in

the
totalcelllysates

and
the

m
itochondrialfraction;*P

<
0.05

versus
LFD

,n
=
4
each

group.D
ata

in
(A
,B,E,F,H

,and
I)
are

representative
of

tw
o
independent

experim
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Figure
1.M

echanistic
m

odelassociating
dietary

interventions
and

reduction
ofproteinuria.H

igh
dietary

protein
intake

(a)leads
to

intraglom
erularhypertension

eliciting
high

levels
ofTG

F-beta
and

subsequentaccum
ulation

ofextraglom
erular

m
atrix

w
ith

the
developm

entoffibrosis.D
uring

a
low

protein
diet(b),renalhem

odynam
ics

is
preserved

and
fibrosis

TG
F

beta-m
ediated

is
avoided.

The
im

plem
entation

of
base-inducing

fruits
and

vegetables
into

the
diet

has
been

dem
onstrated

also
to

decrease
dietary

acid
load

and
blood

pressure
in

patients
w

ith
m

acroalbum
inuric

hypertensive
nephropathy

and
stage

2
C

K
D

[15].
In

vivo
and

anim
alm

odels
on

this
approach

have
been

carried
outsince

the
1980s

w
ith

Brenner
and

El-N
ahas

show
ing

thatan
LPD

reduced
hyperfiltration

and
glom

erular
sclerosis

in
rats

[16,17].Since
then,m

any
studies

have
analyzed

the
effects

ofLPD
,unfortu-

nately,m
ostly

in
patients

w
ho

already
had

chronic
renalfailure

and
rarely

in
those

w
ho

as
yethad

no
renaldam

age.
The

m
ostrecentm

eta-analysis
ofrandom

ized
controlled

trials
w

as
perform

ed
in

2019
and

analyzed
the

effectofa
low

-protein
dieton

kidney
function

(Table
1).Itdem

onstrated
thatthe

principaltargetofan
LPD

w
as

notthe
im

provem
entofglom

erular
filtration

rate
(G

FR
),but

the
reduction

in
proteinuria.

In
fact,in

19
studies,LPD

had
no

significant
effecton

G
FR

,butinversely
had

a
substantialinfluence

on
proteinuria.

D
ose-response

analysis
show

ed
thata

reduction
ofprotein

intake
by

0.1
g/kg/d

w
as

associated
w

ith
a

0.0031
g/24

h
reduction

in
proteinuria.N

evertheless,w
hen

LPD
w

as
continued

for
over

1
year,proteinuria

w
as

significantly
reduced

(�
0.673

g/24
h),and

the
reduction

appeared
greater

in
subjects

aged
over

60
(�

0.526
g/24

h).Furtherm
ore,an

LPD
w

as
also

found
to

reduce
body

w
eight,BM

I,urea,and
BU

N
[18].

C
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et
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(Table
1)

investigated
the

change
in
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in

response
to

a
supplem
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very
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protein

diet
(sV
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)

in
220

consecutive
patients

w
ith

chronic
kidney

disease
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).The
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g

ofvegetable
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plus
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per
gram
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ountofinorganic
phosphorus
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g/kg/d
and

w
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supplem
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w
ith

one
tabletfor

every
5

kg
body

w
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m
ixture

ofessentialketo
analogs

and
am
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acids.

Totalenergy
w

as
35

kcal/kg/d.
The

population
w

as
divided

into
2

groups
according

to
proteinuria

atbaseline:1–3
g/d

and
>3

g/d.In
both

groups,
proteinuria

decreased
by

about50%
,w

ith
a

greater
reduction

in
patients

w
ho

had
higher

baseline
proteinuria.

The
m

axim
um

efficacy
w

as
achieved

after
3

m
onths.

The
patients

w
ith

a
greater

reduction
in

proteinuria
show

ed
a

significantly
low

er
decline

in
G

FR
.The
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glom
eruli of each m

ouse. In seven ranges, the glom
erular 

areas were distributed, the percentage in each range was 
calculated and the statistical differences between the C 
and M

HDF groups were analyzed by contingency analy-
sis (Figure 3). Interestingly we found a higher proportion 
of large glom

eruli (>3200 μm
2) in the kidney m

icropho-
tographs from

 obese m
ice, whereas the C group exhibited 

a norm
al distribution in the glom

erular areas, where m
ost 

of the glom
eruli were between 2001 and 2400 μm

2 (Figure 

3b), indicating that glom
erular hypertrophy is part of the 

renal structural abnorm
alities in our m

odel. To address the 
establishm

ent of chronic kidney disease, we also evaluated 
fibrotic area using Sirius Red stain, as a final com

m
on 

pathway of chronic kidney injury; however, we did not find 
extracellular m

atrix (ECM
) expansion in any of the obese 

m
ice com

pared to the C group (Figure 3e,f). These results 
indicated that m

ice fed with a M
HFD exhibited clear signs 

of early renal injury.

FIG
U

R
E 1 

Physiological parameters 
induced by a M

HFD at the end of the study. 
(a) Body weight (BW

) and (b) kidney 
weight (KW

) (g), respectively. (c) Kidney 
weight/body weight ratio (KW

/BW
). (d) 

urinary volume (µl/24 h). The group fed 
with a control diet (c) is represented in white 
circles, while the M

HFD group in black 
circles, n = 10/11 per group, respectively 
for (a), (b), (c) and n = 10 per group for 
(d). Lines stated in each group represent the 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t- test

FIG
U

R
E 2 

Kidney biomarkers of 
renal injury. (a) Albuminuria/UCr evaluated 
by ELISA (µg/ml). (b, c, and d) Urinary 
HSP72, urinary KIM

- 1, and urinary 
SerpinA3K respectively, detected by W

B 
analysis and corrected by urinary creatinine 
(AU/UCr), in these graphs insets of 
representative blots are included. The group 
fed a control diet (C) is represented in white 
circles, while the M

HFD group in black 
circles, n = 8/10 per group, respectively for 
(b), (c), (d) and n = 10 per group for (a). 
Lines reflect mean ± SE. *p < 0.05 versus 
the C group assessed by unpaired t- test
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of
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-fed
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(Fig.
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,
I),

strongly
suggesting

that
m
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fission
w
as

involved
in

driving
renal

tubular
cell

apoptosis.

G
lucose,fatty

acid,and
cytokine

induce
oxidative

stress
and

m
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in
renaltubular

cells
Since

the
H
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-fed
m
ice
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hyperglycem

ia,
hyperlipidem

ia
w
ith

increased
circulating

FFA
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and
chronic

in
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ation

w
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increased
circulating

pro-
in
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m
atory

cytokines,w
e
speculated

that
these

factors
are

involved
in

driving
renal

injury
in

these
m
ice.

T
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m
im

ic
these

factors,w
e
exposed

H
K
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cells,a
renal

tub-
ular

cell
line,

to
high

glucose
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G
),
palm

itic
acid
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),

T
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com
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as
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because
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is
a
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ajor

long-chain
saturated
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that
is
know

n
to

alter
cellular
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etabolism

,
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stress,

and
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s
show

n
in

Fig.5,these
fac-

tors,especially
their

com
binations,w

ere
able

to
m
arkedly

increase
R
O
S

production
(Fig.

5A
,
C
)
and
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Figure
1.M

echanistic
m

odelassociating
dietary

interventions
and

reduction
ofproteinuria.H

igh
dietary

protein
intake

(a)leads
to

intraglom
erularhypertension

eliciting
high

levels
ofTG

F-beta
and

subsequentaccum
ulation

ofextraglom
erularm

atrix
w

ith
the

developm
entoffibrosis.D

uring
a

low
protein

diet(b),renalhem
odynam

ics
is

preserved
and

fibrosis
TG

F
beta-m

ediated
is

avoided.

The
im

plem
entation

of
base-inducing

fruits
and

vegetables
into

the
diet

has
been

dem
onstrated

also
to

decrease
dietary

acid
load

and
blood

pressure
in

patients
w

ith
m

acroalbum
inuric

hypertensive
nephropathy

and
stage

2
C

K
D

[15].
In

vivo
and

anim
alm

odels
on

this
approach

have
been

carried
outsince

the
1980s

w
ith

Brenner
and

El-N
ahas

show
ing

thatan
LPD

reduced
hyperfiltration

and
glom

erular
sclerosis

in
rats

[16,17].Since
then,m

any
studies

have
analyzed

the
effects

ofLPD
,unfortu-

nately,m
ostly

in
patients

w
ho

already
had

chronic
renalfailure

and
rarely

in
those

w
ho

as
yethad

no
renaldam

age.
The

m
ostrecentm

eta-analysis
ofrandom

ized
controlled

trials
w

as
perform

ed
in

2019
and

analyzed
the

effectofa
low

-protein
dieton

kidney
function

(Table
1).Itdem

onstrated
thatthe

principaltargetofan
LPD

w
as

notthe
im

provem
entofglom

erular
filtration

rate
(G

FR
),but

the
reduction

in
proteinuria.

In
fact,in

19
studies,LPD

had
no

significant
effecton

G
FR

,butinversely
had

a
substantialinfluence

on
proteinuria.

D
ose-response

analysis
show

ed
thata

reduction
ofprotein

intake
by

0.1
g/kg/d

w
as

associated
w

ith
a

0.0031
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h
reduction

in
proteinuria.N

evertheless,w
hen

LPD
w

as
continued

for
over

1
year,proteinuria

w
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significantly
reduced
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0.673
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h),and

the
reduction

appeared
greater

in
subjects

aged
over

60
(�

0.526
g/24

h).Furtherm
ore,an

LPD
w

as
also

found
to

reduce
body

w
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I,urea,and
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[18].
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the

change
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in
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to

a
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protein

diet
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)

in
220

consecutive
patients
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ith

chronic
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).The
dietprovided

0.3
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ofvegetable
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plus
1
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per
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and
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The

population
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into
2
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according

to
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g/d

and
>3

g/d.In
both

groups,
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decreased
by

about50%
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ith
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greater
reduction

in
patients
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had
higher

baseline
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m
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efficacy
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achieved
after

3
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glom
eruli of each m

ouse. In seven ranges, the glom
erular 

areas were distributed, the percentage in each range was 
calculated and the statistical differences between the C 
and M

HDF groups were analyzed by contingency analy-
sis (Figure 3). Interestingly we found a higher proportion 
of large glom

eruli (>3200 μm
2) in the kidney m

icropho-
tographs from

 obese m
ice, whereas the C group exhibited 

a norm
al distribution in the glom

erular areas, where m
ost 

of the glom
eruli were between 2001 and 2400 μm

2 (Figure 

3b), indicating that glom
erular hypertrophy is part of the 

renal structural abnorm
alities in our m

odel. To address the 
establishm

ent of chronic kidney disease, we also evaluated 
fibrotic area using Sirius Red stain, as a final com

m
on 

pathway of chronic kidney injury; however, we did not find 
extracellular m

atrix (ECM
) expansion in any of the obese 

m
ice com

pared to the C group (Figure 3e,f). These results 
indicated that m

ice fed with a M
HFD exhibited clear signs 

of early renal injury.

FIG
U

R
E 1 

Physiological parameters 
induced by a M

HFD at the end of the study. 
(a) Body weight (BW

) and (b) kidney 
weight (KW

) (g), respectively. (c) Kidney 
weight/body weight ratio (KW

/BW
). (d) 

urinary volume (µl/24 h). The group fed 
with a control diet (c) is represented in white 
circles, while the M

HFD group in black 
circles, n = 10/11 per group, respectively 
for (a), (b), (c) and n = 10 per group for 
(d). Lines stated in each group represent the 
mean ± SE. *p < 0.05 versus the C group 
assessed by unpaired t- test

FIG
U

R
E 2 

Kidney biomarkers of 
renal injury. (a) Albuminuria/UCr evaluated 
by ELISA (µg/ml). (b, c, and d) Urinary 
HSP72, urinary KIM

- 1, and urinary 
SerpinA3K respectively, detected by W

B 
analysis and corrected by urinary creatinine 
(AU/UCr), in these graphs insets of 
representative blots are included. The group 
fed a control diet (C) is represented in white 
circles, while the M

HFD group in black 
circles, n = 8/10 per group, respectively for 
(b), (c), (d) and n = 10 per group for (a). 
Lines reflect mean ± SE. *p < 0.05 versus 
the C group assessed by unpaired t- test
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because
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,
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and
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s
show
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Fig.5,these
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tors,especially
their

com
binations,w
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able

to
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S

production
(Fig.
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,
C
)
and

disrupted
m
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m
em

brane
potential,

as
revealed

by
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assays
(Fig.5B,D
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-1

dye
exhibits

potential-dependent
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ulation
in

m
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indicated
by

a
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to
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M
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Fig.4
H
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diet
(H
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feeding
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otes
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stress

and
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in
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Fluorescence
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forTU
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the

data
are
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estern
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the
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and
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m
icroscopic

exam
ination

ofproxim
altubular

epithelial
cells.The
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Figure
1.M

echanistic
m

odelassociating
dietary

interventions
and

reduction
ofproteinuria.H

igh
dietary

protein
intake

(a)leads
to

intraglom
erularhypertension

eliciting
high

levels
ofTG

F-beta
and

subsequentaccum
ulation

ofextraglom
erularm

atrix
w

ith
the

developm
entoffibrosis.D

uring
a

low
protein

diet(b),renalhem
odynam

ics
is

preserved
and

fibrosis
TG

F
beta-m

ediated
is

avoided.

The
im

plem
entation

of
base-inducing

fruits
and

vegetables
into

the
diet

has
been

dem
onstrated

also
to

decrease
dietary

acid
load

and
blood

pressure
in

patients
w

ith
m

acroalbum
inuric

hypertensive
nephropathy

and
stage

2
C

K
D

[15].
In

vivo
and

anim
alm

odels
on

this
approach

have
been

carried
outsince

the
1980s

w
ith

Brenner
and

El-N
ahas

show
ing

thatan
LPD

reduced
hyperfiltration

and
glom

erular
sclerosis

in
rats

[16,17].Since
then,m

any
studies

have
analyzed

the
effects

ofLPD
,unfortu-

nately,m
ostly

in
patients

w
ho

already
had

chronic
renalfailure

and
rarely

in
those

w
ho

as
yethad

no
renaldam

age.
The

m
ostrecentm

eta-analysis
ofrandom

ized
controlled

trials
w

as
perform

ed
in

2019
and

analyzed
the

effectofa
low

-protein
dieton

kidney
function

(Table
1).Itdem

onstrated
thatthe

principaltargetofan
LPD

w
as

notthe
im

provem
entofglom

erular
filtration

rate
(G

FR
),but

the
reduction

in
proteinuria.

In
fact,in

19
studies,LPD

had
no

significant
effecton

G
FR

,butinversely
had

a
substantialinfluence

on
proteinuria.

D
ose-response

analysis
show

ed
thata

reduction
ofprotein

intake
by

0.1
g/kg/d

w
as

associated
w

ith
a

0.0031
g/24

h
reduction

in
proteinuria.N

evertheless,w
hen

LPD
w

as
continued

for
over

1
year,proteinuria

w
as

significantly
reduced

(�
0.673

g/24
h),and

the
reduction

appeared
greater

in
subjects

aged
over

60
(�

0.526
g/24

h).Furtherm
ore,an

LPD
w

as
also

found
to

reduce
body

w
eight,BM

I,urea,and
BU

N
[18].

C
haveau

et
al.,

(Table
1)

investigated
the

change
in

proteinuria
in

response
to

a
supplem

ented
very

low
protein

diet
(sV

LPD
)

in
220

consecutive
patients

w
ith

chronic
kidney

disease
(C

K
D

).The
dietprovided

0.3
g

ofvegetable
protein

plus
1

g
ofprotein

per
gram

ofprotein
>3

g/d.The
am

ountofinorganic
phosphorus

w
as

5–7
m

g/kg/d
and

w
as

supplem
ented

w
ith

one
tabletfor

every
5

kg
body

w
eightofa

m
ixture

ofessentialketo
analogs

and
am
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acids.

Totalenergy
w

as
35

kcal/kg/d.
The

population
w

as
divided

into
2

groups
according

to
proteinuria

atbaseline:1–3
g/d

and
>3

g/d.In
both

groups,
proteinuria

decreased
by

about50%
,w

ith
a

greater
reduction

in
patients

w
ho

had
higher

baseline
proteinuria.The

m
axim

um
efficacy

w
as

achieved
after

3
m

onths.The
patients

w
ith

a
greater

reduction
in

proteinuria
show

ed
a

significantly
low

er
decline

in
G
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.The
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Fig. 2. The ketone body !-hydroxybutyrate as a metabolic therapy for the kidney. !-Hydroxybutyrate enters to tubular epithelial cells via the sodium- 
monocarboxylate transporter 2 (SMCT2), providing energy and activating stress response pathways. !-Hydroxybutyrate causes kidney protection from acute stress 
and diseases as well as aging via suppression of oxidative stress, inflammation, programmed cell death, and fibrosis development. Several pharmacological and 
non-pharmacological approaches that increase !-hydroxybutyrate levels could be used to promote kidney protection. SGLT2, sodium-glucose cotransporter 2; MCT1, 
monocarboxylate transporter 1; GLUT2, glucose transporter 2; NLRP3, NOD-like receptor protein 3; mTOR, mechanistic target of rapamycin; STAT3, signal trans- 
ducer and activator of transcription 3; NF- "B, nuclear factor binding near the "

light-chain gene in B cells; FOXO1, forkhead box O protein 1; FOXO3, forkhead 
box O protein 3; NRF2, nuclear factor erythroid 2-related factor 2; AMPK, AMP-activated protein kinase; PGC1 #, peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha. 
species production in vitro, which likely helps to reducing oxidative 
stress in vivo [17] . On the contrary, although most studies highlight 
their benefits in distinct pathological conditions, elevated levels of ke- 
tones can exert detrimental effects on cells by inducing a pro-oxidative 
state and activating pro-inflammatory signaling [ 3 , 5 ]. A mechanistic ex- 
planation for the opposing outcomes of ketones requires more in-depth 
investigation but likely depends on cell type, ketone concentration, ex- 
posure duration, and external factors [3] . 
3. Ketone bodies and the kidney 

Although the kidney obtains a large amount of energy primarily de- 
rived from fatty acids, lactate, glutamine, and to a lesser extend from 
glucose, during energy stress however ketones serve important ener- 
getic roles [22] . After being freely filtered through the renal glomeruli, 
ketones are actively reabsorbed by tubular epithelial cells through the 
sodium-coupled monocarboxylate transporter 2 (SMCT2), ensuring a 
minimal urinary excretion of valuable ketones during fasting [ 23 , 24 ]. 
Upon fasting, then !-hydroxybutyrate levels in the kidney increase more 
than 20-fold [3] and are used for local mitochondrial energy production 
and signaling purposes or are exported toward the bloodstream via the 
MCT1 for use by other tissues ( Fig. 2 ). Positron emission tomography 
studies in humans suggest that the kidney is one of the organs in the 
body with a large capacity for ketone utilization, thus opening exciting 
opportunities for future therapeutic exploration in renal medicine [25] . 

Although clinical data are still lacking, several emerging cellular and an- 
imal experiments that we summarize below suggest that exogenous ke- 
tone supplementation could help protect the kidney against acute stress, 
disease conditions, and pathological changes occurring during aging. 

3.1. Paraquat- and cisplatin-induced nephrotoxicity 
!-Hydroxybutyrate, at concentrations similar to those observed dur- 

ing fasting and calorie restriction, causes HDAC inhibition, histone hy- 
peracetylation, and induction of the FOXO3 antioxidant signaling path- 
way in cultured human embryonic kidney cells [21] . W

hen adminis- 
tered systemically, !-hydroxybutyrate suppresses renal oxidative stress 
in mice exposed to paraquat, a redox-cycling and nephrotoxic agent 
[21] . In rats treated with paraquat, !-hydroxybutyrate preserves both 
kidney structure and function and prevents oxidative stress and apopto- 
sis in part by inducing NRF2 [26] . On the other hand, !-hydroxybutyrate 
prevents renal dysfunction in mice treated with cisplatin [27] , an anti- 
neoplastic agent that, similar to paraquat, causes oxidative stress and 
renal damage. Furthermore, !-hydroxybutyrate prevents apoptosis in 
cisplatin-treated human renal epithelial cells [27] . Together these find- 
ings indicate that !-hydroxybutyrate increases resilience to toxic com- 
pounds that rapidly deteriorates kidney function. 
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Fig. 2. The ketone body !-hydroxybutyrate as a metabolic therapy for the kidney. !-Hydroxybutyrate enters to tubular epithelial cells via the sodium- 
monocarboxylate transporter 2 (SMCT2), providing energy and activating stress response pathways. !-Hydroxybutyrate causes kidney protection from acute stress 
and diseases as well as aging via suppression of oxidative stress, inflammation, programmed cell death, and fibrosis development. Several pharmacological and 
non-pharmacological approaches that increase !-hydroxybutyrate levels could be used to promote kidney protection. SGLT2, sodium-glucose cotransporter 2; MCT1, 
monocarboxylate transporter 1; GLUT2, glucose transporter 2; NLRP3, NOD-like receptor protein 3; mTOR, mechanistic target of rapamycin; STAT3, signal trans- 
ducer and activator of transcription 3; NF- "B, nuclear factor binding near the "

light-chain gene in B cells; FOXO1, forkhead box O protein 1; FOXO3, forkhead 
box O protein 3; NRF2, nuclear factor erythroid 2-related factor 2; AMPK, AMP-activated protein kinase; PGC1 #, peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha. 
species production in vitro, which likely helps to reducing oxidative 
stress in vivo [17] . On the contrary, although most studies highlight 
their benefits in distinct pathological conditions, elevated levels of ke- 
tones can exert detrimental effects on cells by inducing a pro-oxidative 
state and activating pro-inflammatory signaling [ 3 , 5 ]. A mechanistic ex- 
planation for the opposing outcomes of ketones requires more in-depth 
investigation but likely depends on cell type, ketone concentration, ex- 
posure duration, and external factors [3] . 
3. Ketone bodies and the kidney 

Although the kidney obtains a large amount of energy primarily de- 
rived from fatty acids, lactate, glutamine, and to a lesser extend from 
glucose, during energy stress however ketones serve important ener- 
getic roles [22] . After being freely filtered through the renal glomeruli, 
ketones are actively reabsorbed by tubular epithelial cells through the 
sodium-coupled monocarboxylate transporter 2 (SMCT2), ensuring a 
minimal urinary excretion of valuable ketones during fasting [ 23 , 24 ]. 
Upon fasting, then !-hydroxybutyrate levels in the kidney increase more 
than 20-fold [3] and are used for local mitochondrial energy production 
and signaling purposes or are exported toward the bloodstream via the 
MCT1 for use by other tissues ( Fig. 2 ). Positron emission tomography 
studies in humans suggest that the kidney is one of the organs in the 
body with a large capacity for ketone utilization, thus opening exciting 
opportunities for future therapeutic exploration in renal medicine [25] . 

Although clinical data are still lacking, several emerging cellular and an- 
imal experiments that we summarize below suggest that exogenous ke- 
tone supplementation could help protect the kidney against acute stress, 
disease conditions, and pathological changes occurring during aging. 

3.1. Paraquat- and cisplatin-induced nephrotoxicity 
!-Hydroxybutyrate, at concentrations similar to those observed dur- 

ing fasting and calorie restriction, causes HDAC inhibition, histone hy- 
peracetylation, and induction of the FOXO3 antioxidant signaling path- 
way in cultured human embryonic kidney cells [21] . W

hen adminis- 
tered systemically, !-hydroxybutyrate suppresses renal oxidative stress 
in mice exposed to paraquat, a redox-cycling and nephrotoxic agent 
[21] . In rats treated with paraquat, !-hydroxybutyrate preserves both 
kidney structure and function and prevents oxidative stress and apopto- 
sis in part by inducing NRF2 [26] . On the other hand, !-hydroxybutyrate 
prevents renal dysfunction in mice treated with cisplatin [27] , an anti- 
neoplastic agent that, similar to paraquat, causes oxidative stress and 
renal damage. Furthermore, !-hydroxybutyrate prevents apoptosis in 
cisplatin-treated human renal epithelial cells [27] . Together these find- 
ings indicate that !-hydroxybutyrate increases resilience to toxic com- 
pounds that rapidly deteriorates kidney function. 
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Fig. 2. The ketone body !-hydroxybutyrate as a metabolic therapy for the kidney. !-Hydroxybutyrate enters to tubular epithelial cells via the sodium- 
monocarboxylate transporter 2 (SMCT2), providing energy and activating stress response pathways. !-Hydroxybutyrate causes kidney protection from acute stress 
and diseases as well as aging via suppression of oxidative stress, inflammation, programmed cell death, and fibrosis development. Several pharmacological and 
non-pharmacological approaches that increase !-hydroxybutyrate levels could be used to promote kidney protection. SGLT2, sodium-glucose cotransporter 2; MCT1, 
monocarboxylate transporter 1; GLUT2, glucose transporter 2; NLRP3, NOD-like receptor protein 3; mTOR, mechanistic target of rapamycin; STAT3, signal trans- 
ducer and activator of transcription 3; NF- "B, nuclear factor binding near the "

light-chain gene in B cells; FOXO1, forkhead box O protein 1; FOXO3, forkhead 
box O protein 3; NRF2, nuclear factor erythroid 2-related factor 2; AMPK, AMP-activated protein kinase; PGC1 #, peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha. 
species production in vitro, which likely helps to reducing oxidative 
stress in vivo [17] . On the contrary, although most studies highlight 
their benefits in distinct pathological conditions, elevated levels of ke- 
tones can exert detrimental effects on cells by inducing a pro-oxidative 
state and activating pro-inflammatory signaling [ 3 , 5 ]. A mechanistic ex- 
planation for the opposing outcomes of ketones requires more in-depth 
investigation but likely depends on cell type, ketone concentration, ex- 
posure duration, and external factors [3] . 
3. Ketone bodies and the kidney 

Although the kidney obtains a large amount of energy primarily de- 
rived from fatty acids, lactate, glutamine, and to a lesser extend from 
glucose, during energy stress however ketones serve important ener- 
getic roles [22] . After being freely filtered through the renal glomeruli, 
ketones are actively reabsorbed by tubular epithelial cells through the 
sodium-coupled monocarboxylate transporter 2 (SMCT2), ensuring a 
minimal urinary excretion of valuable ketones during fasting [ 23 , 24 ]. 
Upon fasting, then !-hydroxybutyrate levels in the kidney increase more 
than 20-fold [3] and are used for local mitochondrial energy production 
and signaling purposes or are exported toward the bloodstream via the 
MCT1 for use by other tissues ( Fig. 2 ). Positron emission tomography 
studies in humans suggest that the kidney is one of the organs in the 
body with a large capacity for ketone utilization, thus opening exciting 
opportunities for future therapeutic exploration in renal medicine [25] . 

Although clinical data are still lacking, several emerging cellular and an- 
imal experiments that we summarize below suggest that exogenous ke- 
tone supplementation could help protect the kidney against acute stress, 
disease conditions, and pathological changes occurring during aging. 

3.1. Paraquat- and cisplatin-induced nephrotoxicity 
!-Hydroxybutyrate, at concentrations similar to those observed dur- 

ing fasting and calorie restriction, causes HDAC inhibition, histone hy- 
peracetylation, and induction of the FOXO3 antioxidant signaling path- 
way in cultured human embryonic kidney cells [21] . W

hen adminis- 
tered systemically, !-hydroxybutyrate suppresses renal oxidative stress 
in mice exposed to paraquat, a redox-cycling and nephrotoxic agent 
[21] . In rats treated with paraquat, !-hydroxybutyrate preserves both 
kidney structure and function and prevents oxidative stress and apopto- 
sis in part by inducing NRF2 [26] . On the other hand, !-hydroxybutyrate 
prevents renal dysfunction in mice treated with cisplatin [27] , an anti- 
neoplastic agent that, similar to paraquat, causes oxidative stress and 
renal damage. Furthermore, !-hydroxybutyrate prevents apoptosis in 
cisplatin-treated human renal epithelial cells [27] . Together these find- 
ings indicate that !-hydroxybutyrate increases resilience to toxic com- 
pounds that rapidly deteriorates kidney function. 
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Fig. 2. The ketone body !-hydroxybutyrate as a metabolic therapy for the kidney. !-Hydroxybutyrate enters to tubular epithelial cells via the sodium- 
monocarboxylate transporter 2 (SMCT2), providing energy and activating stress response pathways. !-Hydroxybutyrate causes kidney protection from acute stress 
and diseases as well as aging via suppression of oxidative stress, inflammation, programmed cell death, and fibrosis development. Several pharmacological and 
non-pharmacological approaches that increase !-hydroxybutyrate levels could be used to promote kidney protection. SGLT2, sodium-glucose cotransporter 2; MCT1, 
monocarboxylate transporter 1; GLUT2, glucose transporter 2; NLRP3, NOD-like receptor protein 3; mTOR, mechanistic target of rapamycin; STAT3, signal trans- 
ducer and activator of transcription 3; NF- "B, nuclear factor binding near the "

light-chain gene in B cells; FOXO1, forkhead box O protein 1; FOXO3, forkhead 
box O protein 3; NRF2, nuclear factor erythroid 2-related factor 2; AMPK, AMP-activated protein kinase; PGC1 #, peroxisome proliferator-activated receptor gamma 
coactivator 1 alpha. 
species production in vitro, which likely helps to reducing oxidative 
stress in vivo [17] . On the contrary, although most studies highlight 
their benefits in distinct pathological conditions, elevated levels of ke- 
tones can exert detrimental effects on cells by inducing a pro-oxidative 
state and activating pro-inflammatory signaling [ 3 , 5 ]. A mechanistic ex- 
planation for the opposing outcomes of ketones requires more in-depth 
investigation but likely depends on cell type, ketone concentration, ex- 
posure duration, and external factors [3] . 
3. Ketone bodies and the kidney 

Although the kidney obtains a large amount of energy primarily de- 
rived from fatty acids, lactate, glutamine, and to a lesser extend from 
glucose, during energy stress however ketones serve important ener- 
getic roles [22] . After being freely filtered through the renal glomeruli, 
ketones are actively reabsorbed by tubular epithelial cells through the 
sodium-coupled monocarboxylate transporter 2 (SMCT2), ensuring a 
minimal urinary excretion of valuable ketones during fasting [ 23 , 24 ]. 
Upon fasting, then !-hydroxybutyrate levels in the kidney increase more 
than 20-fold [3] and are used for local mitochondrial energy production 
and signaling purposes or are exported toward the bloodstream via the 
MCT1 for use by other tissues ( Fig. 2 ). Positron emission tomography 
studies in humans suggest that the kidney is one of the organs in the 
body with a large capacity for ketone utilization, thus opening exciting 
opportunities for future therapeutic exploration in renal medicine [25] . 

Although clinical data are still lacking, several emerging cellular and an- 
imal experiments that we summarize below suggest that exogenous ke- 
tone supplementation could help protect the kidney against acute stress, 
disease conditions, and pathological changes occurring during aging. 

3.1. Paraquat- and cisplatin-induced nephrotoxicity 
!-Hydroxybutyrate, at concentrations similar to those observed dur- 

ing fasting and calorie restriction, causes HDAC inhibition, histone hy- 
peracetylation, and induction of the FOXO3 antioxidant signaling path- 
way in cultured human embryonic kidney cells [21] . W

hen adminis- 
tered systemically, !-hydroxybutyrate suppresses renal oxidative stress 
in mice exposed to paraquat, a redox-cycling and nephrotoxic agent 
[21] . In rats treated with paraquat, !-hydroxybutyrate preserves both 
kidney structure and function and prevents oxidative stress and apopto- 
sis in part by inducing NRF2 [26] . On the other hand, !-hydroxybutyrate 
prevents renal dysfunction in mice treated with cisplatin [27] , an anti- 
neoplastic agent that, similar to paraquat, causes oxidative stress and 
renal damage. Furthermore, !-hydroxybutyrate prevents apoptosis in 
cisplatin-treated human renal epithelial cells [27] . Together these find- 
ings indicate that !-hydroxybutyrate increases resilience to toxic com- 
pounds that rapidly deteriorates kidney function. 
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x se realizó antes de que las ratas fueran 

cam
biadas a H

F
D

 y, por tanto, previam
ente a la 

observación del desequilibrio m
etabólico y 

cardiovascular

Los resultados de los experim
entos no contribuyen 

a resolver el problem
a de la seguridad y eficacia de 

la cirugía en hum
anos. 

Intentan diseccionar los efectos de la entrada neural 
al riñón de los cam

bios en la señalización horm
onal 

prom
ovidos por la dieta hipercalórica. 

La inervación autonóm
ica renal parece no 

desem
peñar un papel fundam

ental, ya que los 
anim

ales obesos presentan hipertensión y los 
prim

eros signos de E
R

. 
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